13370 Biochemistry2007,46, 13370-13381

Protein Arginine Methyltransferase 1: Positively Charged Residues in Substrate
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ABSTRACT: Protein arginine methyltransferases (PRMTSs) are a group of eukaryotic enzymes that catalyze
the methylation of Arg residues in a variety of proteins (e.g., histones H3 and H4), and their activities
influence a wide range of cellular processes, including cell growth, RNA splicing, differentiation, and
transcriptional regulation. Dysregulation of these enzymes has been linked to heart disease and cancer,
suggesting this enzyme family as a novel therapeutic target. To aid the development of PRMT inhibitors,
we characterized the substrate specificity of both the rat and human PRMTL1 orthologues using histone
based peptide substrates. N- and C-terminal truncations to identify a minimal peptide substrate indicate
that long-range interactions between enzyme and substrate are important for high rates of substrate capture.
The importance of these long-range interactions to substrate capture were confirmed by “mutagenesis”
experiments on a minimal peptide substrate. Inhibition studi€samenosyl-homocysteine, thioadenosine,
methylthioadenosine, homocysteine, and sinefungin suggest that potent and selective bisubstrate analogue
inhibitor(s) for PRMT1 can be developed by linking a histone based peptide substrate to homocysteine or
sinefungin. Additionally, we present evidence that PRMT1 utilizes a partially processive mechanism to
dimethylate its substrates.

The protein arginine methyltransferases (PRMEse a MMA and SDMA (an enzyme that catalyzes the exclusive
group of evolutionarily conserve8tadenosyk-methionine monomethyl form (MMA) has not been identified). In higher
(SAM)-dependent enzymes that catalyze the direct transfereukaryotes, there are 11 putative isozymes, with five
of a methyl group from SAM to one or more of the (PRMT1, 3, 4, 6, and 8) being type | enzymes, three
n-nitrogens of an Arg residue. This is anZStype reaction, (PRMTS5, 7, and 9) being type I, and three (PRMT2, 10,
and at least three products are possible, i.e., monomethyland 11) being unclassified because they have not been
Arg (MMA), asymmetric dimethyl Arg (ADMA), and demonstrated to be enzymatically activg.
symmetric dimethyl Arg (SDMA) (Figure 1). The PRMTs Numerous PRMT substrates have been identified (for
are generally classified as either type | or type Il enzymes; reviews seel, 2)), and while the specific effects of Arg
type | PRMTs catalyze the formation of both MMA and methylation are not known in all cases, PRMT activity does
ADMA whereas type Il PRMTs catalyze the formation of influence a variety of important cellular processes including

cellular growth B, 4), nuclear/cytoplasmic protein shuttling
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NOS isoforms 9). It is also interesting to note that deletion

of the gene encoding dimethylarginine dimethylaminohy-
drolase 1 (DDAHL1), one of the enzymes responsible for
degrading ADMA to citrulline (Cit), raises the levels of free
ADMA, reduces NO signaling, and causes a variety of
pathological effects on the mouse vasculature (e.g., elevated
systemic and pulmonary blood pressur@B)( Thus, one
would expect that inhibitors targeting one or more of PRMT
isozymes would represent an effective therapy for cardio-
vascular disease because they would decrease the ADMA
pool.

Because of the relationship between dysregulated PRMT
function and human disease, we and othe&f@42) are
interested in developing potent and selective inhibitors
targeting these enzymes. To aid these efforts, we initiated

mechanistic and substrate specificity studies on PRMT1. Our
initial efforts are focused on this isozyme because it is the
OH OH predominant type | PRMT in mammalian cells, it is one of
MMA SAH the best studied PRMTs at the cellular level, an X-ray crystal
structure is available for the rat orthologué3), and its
methylated substrates are thought to be the miajarivo
source of ADMA @4). PRMTL1 is a 353 residue (40.5 kDa)
HiC CHs enzyme that was independently identified as an interacting

-

®\N/ H%/CHS partner for the interferon receptor and the immediate early
I | CHs gene TIS213, 45). This enzyme is ubiquitously expressed
HN" "NH, HN™ NH in adult and embryonic tissues, and although embryonic stem
cells lacking this enzyme are viable, it is essential for early
development because mouse PRMTlknockouts diein
ADMA SDMA utero (9, 44, 46). While numerous PRMT1 substrates have

FIGURE 1. Reactions catalyzed by PRMT isozymes. The enzymes been identified (e.g., SAM684Y)), its best characterized
are classified according to the type of reaction in which they substrate, at the cellular level, is histone H#®,(22).

catalyze. Those which generate asymmetric dimethyl-Arg residues . .
(ADMA) are classified as type | PRMTs, while those generating Herein, we describe the results of our efforts to character-

symmetric dimethyl-Arg (SDMA) residues are classified as type iz the substrate specificity of both the rat and human
Il PRMTs. recombinant PRMT1 orthologues (rPRMT1 and hPRMT1,

respectively). Our results indicate that long-range interactions
are important for high affinity interactions between enzyme
and substrate. These results, when combined with inhibition
studies orS-adenosyk--homocysteine (SAH), thioadenosine
(5TA), methylthioadenosine (MTA; an alkylated analogue
of 5TA), and homocysteine, point the way to the develop-
ment of potent and selective bisubstrate analogue inhibitors
of PRMT1. Additionally, we present evidence that PRMT1
utilizes a partially processive mechanism to dimethylate its
substrates.

PRMT4/CARML is aberrantly expressed in prostate cancer
(26, 27) and likely contributes to the proliferative capacity
of prostate cancer cells through its ability to act as a
transcriptional coactivator for the androgen rece 8y 27).
Knockdown of PRMT4/CARML1 expression inhibits prolif-
eration of prostate cancer cells and induces apopt@3)s (
suggesting PRMT4/CARML inhibitors as a novel prostate
cancer therapeutic. Additionally, the fact that PRMT1 and
PRMT4/CARML1 are nuclear receptor coactivators and dys-
regulation of nuclear receptor signaling is a common feature
of several cancers, e.g., breast can8ér@7), suggests that EXPERIMENTAL PROCEDURES

inhibitors targeting these isozymes may have broad use as . ) )
cancer therapeutics. General All chemicals andN-a-Fmoc-amino acids were

PRMT activity also appears to be dysregulated in cardio- Purchased from Sigma-Aldrich, VWR, and Novabiochem and
vascular disease. For example, PRMT1 and PRMT3 (both Used without further purificatiort‘C-labeled SAM and‘C-
type | enzymes) are overexpressed in myocardial tissue takerf2P€led bovine serum albumin (BSA) were purchased from
from patients with coronary heart diseasg)( Additionally, Perkin-Elmer Life Sciences. Oligonucleotide primers were
the levels of free ADMA, an indirect byproduct of the type from Integrated DNA Technologies. Recombinant histone
| PRMT catalyzed reaction and second only to age as a4 was purified as described§ 49). Mass spectra were
predictor of mortality and cardiovascular events in patients @cquired on a Bruker Ultraflex 1l MALDI-TOF mass
with chronic renal failure 9), are elevated in patients SPectrometer.
suffering from atherosclerosis, hypercholesterolemia, and Purification of PRMTs.rPRMT1 and hPRMT1 were
heart failure (29—32) and references cited therein). Note purified analogously to methods described 43)( Briefly,
that the levels of free ADMA appear to be dictated by the a PRMT1 expression construct, encoding a previously
synthesis and degradation of methylated proteins and thatdescribed His-tagged proteid3), was transformed into
this compound acts as an endogenous inhibitor of multiple Escherichia coliBL21(DE3). Single colonies were used to
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inoculate starter cultures that were grown overnight at 37 peptides were confirmed by MALDI mass spectrometry. The
°C. The next day these cultures were used to inoculate 4 expected and observed masses for the peptides used in these
1L of 2YT media (10 mL of culture per L of media). These studies, and their respective sequences, are listed in Table
large scale cultures were then grown at’87until an OQyo 1.
of 0.4 was achieved. The incubation temperature was then Gel-Based Actiity Assay A gel based assay, previously
reduced to 22C and isopropyj3-p-thiogalactopyranoside  developed for kinetic studies on histone acetyltransferases
added to a final concentration 0.4 mM. Cells were incubated (49, 50), was adapted to quantitatively characterize PRMT1
at 22°C overnight, at which point the cells were harvested activity. Briefly, this is a discontinuous methyltransferase
by centrifugation for 10 min at 50@0 The resulting pellet  assay that measure$C-methyl-peptide (or“C-methyl-
was resuspended in 30 mL of lysis buffer (20 mM HEPES protein) production by separating the products of the reaction
at pH 8.0, 100 mM NacCl, 5 mM imidazole, 10% glycerol, on 16.5% Tris-Tricine polyacrylamide getéC-labeled SAM
0.5 mM phenylmethylsulfonyl fluoride). The cells were then is used as the methyl donor, and the amount of radioactivity
lysed using a French pressure cell at 20,000 psi and theincorporated into peptide or protein substrates is quantified
lysates clarified by centrifugation for 30 min at 20@0T he by phosphorimage analysis (Molecular Dynamics), uifg
supernatant was applied to a nickel(ll) chelating Sepharoselabeled BSA as an internal reference standard. Generally,
column, and bound proteins were eluted using a stepwisepeptide and“C-methyl-SAM (15uM (>5K) unless oth-
imidazole gradient (5500 mM imidazole in 20 MM HEPES  erwise noted) were incubated in assay buffer (50 mM HEPES
at pH 8.0 plus 100 mM NaCl). The presence of PRMT1 in at pH 8.0, 50 mM NaCl, 1 mM EDTA, and 0.5 mM
specific fractions was then assessed by SBAGE analysis, dithiothreitol) for 10 min at 37°C. The reaction was then
and those fractions containing protein were dialyzed into 20 initiated by the addition of hPRMT1 (212 nM final) or
mM HEPES at pH 8.0 plus 50 mM NaCl for 2 h. The protein  rPRMT1 (200 nM final). Assays were performed in duplicate,
present in these dialyzed fractions was incubated with 100 and activity generally agreed within 20% standard deviation.
uM SAH and further purified by FPLC using a Mono Q Both hPRMT1 and rPRMT1 activity are linear with respect
anion exchange column (GE Healthcare). Fractions wereto time and enzyme concentration in the range employed in
again analyzed by SDSPAGE, and those containing protein the assay. The initial rates obtained from these assays were
were dialyzed overnight in a dialysis buffer containing 100 fit by nonlinear least fit squares to eq 1, using the GraFit
mM HEPES at pH 8.0, 200 mM NaCl, 1 mM DTT, 2 mM  version 5.0.11 software packadgl).
EDTA, and 10% glycerol. The dialyzed protein was then
concentrated using an Amicon Centriplus centrifugal filter _ VinadS]
device with a molecular weight cutoff of 10 kDa. The v= K, +[S]
concentration of the protein was determined by Bradford
analysis. Enzyme aliquots were flash frozen in liquid nitrogen  1Cso Assays The 1G values were determined for sine-
and stored at—80 °C. Enzyme prepared under these fungin, SAH, MTA, 5TA, and homocysteine using the
conditions is stable for several months. After purification enzyme assay described above. For these studies, the AcH4-
on the nickel(ll) chelating Sepharose and Mono Q anion 21 (N-terminally acetylated) or RGG3 peptides (Table 1),
exchange columns, we are consistently able to obtain highlyinhibitor, and*“C-SAM were preincubated in assay buffer
pure enzyme in modest yield (1 mg/L Bf colicell culture). for 10 min at 37°C prior to the initiation of the reaction by

Site Directed Mutagenesi&\n expression construct en- the addition of rPRMT1 (200 nM final). After incubating
coding the His161Tyr mutant of rPRMT1 was generated for an additional 20 min, the reaction samples were quenched
using the Quik Change Mutagenesis system (Stratagene). Théy the addition of denaturing tris-tricine gel loading dye.
sequence of the forward and reverse mutagenic primers,Samples were processed as described above, apddiles
respectively, are’'sSCTC AAC ACT GTG CTG TAC GCT were then determined by fitting the activity data to eq 2,
CGT GAC AAG TGG-3and 3-CCA CTT GTC ACG AGC using the GraFit version 5.0.11 software packésfg, (vhere
GTA CAG CAC AGT GTT GAG-3. [1] is the concentration of inhibitor.

Synthesis of Histone-Based Peptide SubstrReptides
utilized in kinetic assays were synthesized using a Rainin fractional activity of PRMT1= 1
PS3 automated peptide synthesizer. Standard Fmoc chemistry 1+ i
and commercially available amino acids and Wang-based ICx,
resins were utilized. After synthesis, peptides were cleaved
from the solid support by incubating the resinm h with Mass Spectrometry Based Methylation As3d$ based
20 mL of Reagent K (19 mL trifluoroacetic acid (TFA), 510 methylation assays were performed and analyzed via matrix
mg of phenol, 50@.L of ddH,O, 500xL of thioanisole, and assisted laser desorption/ionization (MALDI) MS. For these
250ulL of 1,2-ethanedithiol). The filtrate was collected and assays, a peptide substrate and SAM were preincubated at
concentrated by flowing p). Peptides were precipitated 37 °C for 10 min in assay buffer. Subsequently, rPRMT1
from this mixture with ice-cold diethyl ether, and the (500 nM) was added to the reaction mixture and reactions
resulting product was centrifuged at 3@d@r 10 min. The were allowed to proceed for an additional 20 min. The
supernatant was discarded, and the diethyl ether and cenreactions were then quenched by the addition @fL3of
trifugation process was repeated twice more. The peptide50% TFA in ddHO and mass spectra acquired. Samples
product was then dissolved in a minimal volume of water, were processed for MALDI-TOF MS analysis after purifica-
flash frozen, and lyophilized overnight. The peptide was then tion on a C-18 zip tip. Peptides eluted from the C-18 zip tip
purified by preparative reverse phase HPLC using a water/were combined with a saturated solution afcyano-4-
acetonitrile/0.05% TFA gradient. The structures of the hydroxy cinnamic acid in 50% acetonitrile, 50% water, and

(1)

()
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Table 1: Histone Peptide Derivatives

Expected Observed

Peptide Sequence Mass Mass

(Da) (Da)

RGG3 GGRGGFGGRGGFGGRGGFG 1669 1670
AcH4-21 1-Ac-SGRGKGGKGLGKGGAKRHRKYV 2132 2133
AcH4-21 R3K 1-Ac-SGKGKGGKGLGKGGAKRHRKV 2104 2105
AcH4-18 1-Ac-SGRGKGGKGLGKGGAKRH 1749 1750
AcH4-16 1-Ac-SGRGKGGKGLGKGGAK 1456 1457
AcH4-15 1-Ac-SGRGKGGKGLGKGGA 1327 1329
AcH4-13 1-Ac-SGRGKGGKGLGKG 1200 1201
AcH4-21A(11-13) 1-Ac-SGRGKGGKGL - - - GAKRHRKV 1890 1891
AcH4-21A(9-15) 1-Ac-SGRGKGGK - - - - - - AKRHRKV 1663 1664
AcH4-16A(1) 2-Ac-GRGKGGKGLGKGGAK 1369 1370
AcH4-16A(1-2) 3-Ac-RGKGGKGLGKGGAK 1312 1313
H4-16 A(1-2) RGKGGKGLGKGGAK 1157 1158
AcH4-21 S1A 1-Ac-AGRGKGGKGLGKGGAKRHRKV 2116 2117
AcH4-21 K16A 1-Ac-SGRGKGGKGLGKGGAARHRKV 2075 2076
AcH4-21 R17A 1-Ac-SGRGKGGKGLGKGGAKAHRKV 2047 2048
AcH4-21 H18A 1-Ac-SGRGKGGKGLGKGGAKRARKV 2066 2067
AcH4-21 R19A 1-Ac-SGRGKGGKGLGKGGAKRHAKV 2047 2048
AcH4-21 K20A 1-Ac-SGRGKGGKGLGKGGAKRHRAV 2075 2077
AcH4-21 R17A/R19A 1-Ac-SGRGKGGKGLGKGGAKAHAKV 1962 1963
AcH4-21 R17,19Cit 1-Ac-SGRGKGGKGLGKGGAK C;HC; KV 1995 1996
AcH4-21K5,8,12,16AcK  1-Ac-SGRGK**GGK*°GLGK**GGAK**RHRKV 2300 2301
AcH4-21 all Ac-K 1-Ac-SGRGKA*GGKA°GLGKA GGAKA*RHRKAV 2342 2343
AcH4-21 K20K(Me); 1-Ac-SGRGKGGKGLGKGGAKRHRK™*y 2174 2175
AcH4-21 R3SMMA 1-Ac-SGRMPGKGGKGLGKGGAKRHRKV 2146 2147
AcH4-21 R3ADMA 1-Ac-SGRM®? GKGGKGLGKGGAKRHRKV 2160 2161
AcH4-15 R3MMA 1-Ac-SGRMIGKGGKGLGKGGA 1341 1343

Table 2: Initial Kinetic Characterization

Km («M) Keat (Min2) KealKm (M~1-min~1)
substrate hPRMT1 rPRMT1 hPRMT1 rPRMT1 hPRMT1 rPRMT1
histone H4 3.06+0.11 1.45+0.37 0.444+0.04 0.53+ 0.04 1.45x 1C° 3.68x 1P
SAMP no 2.5240.54 nd 0.84+0.03 nd 3.36x 1P
RGG3¢c 31.4+£5.7 36.14+-6.6 0.32+£0.02 0.684+ 0.03 1.01x 10 1.89x 10
AcH4-213¢ 1.14+ 0.54 3.55+ 0.68 0.46+ 0.02 0.39+ 0.01 4.08x 10° 1.10x 1¢°
AcH4-21 R3Kec nd® nde nc® nce <1.58 <0.24

3[SAM] = 15 uM. P [AcH4-21] = 100 M. ¢ Sequence and mass available in Tablé Did not perform.¢ The amount of product formation
was too low to accurately measure the kinetic parameters for this peptide substrate. Therefore an estikatin whs made by dividing the
maximal observed rate by the concentration of substrate.

0.1% TFA. An aliquot of the mixture (1.aL) was then and molecular biology studies, we initially focused our efforts
evaporated on a MALDI plate and analyzed in positive ion on this orthologue. Recombinant His-tagged rPRMT1 was
mode with the laser set at the lowest setting necessary toexpressed and purified using a previously described construct
generate an adequate signal. The laser setting and the numbégr3) and the steady-state kinetic parameters determined for
of shots per scan remained constant along each set of reactioa number of baseline substrates, including SAM (the methyl
samples. After MALDI-TOF spectra were acquired and donor), recombinant histone H4 (a known PRMT1 substrate),
analyzed using the Flex Analysis software, the mass andand the RGG3 peptide (a traditionally used PRMT1 substrate
intensity values of relevant peaks were analyzed to collect whose sequence is based on an Arg rich region in fibrillarin;
guantitative information for each sample. The percentage Table 1). A gel based radioactive assdp)(was used to
turnover was determined by dividing the intensity of the monitor the transfer of the methyl group from [M&C]-
modified substrate by the sum of the intensities of the SAM to an Arg residue in a protein or peptide substrate.
substrate and modified substrates times 100%. MALDI-MS The results from these initial kinetic studies indicated that
experiments on equimolar amounts of the AcH4-21, AcH4- both SAM and histone H4 are very good PRMT1 substrates
21 R3MMA, and AcH4-21 R3ADMA peptides yielded with low micromolarK,, values andk.s in the 0.5 min?
similar intensities; thereby indicating that Arg methylation range (Table 2). It is also noteworthy that the data for the

does not cause ion suppression. RGG3 peptide are consistent with those obtained using a
continuous spectrophotometric assag)( thereby validating

rPRMT1 Methylation of Histone H4 and Peptide-Based  To determine whether peptides are a good model system
SubstratesBecause rPRMT1 has been used for structural for identifying the substrate specificity determinants of
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Table 3: Effect of C-Terminal and Mid-Sequence Truncations

K (uM) Kear (Min~2) KealKm (M~2-min~?)
substrate hPRMT1 rPRMT1 hPRMT1 rPRMT1 hPRMT1 rPRMT1
histone H4 3.06+ 0.11 1.45+ 0.37 0.44+ 0.04 0.53+ 0.04 1.45x 10P 3.68x 10F
AcH4-21 1.14+ 0.54 3.55+ 0.68 0.46+ 0.02 0.39+ 0.01 4.08x 10° 1.10x 10°
AcH4-18» 162+ 29 223+ 11 0.39+ 0.02 0.86+ 0.01 2.41x 10° 3.83x 10°
ACH4-16 106+ 14 152+ 14 0.23+ 0.01 0.28+ 0.01 2.16x 10° 1.82x 10°
AcH4-15 355+ 166 120+ 16 0.17+ 0.05 0.21+ 0.01 4.76x 102 1.76 x 10°
ACH4-13 466+ 101 365+ 174 0.17+0.02 0.18+ 0.05 3.75x 102 4.94% 10°
AcH4-21A(11—-13)0 20.8+ 2.1 66.6+ 8.8 0.57+ 0.01 0.82+ 0.03 2.71x 10° 1.23x 10¢
ACH4-21A(9—15)b 10.6+ 1.9 46.7+ 4.5 0.33+ 0.01 0.92+ 0.02 3.15x 10* 1.96x 10¢

2[SAM] = 15 uM. ® Sequence and mass available in Table 1.

PRMT1, the steady-state kinetic parameters were determined
for the AcH4-21 peptide. The sequence of this peptide is
based on the N-terminal 21 amino acids of histone H4 and
contains the majomn vivo site of PRMT1 catalyzed Arg
methylation, i.e., Arg3 (R3)53). Kinetic studies with this
peptide revealed that the specificity constatts/Ky,) for

the AcH4-21 peptide and histone H4, which is N-terminally
acetylatedn vivo, are quite similar (1.1 1C° versus 3.68

x 10, respectively), helping to validate our use of simpler
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To further establish the use of histone H4 peptides as a L. PRMT1 B rPRVTI ‘

model system, the ACH4_21.R3K pepttdEhe; tar'get Arg3 FIGURE 2: Substrate specificity of human PRMT1 versus rat
mUt_ated to Lys__was synthesized and the klnet_ICS of meth- PRMTL1. Thek.o/Kn values determined for histone H4 and histone
ylat|0n determ|ned. The reSUItS Of these StudIeS (Table 2) H4 based peptides of Varying |ength are depicted graphica“y_
indicate that the AcH4-21 R3K peptide is a very poor
substrate for rPRMT1, as evidenced by thel0®-fold (denoted AcH4-18, AcH4-16, AcH4-15, and AcH4-13) were
decrease ik.o/Kn, relative to the AcH4-21 peptide. The fact synthesized (Table 1) and their ability to act as PRMT1
that these results are consistent with this site being the majorsubstrates was evaluated. Kinetic studies on these peptides
site of modification in histone H45Q3) adds further support ~ (Table 3 and Figure 2) clearly indicate that long range
for the use of histone H4-based peptides as a model systeninteractions are critical for high rates of substrate capture.
for substrate specificity studies. For example, relative to the AcH4-21 peptide, the/Km
Kinetic Studies on hPRMTI1With respect to human values obtained for the AcH4-18 peptide are decreased 25-
disease and the development of a PRMT1-targeted thera-and 150-fold for rPRMT1 and hPRMT1, respectively.
peutic, the more relevant form of the enzyme is hPRMT1. Furthermore, the AcH4-15 peptide, which lacks 3 additional
The only difference between the amino acid sequences ofresidues, was an even poorer substrate as evidenced by the
the rat and human PRMTL1 orthologues occurs at position 62.5- and 860-fold decreases kg./Kn for rPRMT1 and
161, where this residue is a His in rPRMT1 and a Tyr in hPRMTL. To further probe the role of long range interactions
hPRMT1. While the importance of Hisl61 to substrate in substrate recognition, we generated two mid-sequence
binding is unknown, this residue is within contact distance truncation peptides, denoted AcH4/11—13) and AcH4-
of the RGG3 peptide in the structure of the rPRMRGG3 21A(9—15), which lack glycine-rich residues 11 to 13 (GKG)
complex @3). Thus, the determinants of substrate specificity and 9 to 15 (GLGKGGA), respectively, of the AcH4-21
could be dramatically different for these two orthologues. peptide. Remarkably, thie./Kn, values obtained for these
Therefore, to gain insights into the substrate specificity peptides were decreased by only an order of magnitude,
requirements of hPRMT1, we used site directed mutagenesisrelative to the AcH4-21 peptide. These results suggest that
to generate a construct encoding the rPRMT1 H161Y mutant, there is some flexibility in the positioning of the C-terminal
i.e., a humanized version of rPRMT1 that we refer to basic residues (i.e., K16-R-H-R-K20) on the enzyme with
hereafter as hPRMT1. This enzyme was expressed andrespect to the site of methylation.
purified using the methodology described above for rPRMT1.  To identify residues N-terminal to the site of methylation
Interestingly, thek.o/Kn values observed for all substrates that are important for substrate recognition, a second series
tested (Table 2) were generally similar. Thus the His and of peptide substrates, denoted AcH4A16 (H4 residues
Tyr are in most cases functionally equivalent, although we 2—16; N-terminally acetylated) and AcH4-A§1—2) (H4
do note that significant differences §-fold) were observed  residues 3-16; N-terminally acetylated), was synthesized.
for several shorter peptides (see below). The sequences of these peptides were designed such that a
Identification of a Minimal Peptide Substraf€o broadly single residue is progressively removed from the N-terminus
identify those residues that are important for substrate of the AcH4-16 peptide. The 16 residue peptide was used
recognition, a series of C-terminal truncation peptides as a starting point for these studies because the AcH4-21
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Table 4: Effect of N-Terminal Truncations

K (uM) Kea (Min~2) KealKm (M~L-min~?)
substrate hPRMT1 rPRMT1 hPRMT1 rPRMT1 hPRMT1 rPRMT1
histone H4 3.06+ 0.11 1.45+ 0.37 0.44+ 0.04 0.53+ 0.04 1.45x 1° 3.68x 1P
AcH4-16*P 106+ 14 152+ 14 0.23+0.01 0.28+ 0.01 2.16x 10° 1.82x 1C°
AcH4-16A(1)2P 152+ 34 141+ 17 0.13+0.11 0.68+ 0.03 8.83x 107 4.85x 10°
AcH4-16A(1—2)2P 282+ 79 510+ 171 0.08+ 0.01 0.74+ 0.15 2.76x 107 1.46x 1C°
H4-16A(1—2)2 nce noe nce noe <2.56 <0.10

a[SAM] = 15uM. P Sequence and mass available in TabléThe amount of product formation was too low to accurately measure the kinetic
parameters for this peptide substrate. Therefore, an estimatiea/kf, was made by dividing the maximal observed rate by the concentration of
substrate.

Table 5: Site Directed “Mutagenesis”

Km kcat kcal/Km kcal/Km(AcH4721)l
substrate (uM) (min™Y) (M~tmin™Y) Keal Km(mut)

AcH4-212b 1.1440.54 0.46+ 0.02 4.08x 10° n/a

AcH4-21 S1RP 7.114+1.84 0.394+ 0.02 5.45x 10* 7.49
AcH4-21 K16/2° 61.3+ 3.2 0.35+0.01 5.72x 10° 71.3
AcH4-21 R17A&b 327+ 27 0.97+ 0.02 1.61x 10* 25.3
AcH4-21 H184&b 11.64+ 3.5 0.38+ 0.02 3.28x 10¢ 12.4
AcH4-21 R19A&b 415+ 6.3 0.35+ 0.01 8.48x 10° 48.1
AcH4-21 K200 324+ 43 0.43+0.01 1.33x 10 30.7
AcH4-21 R17A/R19A" 140+ 14 0.344+0.03 3.59x 10° 114
AcH4-21 R17Cit/R19Cit? 112+ 17 0.56+ 0.04 5.06x 10° 80.6

a[SAM] = 15 uM. " Sequence and mass available in Table 1.

peptide contains two downstream Arg residues (Argl7 and results confirm the importance of the Serl hydroxyl to
Arg19) that could potentially act as alternative methyl substrate binding.

acceptors upon the deletion of N-terminal residues, thereby The kinetic parameters determined for the C-terminal
complicating our kinetic analysis. Interestingly, these peptides mytant peptides (Table 5) are also consistent with the results
were differentially processed by the two orthologues (Table gbtained for the C-terminal deletion peptides. For example,
4). For example, thé../Kn values for the AcH4-141 and relative to the parent peptide, i.e., AcH4-21, kagK, values
AcH4-16A(1-2) peptides are decreased 5.6-fold and 16.4- determined for R19A and K20A peptides are decreasés-

fold for nPRMT1, whereas the effects of these deletions is gnd ~30-fold, respectively, values that when summed are
less than 2-fold for rPRMT1. These results suggest that the comparable to the 150-fold decreaseig/K, observed for
backbone atoms of Serl and Gly2, as well as the side chainthe AcH4-18 peptide, which lacks these two residues.
hydroxyl of Serl, are more important for binding to hPRMTL  Similarly large decreases kg./K are observed for the other
than to rPRMT1. The H4-18(1-2) (H4 residues 316; un-  C-terminal mutant peptides tested. These decreases range
acetylated N-terminus) peptide was also synthesized tofrom ~12-fold for the AcH4-21H18A peptide te-71-fold
evaluate the requirement for an amide bond N-terminal to for the AcH4-21K16A. While the results obtained for these
the site of Arg methylation. Interestingly, the HAA@— “mutant” peptides (Table 5) do not identify a single residue
2) peptide, which possesses a positively chargeamino responsible for the high affinity of the AcH4-21 peptide, the
group, was an extremely poor substrate for both rat and results do indicate that multiple positively charged residues
human PRMT1K../K decreased by £0to 10*-fold; Table at C-termini contribute to substrate binding. This presumably
4), thereby indicating that interactions between the enzyme occurs in a synergistic fashion because the total effect of
and the backbone amide N-terminal to the site of methylation mutating residues 16 to 26-190-fold) is less than the effect
are critical for substrate recognition. In summary, the results of deleting these residues, as is evidenced by the 860-fold
of our studies with N- and C-terminal deletion peptides decrease ik../K, recorded for the AcH4-15 peptide, which
indicate that the AcH4-21 peptide is methylated with lacks these residues. To confirm a synergistic effect, we
comparable kinetics to histone H4, thereby defining it as the synthesized a peptide, denoted AcH4-21R17A/R19A, in
minimal peptide substrate for PRMT1. which the two C-terminal Arg residues (i.e., Argl7 and 19)

“Mutagenesis” StudiesThe results described above sug- Wwere replaced with Ala. Kinetic studies on this peptide
gested that both N- and C-terminal H4 peptide residues (uprevealed a 114-fold decrease k./Km. This effect is
to 21) contribute to substrate binding. Therefore, to further significantly higher than the sum of the fold decreases in
examine the roles of these charged/polar residues in substratéca/Km that was observed when each residue was mutated
capture, we synthesized a series of peptides in which Serl,to Ala on its own (\‘73-f0|d), consistent with the notion that
Lys16, Argl7, His18, Argl9, and Lys20 were systematically C-terminal residues contribute to substrate capture in a
“mutated” to Ala. While kinetic studies with hPRMT1 on Synergistic fashion.
the AcH4-21S1A peptide revealed a relatively small 7.5-  The fact that the C-terminal fourth of the AcH4-21 peptide
fold decrease i.o/{Kn (Table 5), the results are gratifyingly s rich in positively charged residues (i.e., K16-R-H-R-K20)
consistent with the 5.6-fold decreasekin/Km, observed for suggests that this region of the AcH4-21 peptide interacts
the AcH4-16\1 peptide, which lacks this amino acid. These with acidic residues on the surface of PRMT1. Consistent
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& CHECIEN A Ficure 4: Structure of rPRMT. A. Structure of the rPRMT1 dimer
P R SN e with two active sites located in the inner ring surface. B. The RGG3
O RS LS peptide bound to the acidic surface of rPRMT1. Two portions of
the RGG3 peptide are connected by a hypothetical linker (dashed
H MmA B ADMA green line). Additional acidic grooves could provide binding sites
for longer peptide substrates with basic residues remote to the
C PRMT1 on H4 (1-20) methylation site.
100
> Table 6: Histone Modifications Influence H4 Arg3 Methylation
w 80
£ Km Keat KealKm
£ 60 substrate (uM) (min~1) (M~Lmin-1)
8 40 - AcH4-212b 1.144+0.54 0.46+0.02 4.08x 10°
° AcH4-21 K5,8,12,16Ac-RP nd° nd° <10.8
5 20 - AcH4-21 all Ac-Kab nde ncf <14.4
2 AcH4-21 K20(Me)2b 29.1+3.7 0.40+0.01 1.38x 10*

a[SAM] = 15uM. P Sequence and mass available in TableThe

) . amount of product formation was too low to accurately measure the
Time (min) kinetic parameters for this peptide substrate. Therefore an estimation

FiGURE 3: rPRMT1 catalyzes H4 Arg3 methylation in a partially ~Of ka/Km was made by dividing the maximal observed rate by the
processive fashion. A. Methylation of the AcH4-21 peptide concentration of substrate.
monitored by MALDI-MS. B. Comparison of the relative levels
of monomethylated and dimethylated peptides produced as a . N .
function of peptide length. The concentrations of SAM and rPRMT1 ACH4-21R17A/R19A peptide), thereby confirming the im-
were fixed at 25@«M and 500 nM, respectively. The concentrations portance of electrostatic interactions to substrate capture.
of the peptide substrates were fixed-82.5n, (AcH4-13 = 275 Effect of Histone Modifications on PRMT1 Agty.
#M; AcH4-15 = 310uM; AcH4-16 = 370uM; AcH4-18 = 500 Histone H4 is known to be acetylated at Lys5, 8, 12, and 16

M; AcH4-21 = 9 uM). C. Time course of rPRMT1 catalyzed
/rtnethylation. Metho/fjs)analogous to those described@y \(veyre and methylated at Ly82_022, 55, 56)'. Therefore’. we
used for these studies. The relative amount of each peptide specie§vValuated the effect of histone H4 lysine acetylation and
over the full time course of the reaction was expressed as alysine methylation 22, 55, 56) on substrate capture by
perfhirll;%%ﬁ rg;ct{;gn Sélg?]?ta?;e?t;gﬂ% _?IisagHrg%tez% Op;?\l/TSNaEe determining the kinetic parameters for peptides incorporating
me : Y, ' acetyl-Lys at positions 5, 8, 12, and 16 (the AcH4-21K5, 8,
LA DTT, 0.4 mM SAM, 20uM of peptide, and SQug/mL- of 15 16AcK peptide); acetyl-Lys at Lys5, 8, 12, 16, and 20
(the AcH4-21 all Ac-K peptide); and trimethylated-Lys at
with this idea is the recent observation that multiple acidic position 20 (the AcH4-21K20(Me)eptide). The results of
residues on the surface of PRMTL1 are important for substratekinetic studies (Table 6) indicate that trimethylation of Lys20
binding 6G4) (Figure 4). To test this hypothesis, we decrease./Km by ~30-fold. While these effects on
synthesized a peptide in which Argl7 and Argl9 were substrate capture are relatively modest, it is interesting to
replaced with citrulline, the neutral isostere of Arg. Remark- note that such an antagonistic effect is consistent with the
ably, the effect of this “mutation” oRca/Km mirrors the effect in vivo roles of these modifications: trimethyl Lys20
of replacing both these residues with Ala (81-fold for the accumulates in transcriptionally silent regions of chromatin
AcH4-21R17Cit/R19Cit peptide versus 114-fold for the whereas methylated Arg3 generally accumulates in tran-
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Table 7: Inhibition Studies on 5TA, MTA, SAH, and Sinefungin

Inhibitor Structure ICso (UM)
6. 0 NH,
i\ {Nf\n
S-Adenosyl-L-Homocysteine HaN/
(SAH)™ S o | N) 19.8 +5.57
OH OH
NH,
17
Methylthioadenosine o )
(MTA)* N o T > 1000
OH OH

5’-thioadenosine

N x
Vi N
<Nf,; > 1000

(5TA) " o
OH OH
SH
Homocysteine *° 39.5+11.1
H,NT coo
5.0 NH,
+ N. x
Sinefungin® ”3"1\—@0{" | N)N 1.44+0.41

OH OH

a[SAM] = 15 uM. P [RGG3] = 10 uM. ¢[AcH4-21] = 145 uM.

scriptionally active regions2@, 55, 56). The effects of Lys

risk for cardiovascular diseasg9). Of all the compounds

acetylation are more dramatic as evidenced by the greatertested, sinefungin was the most potent PRMT1 inhibitor with

than 16-fold decrease inkea/Km. These results confirm

aK; of ~75 nM. The tight binding of this compound likely

previous studies demonstrating that histone acetylationreflects the presence of a positively charged amino group

antagonizes Arg3 methylation2%) and provide further

that mimics the positively charged sulfonium ion in SAM.

support for the notion that modification of histones at one The importance of these findings to inhibitor design is
or more site(s) can affect their modification at a second site, discussed below.

i.e., cross talk.
Inhibition StudiesBecause SAM-dependent methyltrans-

PRMT1 Methylates Substrates in a Partially Proces5i
Fashion.Although type | PRMTs are known to catalyze the

ferases are often subject to potent product inhibition, we mono- and asymmetric dimethylation of Arg residuég)(

examined the inhibitory properties of SAH by determining
the 1G5, of this compound. Ig values were also determined
for thioadenosine (5TA), methylthioadenosine (MTA; an
alkylated analogue of 5TA), and homocysteitthe com-

ponent parts of SAHbecause we are ultimately interested
in using this information to aid our development of bisub-
strate analogue based inhibitors of PRMT1. The,Malue

it is unclear whether these two events are coupled or not,
i.e., does the enzyme (i) release the monomethylated species
before rebinding it to facilitate the second methylation event,
i.e., a distributive mechanism, or (ii) bind to its substrates
such that mono- and dimethylation occur sequentially without
the release of the monomethylated species, i.e., a processive
mechanism? If the first situation predominates, one would

for sinefungin was also determined because this compoundexpect the monomethylated species to possess a significantly
is a commonly used methyltransferase inhibitor. Assuming higher affinity for the enzyme; whereas if the second situation
that these compounds are all competitive inhibitors of SAM predominates, one would expect an obligate order of product

binding, the 1Gy data (Table 7) indicate that 5TA and MTA
are rather poor PRMT1 inhibitor&( > 80 uM based on

Dixon analysis). These results were somewhat surprising,
given that theS-adenosyl moiety has been used to generate

high affinity bisubstrate analogues for cateckmethyl-
transferasey7, 58), and additionally calls into question the
use of MTA as arin vivo inhibitor of PRMT1 activity 1).
While MTA and 5TA are relatively poor PRMT1 inhibitors,
the IGo obtained with homocysteine is significantly lower.
The fact that this compound binds to PRMT1 with high
affinity (Ki ~ 13.4uM) is consistent with the observation
that ADMA levels are not increased in patients with

release that results solely in the production of the dimeth-
ylated species.

To address this issue, we synthesized peptides in which a
monomethylated Arg residue was incorporated at position 3

2 With regard to PRMT1, a partially processive mechanism implies
that the production of the asymmetrically dimethylated species does
not occur in an obligate fashion but does occur in appreciable amounts,
resulting in the production of both monomethylated and asymmetrically
dimethylated Arg residues. In contrast, a fully processive mechanism
implies that the production of asymmetrically dimethylated Arg residues
occurs in an obligate fashion without the release of the monomethylated
species from the enzyme; and as a result the levels of this intermediate

homocystinuria despite the fact that these patients are at highdo not rise above the concentration of the enzyme.
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Histone H4 1-SGRGKGGKGLGKGGAK---------=-----------= RHREVLED
HNF4 89-QCRYCRLEKKCFRAGMKKEARVONE- -~ ==~ --------= RDEISTRE
hnkENP 294 - PGRGGRGGSRARNLPLPPPPPP---------------- RGGDLMAY
hnRNP K 297 -GGRGGSRARNLPLPPPPPPRGGDLMAYD ---------= RRGRPGDR
SBEM &8 302-RGRGVGPPRGALVRGTPVRGAITRGATVTRGVPPPPTVRGAPAPRA
HMW FGF2 54 -GDRGRGRALPGGRLGGRGRGRAPERVGG -~ - -~ ---- = RGRGEGTA
HMW FGFZ 26 -GGRGRGRGTAAPRARPAR - -~ - -~ -------------= RGSRPGPA
HMGAla 21-EKRGRGRPRKQPPVSPGTALVGSQKEPSEVPTPK- - - -RPRGRPKG

Ficure 5: Alignment of known PRMT1 substrates. Amino acid sequences of a subset of known PRMT1 substrates were manually aligned
to show the preponderance of positively charged Arg rich sequences distal to the site of methylation. The site of methylation is highlighted
in bold, and positively charged residues/regions are highlighted in yellow. The proteins presented in this alignment aré&AHNTRNP

K (68), SAM 68 @47), HMW FGF-2 ©9), and HMGAla 70).

Table 8: Effect of Monomethylation on rPRMT1 Kinetics CLR4, appear to utilize a partially processive mechanism
” " - of methyl transfer §1).
m at al
substrate (uM) (min™Y (M~tmin~?) Because all of the structurally characterized PRMTs, i.e.,
AcH4-212 3.55+0.68 0.3%001 1.10x 10° rPRMT1 @43), rPRMT3 ©2), and yeast RMT1/HMt16),
AcH4-21 R3MMA®  28.3+4.41 0.79:0.03  2.80x 10 form a ringlike dimer (Figure 4A), it is conceivable that
AcH4-15 , 120+160 02%001  L76x1C° binding of the protein substrate within this ringlike structure
ACHA-15 RSMMA®?  353+£80.2  0.34% O'O? 9_'71X 10 could facilitate the processive dimethylation of Arg residues
*[SAM] = 15 uM. ® Sequence and mass available in Table 1. by allowing the product of the first methylation reaction,

) monomethylarginine, to enter the active site of the second
of the AcH4-21 and AcH4-15 peptides. The steady-state molecule of the dimer without releasing the substrate from
kinetic parameters were subsequently determined for thesee ring. In partial support of this possibility is the fact that
peptldes, denoted AcH4-21-R3MMA and AcH4-15-R3MMA. mutants of rPRMT1, yeast RMT1/Hmtl, and PRMT4/
Interestingly, thekea/Km values obtained for the AcH4-21-  cARM1 in which the dimerization arm is either deleted
R3MMA and AcH4-15-R3MMA peptides are decreased by (resiques 188222), replaced with Ala residues, or mutated
~4-fold and~2-fold (Table 8), which is inconsistent with it a5 monomers in solution and lack methyltransferase
the |de_a that mpr)omethylated substrates possess an 'm”ns'éctivity (43, 63, 64). The fact that the PRMTL dimer forms
cally higher affinity for PRMT1. oligomersin vivo andin vitro (43, 46) is also noteworthy

To further address this issue, MALDI-MS was used to ; :
g i ! because these higher order structures could contribute to
monitor the methylation of peptide substrates by rPRMTL. substrate processivity. For example, the two methylation

ﬁghcoﬁgf;ﬂbfﬁm'nugngg?r;'tfgxgtrez?Ifoﬁgﬂigﬁ r?:tho?/z::izg events-from zero-to-mono and from mono-to-dcould be
ging, y 9. carried out by two dimers within the same oligomer. In

time, enzyme, and peptide cham length), we c9n3|stently addition, because the majority of PRMT1 substrates contain
observe the appearance of signals corresponding to both

monomethyl and dimethylated Arg residues despite the m_ultlple arginines in RGG or .RXR contexts, a_P_RMTl_
presence of an excess of the unmodified peptide (Figure 3).0I|gomer could mgthylate multiple substrate arginines si-
In a separate experiment, we monitored the time course ofmultaneously per b'”d"."9 event, another forr_n of processivity.
product formation by rPRMT1. The H4 peptide (residues Furthgrmore, proce;;mty could also .be mflgenced, bpth
1-20) was used as the substrate, and product formation Wa§189]_""t'Vely and posm\(ely, by PRMTl Interacting pFOte'”S
monitored by MALDI-MS (Figure 3C). Early in the reaction In vivo. More study will be required to settle these issues.
(~5 min), an approximately equal amount of monomethyl-

and dimethylated Arg residues are produced despite theCONCLUSIONS
presence of an excess of the unmodified substrate, consistent
with the results described above. After that, the levels of
dimethyl-Arg containing peptides steadily increase as the
levels of the unmodified and monomethylated product
decrease.

Because we have already excluded the possibility that
MMA containing peptides have an intrinsically higher
affinity for PRMT1, these results are most consistent with a
partially processive mechanism in which SAH release and
SAM rebinding occurs on a time scale similar to the release
of MMA containing products. While similar results have

The PRMTs, and Arg methylation in general, have
garnered significant attention over the last several years
because of their important roles in human cell signaling and
human disease. However, the ability to fully delineate the
molecular processes/pathways in which these enzymes play
arole is hampered by the lack of enzyme specific inhibitors.
Furthermore, the question of whether PRMTSs are valid drug
targets can only be fully answered by the development and
testing of potent and selective PRMT inhibitors. Therefore,
we initiated a program to develop PRMT-selective inhibitors.

been observed for PRMT6 and interpreted as being consistentA‘S apar tof that program, we began studies on the_ subs_trate
with a processive mechanisiéQj, i.e. dimethylation occurs ~ SPEcificity and kinetics of PRMTL catalysis to identify

without release of the monomethylated product to the bulk important features that could be exploited for the design of
solution, the fact that MMA and ADMA are produced in nhibitors targeting this isozyme.

similar quantities §0) rules out such a purely processive  The substrate specificity studies on the rat and human
mechanism. While detailed kinetic analyses are required to PRMT1 orthologues demonstrate that the determinants of
validate the proposed mechanism, it is noteworthy that in substrate recognition are quite similar for the two enzymes
addition to PRMT6 several Lys methyltransferases, e.g., (which differ only at one position), although we note that
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subtle differences do exist. Furthermore, our studies to
identify a minimal peptide substrate indicate that regions far
from the PRMT1 active site contribute to substrate recogni-
tion. These interactions are presumably mediated by acidic

residues on the surface of the enzyme and positively charged 8.

residues in the C-terminal fourth of the AcH4-21 peptide

because peptides incorporating neutral amino acids were g

poorly processed. Consistent with this hypothesis are crystal-
lographic and mutational studies on PRMT3,(54). For
example, the RGG3 peptide appears to interact with several
highly acidic meandering grooves on the surface of PRMT1
(Figure 4B) and recent mutational studies confirm the
importance of acidic surface residues to substrate binding
(54). However, further studies to identify the specific residues
on PRMTL1 that mediate these long range interactions will
be required because the electron density for the RGG3
peptide was not of sufficient resolution to identify individual
amino acids within this peptide; thus the N- and C-terminal
portions of this peptide could not be identified. Interestingly,
these results are also consistent with the fact that a number
of known PRMT1 substrates contain positively charged
residues far from the site of methylation (Figure 5). While

the distance between these residues and the site of meth-

ylation is not fixed, this is not surprising because our results
with the mid-sequence truncation peptides (Table 3) dem-
onstrate that this need not be the case.

In summary, our results demonstrate our ability to kineti-
cally characterize PRMT1 activity, that long range interac-
tions are important for substrate recognition, and that this
enzyme catalyzes Arg methylation in a partially processive
fashion. Combined with our studies on small molecule
PRMTL1 inhibitors, the information contained in this report
will undoubtedly aid the development of a PRMT1 selective
inhibitor. For example, it should be possible to generate a
potent and selective bisubstrate analogue inhibitor of PRMT1
by linking the AcH4-21 peptide to a portion of homocysteine
or sinefungin. Bisubstrate analogues of this type have been
developed for the histone acetyltransferase® 65); and

these compounds have shown great utility as chemical probes

for studying the role of histone acetylation bathvitro and

in zivo (50, 65). The fact that the AcH4-21 peptide is a much
better substrate than the AcH4-15 peptide is also highly
significant because it suggests the possibility of identifying
inhibitors targeting regions outside the active site by screen-
ing for compounds that inhibit the methylation of the AcH4-
21 peptide but not the AcH4-15 peptide.
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