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ABSTRACT: Protein arginine methyltransferases (PRMTs) have emerged as attractive therapeutic
targets for heart disease and cancers. PRMTS is a particularly interesting target because it is
overexpressed in blood, breast, colon, and stomach cancers and promotes cell survival in the face of
DNA damaging agents. As the only known member of the PRMT enzyme family to catalyze the
formation of mono- and symmetrically dimethylated arginine residues, PRMTS is also mechanistically
unique. As a part of a program to characterize the mechanisms and regulation of the PRMTs and
develop chemical probes targeting these enzymes, we characterized the substrate specificity, processivity,
and kinetic mechanism of bacterially expressed Caenorhabditis elegans PRMTS (cPRMTS). In this
report, we demonstrate that distal positively charged residues contribute to substrate binding in a
synergistic fashion. Additionally, we show that cPRMTS catalyzes symmetric dimethylation in a
distributive fashion. Finally, the results of initial velocity, product, and dead-end inhibition studies
indicate that cPRMTS uses a rapid equilibrium random mechanism with dead-end EAP and EBQ
complexes. In total, these studies will guide PRMTS inhibitor development and lay the foundation for
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studying how the activity of this medically relevant enzyme is regulated.

O ver the past decade, arginine methylation has emerged as
an important post-translational modification (PTM), and
several of the enzymes that catalyze this PTM (i.e., the protein
arginine methyltransferase (PRMTs)) appear to be attractive
therapeutic targets for a variety of human ailments including
heart disease and cancer.' ® There are nine human PRMTs
(PRMTs 1-9),” and these enzymes catalyze the monomethy-
lation (MMA) and asymmetric (ADMA) or symmetric
dimethylation of arginine (SDMA) residues. PRMTs 1, 2, 3,
4, and 6 produce both MMA and ADMA, in which two methyl
groups are transferred to the same w-nitrogen, whereas PRMTS
catalyzes the formation of MMA and SDMA, where two methyl
groups are transferred to two separate w-nitrogens (Figure 1).
PRMT?7 is the only known example of a PRMT that solely
generates monomethyl arginine.® Hundreds of PRMT sub-
strates have been identified, and given their diversity as well as
the important role that arginines play in protein—protein and
protein—nucleic acid interactions, it is unsurprising that these
enzymes control numerous cellular processes, including gene
tran7sgrligtion, DNA repair, RNA splicing, and kinase signal-
ing.””

Given the essential role of the PRMTs in these processes, it
should not be surprising that when dysregulated, these enzymes
contribute to disease pathology. PRMTS is a particularly
attractive target for the development of an anticancer
therapeutic because this enzyme, which is important for cell
growth and proliferation, is overexpressed in cancers of the
blood, breast, colon, and stomach.'®~'* Although it is unclear
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how PRMTS activity contributes to tumorigenesis, several
recent studies have highlighted potential mechanisms. For
example, PRMTS methylates the tumor suppressor pS3 at
R333, R335, and R337 in response to DNA damage, and this
modification regulates the pS3 response by altering its
promoter specificity. One consequence is the increased
expression of the cyclin-dependent kinase inhibitor p21 and
decreased expression of pro-apoptotic proteins such as NOXA
and PUMA."® Consistent with this effect, siRNA knockdown of
PRMTS led to enhanced apoptosis in response to DNA
damage.'® Further supporting a role for this particular PTM in
cancer biology is the fact that R337, one of the sites of
modification, is mutated in Li Fraumeni syndrome, a rare
genetic disorder that is associated with an increased risk of
developing several types of cancer.'®'” In a related study,'* the
same authors showed that PRMTS methylates E2F1 at R111
and R113, and methylation of these residues promotes E2F1
ubiquitination and degradation. Importantly, siRNA knock-
down of PRMTS stabilized E2F1, especially in the presence of
DNA damaging reagents, and these effects were correlated with
increased apoptosis. Combined with the pS3 studies, these data
suggest that PRMTS promotes cell survival in response to DNA
damaging agents by upregulating the p53 dependent expression
of cell cycle inhibitors (e.g, p21), and by promoting the
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Figure 1. cPRMTS catalyzed methylation reaction.

cPRMTS5

degradation of E2F1, thereby preventing the increased
transcription of proapoptotic effectors. In total, these data
suggest that PRMTS inhibitors are likely to promote cell cycle
arrest and apoptosis alone or in combination with a DNA
damaging agent.

Additional evidence supporting a role for PRMTS in
oncogenesis is the observation that high levels of PRMTS
and low E2F1 levels correlate with worse outcomes in
colorectal cancer.'* Similarly, high expression of both PRMTS
and the tumor suppressor protein programmed cell death 4
(PDCD4) is associated with the decreased survival of breast
cancer patients.'® In fact, coexpression of these two proteins
synergistically enhances the growth of MCF7e tumor
xenografts. The PRMTS catalyzed methylation of PDCD4 (at
R110) is required for this effect because a PRMTS mutant or a
non-methylatable PDCD4 mutant do not promote xenograft
growth.'® Aggarwal et al. reported another case in which
PRMTS acts as an oncoprotein.” Specifically, the authors
showed that cyclin D1/CDK4 kinase phosphorylates ThrS on
methylosome protein SO (MEPS0), a PRMTS interacting
protein, and increases the methyltransferase activity of the
PRMTS-MEPSO0 complex. The increased activity results in the
decreased expression of CUL4A/B, the E3 ubiquitin ligase
responsible for promoting the degradation of the replication
licensing protein CDT1. As a consequence, CDT1 accumulates
and promotes DNA rereplication, triggering the DNA damage-
checkpoint and promoting malignant transformation.'” More-
over, PRMTS is recruited to the promoters of several other
tumor suppressor genes, for example, ST7 and NM23, where it
methylates histone H3 (at R8) and H4 (at R3) to promote a
chromatin state that is refractory to transcription.*

Given the extensive links between PRMTS and tumori-
genesis, we and others have initiated programs to understand
the mechanisms of catalysis and develop inhibitors targeting
PRMTS. Previous work on this enzyme includes the
determination of the structure of the Caenorhabditis elegans
orthologue (cPRMTS), which shares 34% sequence identity
(and 48% similarity) with human PRMTS.*"** Like other
PRMTs, cPRMTS consists of a class I methyltransferase
domain linked in series to a f-barrel domain that is likely
important for substrate binding. In addition, the ¢cPRMTS
structure revealed that the large N-terminal domain (residues
42—439) is structurally homologous to a TIM barrel. While it is
not known whether the TIM barrel has any intrinsic activity, it
is important for the PRMTS-MEPS0 interaction, as revealed by
the structure of the PRMTS-MEP50 complex.”>** In contrast
to the cPRMTS, the human orthologue displays low activity
toward histones H3 and H4 unless complexed with MEPS50;
cPRMTS shows high histone H4 activity in the absence of an
interacting protein vide infra. In addition to MEPS0, PRMTS
interacts with numerous other binding proteins alone and in
combination with MEPSO0 that likely regulate PRMTS activity
either directly or by targeting the enzyme to specific substrates.
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For example, CORPS (cooperator of PRMTS) binds PRMTS
and biases its activity toward histone H3.*®

Although PRMTS is structurally well characterized, limited
kinetic and mechanistic studies have been performed on this
enzyme. For example, it is unclear how PRMTS symmetrically
dimethylates its substrates as is the molecular basis for how
interacting proteins and PTMs regulate its activity. Toward a
deeper understanding of these features of PRMTS catalysis, we
initiated studies on the C. elegans orthologue. Our initial efforts
focused on this enzyme because it shares strong sequence
identity (34%) to the human enzyme, and knockdown of
PRMTS in C. elegans increases its sensitivity to DNA damaging
agents by altering the promoter specificity of CEP-1, the pS3
worm orthologue, similar to what occurs with the human
enzyme.”> Additionally, cPRMTS can be expressed in decent
yield in bacteria,”' whereas hPRMTS must be coexpressed with
MEPS50 in insect or human cells.”® Herein we report the results
of our initial efforts, including our demonstration that, like
PRMT1 and PRMT6,* long-range interactions are important
for PRMTS substrate recognition. We also show that
dimethylation occurs in a distributive fashion and that
formation of the dimethylated peptide does not occur until
the concentration of the monomethylated product exceeds that
of the unmodified substrate; this effect is likely due to the high
Ky for the monomethylated peptide. Finally, we demonstrate
that PRMTS uses a rapid equilibrium random kinetic
mechanism with dead-end EAP and EBQ_complexes. In total,
these studies lay the foundation for future drug discovery
efforts, as well as efforts to understand how this enzyme is
regulated.

B EXPERIMENTAL PROCEDURES

Reagents. N-(2-Hydroxyethyl)piperazine-N'-(2-ethanesul-
fonic acid) (HEPES), tricine, and dithiothreitol (DTT) were
purchased from Research Products International Corp. Tris-
(hydroxyl-methyl)aminomethane (tris) was purchased from
Bio-Rad. Ethylenediamine tetraacetic acid (EDTA) and
trifluoroacetic acid (TFA) were from EMD. N-a-Fmoc amino
acids and preloaded Wang-based resins were purchased from
Novabiochem. *C-Labeled bovine serum albumin (BSA) and
piperidine were purchased from Sigma-Aldrich. '*C-Methyl-
SAM (56.3 mCi/mmol; 355 uM) was purchased from Perkin-
Elmer Life Sciences. Histone H4 was purified as described.””
The synthesis of the AcH4-21R3MMA, AcH4-21R3ADMA,
AcH4-14, AcH4-18, RGG3, AcH4-21S1A AcH4-21K16A,
AcH4-21R17A, AcH4-21R17K, AcH4-21HI18A, AcH4-
21HI18K, AcH4-21H18Q, AcH4-21R19A, AcH4-21R19K,
AcH4-21K20A, AcH4-21R17,19A and AcH4-21R17,19K pep-
tides was previously described.*®

Purification of cPRMT5. cPRMTS was expressed in
Escherichia coli BL21(DE3) cells, using a previously described
pET21a expression vector (Novagen)*' that encodes full-length
cPRMTS linked to a C-terminal poly(His)-tag. For protein
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expression, starter cultures plus 100 pg/mL ampicillin were
grown overnight, and the following day these cultures were
used to inoculate 3 X 2 L LB media containing 100 pg/mL of
ampicillin. The cells were then grown at 37 °C for 4 h at 200
rpm to an ODy, of 0.6. Protein expression was then induced by
the addition of IPTG (0.2 mM final). After incubation for 24 h
at 16 °C and 170 rpm, the cells were harvested by
centrifugation (7440g for 15 min at 4 °C). The cell paste was
resuspended in 60 mL of lysis buffer (20 mM HEPES at pH
8.0, 50 mM NaCl, 0.5 mM phenylmethylsulfonyl fluoride, 1%
Triton X-100, 1 mg/mL lysozyme, and 1 unit/mL benzonase)
and incubated with rocking for 30 min. The resulting cell lysate
was centrifuged at 30720g for 30 min at 4 °C, and the
supernatant containing cPRMTS was applied to a nickel(II)
chelating Sepharose column. The column was washed with a
stepwise elution buffer containing 0 to 1 M imidazole in 20 mM
HEPES at pH 8.0 plus 50 mM NaCl. Fractions were analyzed
by SDS-PAGE, and fractions containing protein were combined
and loaded on to a Mono Q anion exchange column (GE
Healthcare) and then purified by FPLC. The target protein was
eluted with 20 mM HEPES, pH 8.0, using a 0.1—0.25 M linear
gradient of NaCl. The protein containing fractions were
concentrated with a 10 kDa Amicon Centriplus centrifugal
filter device. Imidazole was removed by dialysis in 50 mM
HEPES at pH 8.0 plus 100 mM NaCl, 1 mM DTT, 2 mM
EDTA, and 10% glycerol. Protein purity (>95%) was verified
by SDS-PAGE (Figure S1, Supporting Information), and the
concentration was determined using the Bradford method. The
yield was 0.1 mg per 1 g of wet cells.

Synthesis of Histone-Based Peptide Substrates and
Inhibitors. Peptides were synthesized on a Rainin PS3
automated peptide synthesizer using commercially available
amino acids and Wang-based resins. The peptides were then
cleaved from the resin with 10 mL of 95% TFA, 2.5% TIS, and
2.5% water. The peptides were then precipitated with diethyl
ether, resuspended in 25 mL of ddH,O, frozen, and then
lyophilized overnight before purification by reverse phase
HPLC. MALDI MS was used to verify the structure of the
peptides (AcH4-21 calculated m/z is 2132, observed m/z is
2133; AcH4-21R3SDMA calculated m/z is 2160, observed m/z
is 2161; AcH4-21R3K, calculated m/z is 2104, observed m/z is
2105). Peptide concentrations were determined by titrating
peptides with methyltransferase assays using PRMT1 or
cPRMTS as the catalyst. Briefly, limiting amounts of an
individual peptide were reacted with a >6-fold excess of '*C-
SAM (based on mass), and the reaction was monitored as a
function of time until completion. The amount of product
formed was used to correct the substrate concentration,
assuming one or two methylation events for substrates
modified by cPRMS and PRMT1, respectively.

Mass Spectrometry Based Methylation Assay. The
time course for the cPRMTS catalyzed methylation of the
AcH4-21 peptide was monitored by MALDI-MS.*® Briefly, the
peptide substrate (20 M) and SAM (100 uM) were
preincubated at 25 °C for 10 min in 50 mM HEPES, pH 8.0,
50 mM NaCl, 1 mM EDTA, and 0.5 mM DTT. We used 25 °C
as our assay temperature because we observed a rapid loss in
activity at 37 °C. The reaction was initiated by the addition of 1
UM cPRMTS and quenched at various times with 3 L of 50%
TFA in ddH,O at the appropriate time. The enzyme was
removed, and the samples were desalted with a C-18 Zip Tip.
The samples were then mixed with a saturated solution of a-
cyano-4-hydroxy cinnamic acid in 50% acetonitrile, 50% water,
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and 0.1% TFA and spotted onto a MALDI plate and analyzed
in the positive ion mode. The percentage turnover was
calculated as previously described.”®

Gel-Based Activity Assay. The methyltransferase activity
of cPRMTS was determined with a discontinuous gel-based
assay, using methods similar to those described for PRMT1.”*
Briefly, Assay Buffer (S0 mM HEPES at pH 8.0, 50 mM NaCl,
1 mM EDTA, and 0.5 mM dithiothreitol), containing a peptide
substrate and *C-labeled SAM, was incubated for 10 min at 25
°C. The reaction was then initiated by the addition of cPRMTS
(200 nM final) and quenched with 6X tris—tricine gel loading
dye after 10 min. Samples were loaded on to 16.5% tris—tricine
polyacrylamide gels to separate methylated protein/peptide
from unreacted SAM. The gels were then dried, and the
incorporated radioactivity was quantified by phosphorimage
analysis using a Typhoon scanner. The assays were carried out
in duplicate, the standard deviations of individual replicates
were generally less than 20%, and only values with less than
20% error were used in fits of the data to the equations outlined
below. Initial rates were fit to eq 1,

v =V_.[S]/([S] + Ky) (1)
where v is the initial rate, V,,, is the maximum velocity, [S] is
the substrate concentration, and Ky is the Michaelis constant.
The k., was calculated from the ratio of V, and enzyme
concentration.

Initial Velocity Studies. Using the assay described above,
the initial rates for '*C-SAM were examined at different fixed
concentrations of the AcH4-21 peptide (10, 20, 50, and 100
uM). For reactions in which the AcH4-21 peptide was the
varied substrate, the initial rates were obtained at fixed
concentrations of **C-SAM (5, 10, 15, and 30 uM). The initial
rate data were then globally fit to eq 3,

v=V

max

[A][B]/(K; K, + K,[A] + K,[B] + [A][B])
)

where V_, is the maximum velocity at saturating concen-
trations of the AcH4-21 peptide and SAM. K, is the
dissociation constant of the varied substrate. K, and K are
the Michaelis constants for the varied and fixed substrates,
respectively.

Inhibition Studies. The AcH4-21R3SDMA peptide and
SAH were used as the product inhibitors. The dead-end
analogues are sinefungin and the AcH4-21R3K peptide, a
mutant peptide in which Arg3, the site methylated by PRMTS,
is replaced with a lysine. The initial rate data obtained from
these inhibition experiments were globally fit to eqs 4, S, 6, and
7 for competitive, noncompetitive, mixed, and uncompetitive
inhibition, respectively.

v = Voo [S]/([S] + Ky (1 + [1J/K)) (4)
v =V [SI/([SI(1 + [1]/K,) + Ky(1 + [1]/K}))  (5)
v = Vo[ SI/([SI(1 + [1)/Ky) + Ky(1 + [1)/Ky))  (6)
v =V, [SI/([SI(1 + [1]/K}) + Ky) (7)

Vinax i the maximum velocity of the uninhibited reaction, and
K; and K, are the inhibition constants for the intercept and
slope, respectively. Noncompetitive inhibition data were fit to
eq S, where K; = K;; = K.
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Table 1. Substrate Specificity

substrate sequence

histone H4“
histone H3“¢

AcH4-21% Ac-SGRGKGGKGLGKGGAKRHRKV
SAM®

RGG3* GGRGGFGGRGGFGGRGGFG
AcH4-21R3K%* Ac-SGKGKGGKGLGKGGAKRHRKV
AcH4-21R3MMA*® Ac-SGRM)GKGGKGLGKGGAKRHRKV
AcH4-21R3SDMA“* Ac-SGRM2GKGGKGLGKGGAKRHRKV
AcH4-21R3ADMA“* Ac-SGRM2GKGGKGLGKGGAKRHRKV

Ky (uM) kege (min™") ke/Kyg (M™" min™")
22 +3 0.21 + 0.01 9500 + 1300
<50 + 6
13+2 12 + 0.01 92000 + 14000
53 +02 1.1 + 0.01 210000 + 8000
130 + 8 0.21 + 0.01 1600 + 100
<245 +3
390 + 50 0.22 + 0.01 570 + 70
<152 +2
<179 +3

“[SAM] = 15 uM. b[AcH4-21:| =100 uM. “The amount of product formation was too low to accurately measure the kinetic parameters for this
peptide substrate. Therefore an estimation of k,/Ky was made by dividing the maximal observed rate by the concentration of substrate.

Table 2. Mutagenesis Studies

substrate” sequence
AcH4-21 Ac-SGRGKGGKGLGKGGAKRHRKV
AcH4-18 Ac-SGRGKGGKGLGKGGAKRH
AcH4-14 Ac-SGRGKGGKGLGKGG
AcH4-21S1A Ac-AGRGKGGKGLGKGGAKRHRKV
AcH4-21K16A Ac-SGRGKGGKGLGKGGAARHRKV
AcH4-21R17A Ac-SGRGKGGKGLGKGGAKAHRKV
AcH4-21R17K Ac-SGRGKGGKGLGKGGAKKHRKV
AcH4-21HI18A Ac-SGRGKGGKGLGKGGAKRARKV
AcH4-21H18K Ac-SGRGKGGKGLGKGGAKRKRKV
AcH4-21H18Q_ Ac-SGRGKGGKGLGKGGAKRQRKV
AcH4-21R19A Ac-SGRGKGGKGLGKGGAKRHAKV
AcH4-21R19K Ac-SGRGKGGKGLGKGGAKRHKKV
AcH4-21K20A Ac-SGRGKGGKGLGKGGAKRHRAV
AcH4-1R17,19A Ac-SGRGKGGKGLGKGGAKAHAKV
AcH4-1R17,19K Ac-SGRGKGGKGLGKGGAKKHKKV

“[SAM] = 15 uM.

Ky (uM) keye (min™") kew/Kyy (M™! min™")
13+2 12 + 0.01 92 x 10* + 1.3 x 10°
310 + 40 0.27 + 0.01 8.7 X 10> + 1.1 X 10*
<223+ 6
1S+2 0.95 + 0.02 6.3 x 10* + 8.0 x 10°
21+3 0.46 + 0.01 2.1 X 10* + 3.0 X 10°
84+ 6 0.95 + 0.02 1.1 X 10* + 8.0 x 10°
230 + 30 0.89 + 0.04 3.9 x 10° + 5.0 x 10*
54+ 8 0.53 + 0.02 9.8 X 10° + 1.5 x 10°
190 + 15 0.75 + 0.02 4.0 x 10° + 3.0 X 10*
610 + 113 1.0 + 0.09 1.6 X 10° + 3.0 X 107
120 + 16 0.29 + 0.01 24 x 10° + 3.0 X 10*
43+ 8 0.53 + 0.03 12 x 10* + 2.0 x 10°
31+ 4 0.52 + 0.02 1.7 x 10* + 2.0 x 10°
95 + 10 0.94 + 0.03 9.9 X 10° + 1.0 X 10°
195 + 19 0.70 + 0.02 3.6 X 10° + 3.0 X 10*

B RESULTS

cPRMT5 Methylation of Protein Substrates. Using a
discontinuous gel-based radioactive assay, we determined the
steady-state kinetic parameters for both histone H3 and histone
H4, which are known PRMTS substrates.”>*® While cPRMTS
shows decent activity toward histone H4 (k../Ky = 9.5 X 10°
M™' min™'), histone H3 is an extremely poor cPRMTS
substrate (k./Ky < 50 M™! min™"). With respect to histone
H4, the observed k./Ky value is comparable to those
previously established for the C. elegans enzyme (9.5 X 10°
M~ min~! versus 2.4 X 10* M~! min~').>' Relative to PRMT1,
however, the k.,/Ky is 20-fold lower.”® The decreased activity
is primarily a Ky effect as the k, is only decreased by 2-fold
relative to PRMT1; the small change in k, is likely due to the
decreased assay temperature (25 °C for cPRMTS versus 37 °C
for PRMT1). In contrast, the Ky, for histone H4 is 10-fold
higher than that obtained with PRMT1, indicating that histone
H4 is a relatively poorer substrate for ¢cPRMTS than for
PRMT1.

cPRMT5 Methylation of Peptide-Based Substrates.
Given that PRMTS methylates histone H4 at R3 in the
unstructured N-terminal tail region of the protein, we also
determined the steady-state kinetic parameters for the AcH4-21
peptide, whose sequence mimics the N-terminus of histone H4.
The results of these experiments indicate that the AcH4-21
peptide is an excellent PRMTS substrate, with a k./Ky that is
~10 fold higher (9.2 X 10* M™! min™") than that obtained for
the parent protein histone H4. In contrast, the RGG3 peptide,
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whose sequence is based on fibrillarin and which has classically
been used to study PRMT activity, is a significantly poorer
substrate (k../Ky = 1.6 X 10> M™! min™!). The steady-state
kinetics were also determined for SAM, and these values are
comparable to those obtained for other PRMTs including
PRMTs 1 and 6.%*® The fact that cPRMTS modifies the
AcH4-21 peptide comparably to or even better than histone H4
indicated that this peptide, which contains the major in vivo site
of PRMTS catalyzed methylation, that is R3,>* could be used to
study the regiospecificity of the enzyme and identify specific
residues that are important for substrate recognition.
Regiospecificity of ¢cPRMT5. In order to confirm that
cPRMTS methylates arginine 3 in the context of the AcH4-21
peptide, we determined whether the AcH4-21R3K peptide was
a substrate for cPRMTS; R3 is mutated to a lysine in this
peptide (Table 1). The fact that AcH4-21R3K peptide is
essentially not processed by the enzyme (k../Ky < 24.5 M~
min ") verified that cPRMTS preferentially modifies R3 in the
AcH4-21 peptide and not the two other arginines in this
peptide, that is, R17 and R19. To validate this finding, we
determined the kinetic parameters for the AcH4-21R3SDMA
and AcH4-21R3ADMA peptides, which contain symmetrically
and asymmetrically dimethylated arginine in place of R3, and
demonstrated that they are also extremely poor substrates (k.,./
Ky < 152 and 17.9 M™' min™, respectively). In contrast, the
monomethylated peptide (ie., AcH4-21R3MMA) is processed
by the enzyme (k. /Ky = 5.7 X 10> M™' min~"), albeit at a
much reduced rate; the k,./Ky for this peptide is decreased by
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~160-fold relative to the AcH4-21 peptide. The decreased k,./
Ky is largely driven by a ~35-fold increase in Ky, While this
result provides further support for the symmetric dimethylation
of R3, it also indicates that the efficiency of adding a second
methyl group to this residue is very low. Nevertheless the fact
that cPRMTS regiospecifically modifies the AcH4-21 peptide at
R3 with comparable kinetics to the parent protein further
indicated that this peptide provides an excellent model system
to study the substrate specificity and kinetic mechanism of the
enzyme.

Substrate Recognition Elements. Having established the
AcH4-21 peptide as a model system, we moved forward and
tested a number of “mutant” peptides to identify specific
elements that are important for substrate recognition (Table 2).
Initially, we determined the kinetic parameters for two
truncation mutants, that is, the AcH4-18 and AcH4-14
peptides. The results of these experiments demonstrated that
both peptides are significantly (100—4000-fold) poorer
substrates for the enzyme than the AcH4-21 peptide (Table
2). These results suggest that, like PRMT1 28 residues distal to
the site of methylation are important for substrate recognition.
To support this notion, we examined the kinetic parameters of
a series of C-terminal “mutant” peptides, focusing on the polar
and charged residues in this region, that is, K'*RHRK?. The
results of these studies (Table 2 and Figure 2B) indicate that no
single residue is absolutely required for substrate recognition.
For example, the effect of mutating K16 and K20 to alanine is
relatively modest (4.4- and S.5-fold reductions in k/Ky,

A 5.5 1
5 4
45

4

log (k. /K.)
M-! min"!

3.5 1

3 4

2.5 1

5.5 1

4.5 1

log (k. /Kp)
M- min™!
-

Figure 2. Substrate specificity of ¢cPRMTS. The k./Ky values
determined for (A) histone H4 and H4 based peptides of varying
length, as well as the fibrillarin based peptide RGG3. (B) Kinetic
analysis of “mutant” AcH4-21 peptides.
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respectively). In contrast, mutation of R17, H18, and R19 had a
more dramatic effect. For example, mutating R17 to the less
bulky alanine decreased the k../Ky by ~9-fold, while
substitution of this residue with a lysine led to an approximate
20-fold decrease in k./Ky:. Similarly to the R17 mutants, the
k.../Ky; values determined for H18K and H18Q mutants are
decreased by ~20-fold and ~50-fold, respectively. However,
when H18 was replaced by a smaller residue, such as alanine,
the k./Ky was only decreased by ~10-fold. These results
indicate that both the charge and position of R17 and H18 are
important for substrate recognition by both R17 and HIS8.
Mutation of R19 to alanine also led to a substantial (~40-fold)
decrease in k_/Ky. In contrast, the k./Ky for the R19K
mutant is only decreased by ~8-fold, suggesting that the
positive charge of this residue and to a lesser extent its position
is important for substrate recognition. Since the total effect of
mutating residues 16—20 is less than the effect of their deletion
(60-fold versus 4000-fold for the AcH4-14 peptide), the C-
terminus of the AcH4-21 likely contributes to substrate binding
in synergistic fashion.

We additionally examined the effect of mutating S1 to
alanine because this residue is proximal to the site of
methylation. The results of these studies indicate that the f-
hydroxyl is relatively unimportant for substrate recognition
because the k /Ky, is decreased by only 1.5-fold. In total, these
results are consistent with the structure of the hPRMTS-ME-
P50-A9145C-AcH4-21 complex (A9145C is a SAM analog).*?
For example, residues S1 to KS bind in a small pocket at the
interface between the SAM binding and f-barrel domains. In
this region, these residues adopt a tight f-turn that is stabilized
by hydrogen bonds between the main chain carbonyl of SI1 and
the amide nitrogen of G4 and the side chain of Q309 in
PRMTS. The lack of an observable interaction with the f-
hydroxyl is consistent with the lack of a significant effect on
k ./ Ky Unfortunately, however, electron density beyond K8 is
not visible in the structure; as such, it is difficult to comment on
interactions between PRMTS and the C-terminus of the
peptide. Nevertheless, the lack of significant contacts with the
side chain of K8 is consistent with the C-terminus of a substrate
being able to bind at a distal site on the enzyme.

cPRMT5 Methylates Substrates in a Distributive
Fashion. PRMTS is reported to catalyze the formation of
monomethylated and symmetrically dimethylated arginine
residues.”® However, it is unknown how this reaction proceeds
and whether it occurs in a processive or nonprocessive, that is,
distributive, fashion. In the processive mechanism, peptide
binding is accompanied by two sequential methylation events
without the release of the peptide to solution. In contrast, in a
distributive mechanism, the peptide is released prior to
rebinding to facilitate a second round of methylation.

To address the issue of how cPRMTS catalyzes SDMA
formation, we used a previously described MALDI-MS-based
assay”® to monitor product formation as a function of time. As
depicted in Figure 3, product formation was monitored over 3
h. At the initial time points (0, 10, and 30 min), only the MMA
containing product is detectable. The appearance of the
dimethylated species, which is only observable after 60 min,
coincides with the loss of linearity in the AcH4-21 MMA
progress course. At the later time points, where the levels of the
AcH4-21 peptide are nearly exhausted, the levels of the
dimethylated peptide further increase, and the levels of MMA
plateau. At lower concentrations of the peptide substrate, the
level of the dimethylated species rises more quickly (Figure S2,

dx.doi.org/10.1021/bi4005123 | Biochemistry 2013, 52, 5430—5440
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Figure 3. cPRMTS methylates the AcH4-21 peptide in a distributive fashion. (A) Methylation of the AcH4-21 peptide monitored by MALDI-MS.
(B) Time course of AcH4-21 methylation. The reaction mixture, containing SO mM HEPES, pH 8.0, 2 mM EDTA, 200 mM NaCl, 1 mM DTT, 0.1
mM SAM, 20 uM of AcH4-21, and 1 uM of cPRMTS, was incubated at 25 °C over 3 h. Unmethylated (Me0), monomethylated (Mel), and
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Table 3. Initial Velocity Studies

varied substrate

AcH4-21
SAM

fixed substrate

SAM“

AcH4-21°
“Fixed substrate concentration = 5, 10, 15, or 30 uM. bFixed substrate concentration = 10, 20, 40, or 60 uM.

ke (min™") Ky(pep) (M)
1.4 + 0.07 33.5 + 87
1.1 + 0.06

Kyi(pep) (M)
7.0 + 32
74 £ 1.5

Kd(SAM) (MM)

24.6 £ 8.7

KM(SAM) (MM)
79 + 1.0
12.7 + 3.0

A

AV (min/uM)

-~ sam=5,m

601 —m— sam=10 M

4 —A— sAmM=15 M
40| —¢— sAm=30,m

- O -

0.1
[AcH4-21] (uM)

B

140

120

—@— AcH4-21=10 yM
—W—  AcH4-21=20 yM
= AcH4-21=40 uM

—&@— AcH4-21=60 uM

LI | T

1
0 0.2

1/[SAM] (uM)

Figure 4. Initial velocity patterns. Lineweaver—Burk plots display an intersecting line pattern, indicative of a sequential mechanism, when fixed

concentrations of SAM and AcH4-21 are assayed at various concentrations of the substrate, AcH4-21 (A) or SAM (B).
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Supporting Information). The results suggest that cPRMTS
follows a distributive mechanism, where the monomethylated
peptide is released from the enzyme and only rebinds to
facilitate the second round of methylation after its levels are
sufficient to compete with the unmodified peptide for binding
to cPRMTS. Consistent with this conclusion is the fact that the
AcH4-21R3MMA peptide is a significantly (160-fold) poorer
substrate for cPRMTS5, which explains the slow accumulation of
the dimethylated species.

Initial Velocity Studies. To characterize the kinetic
mechanism of ¢PRMTS, initial velocity studies were carried
out. First, the concentration of the AcH4-21 peptide was varied
at different fixed concentrations of the methyl donor SAM, and
the initial velocities were fit to eq 3 to obtain values for
Kyaca21) Kuesamy and Kyacraor)- Similar experiments were
performed with SAM as the varied substrate at different fixed
concentrations of the AcH4-21 peptide to obtain values for
Kyiactia21) Knesamy and Kysanr)- Double reciprocal plots of the
data (i.e, 1/v versus 1/[S]) indicate that the lines intersect in
the second quadrant (Table 3 and Figure 4). These patterns
suggest that cPRMTS uses a sequential mechanism, in which
both SAM and the peptide substrate bind to cPRMTS to form a
ternary complex prior to methyl transfer.

Production Inhibition Studies. In order to determine the
order of substrate binding and product release for the cPRMTS
catalyzed reaction, product inhibition studies were initiated. S-
Adenosyl-homocysteine (SAH) and the AcH4-21R3SDMA
peptide were used as product inhibitors. The results show that
SAH acts as a competitive inhibitor when the concentration of
SAM is varied and the concentration of the AcH4-21 peptide is
fixed at saturating levels (S0Ky;) (Table 4 and Figure SA). The
AcH4-21R3SDMA peptide also acts as a competitive inhibitor
when the AcH4-21 peptide was varied (Table 4 and Figure SB),
indicating that both SAM and the AcH4-21 peptide compete
with SAH and the AcH4-21R3SDMA peptide, respectively, for
binding to the same form of enzyme. The fact that both

Table 4. Product and Dead-End Inhibition Results for
cPRMTS

varied fixed
inhibitor substrate substrate  inhibition pattern K, (uM)
AcH4- AcH4-21 15 uM competitive 860 + 170
21R3SDMA SAM*
AcH4- SAM 1 mM noncompetitive 3000 + 220
21R3SDMA AcH4-21%
AcH4- SAM 20 uM noncompetitive 310 + 20
21R3SDMA AcH4-21"
SAH AcH4-21 15 uM noncompetitive 5.6 +0.5
SAM®
SAH SAM 1 mM competitive 51+£07
AcH4-21°
AcH4-21R3K  AcH4-21 1§ uM competitive 320 £ SO
sam?
AcH4-21R3K  SAM 1 mM noncompetitivie 5800 + S00
AcH4-21°¢
AcH4-21R3K  SAM 20 uM noncompetitive 300 + 20
AcH4-21°¢
sinefungin AcH4-21 1§ uM noncompetitive 25 £ 1.8
SAM
sinefungin SAM 1 mM competitive 95 £ 12
AcH4-2V

0, 1, 2, or 4 mM AcH4-21R3sDMA. “0, 100, 250, or 500 M AcH4-
21R3sDMA. €0, 2.5, S, or 10 uM SAH. 0, 250, 500, or 1000 xM
AcH4-21R3K. €0, 1, 2.5, or 5 mM AcH4-21R3K.70, 10, 20, or 40 uM.

products act as competitive inhibitors rules out both the steady-
state ordered and equilibrium ordered kinetic mechanisms.

To further define the kinetic mechanism of cPRMTS, we
determined the pattern of inhibition afforded by the AcH4-
21R3SDMA peptide at both saturating and subsaturating levels
of the AcH4-21 peptide (Table 4, and Figure SC,D). In both
cases, this peptide acts as a noncompetitive inhibitor of SAM.
The observation of noncompetitive inhibition at saturating
levels of the AcH4-21 peptide is inconsistent with the
Theorell-Chance mechanism, as well as the rapid equilibrium
random mechanism with a dead-end EBQ complex, because for
both mechanisms no inhibition is predicted. The inhibition
patterns are, however, consistent with a rapid equilibrium
random kinetic mechanism (RER) with dead-end EAP and
EBQ complexes, where A is SAM, B is the peptide substrate, P
is the methylated peptide, and Q is SAH.

Dead-End Analogue Studies. To provide further
evidence for the proposed kinetic mechanism, dead-end
analogue studies were performed. Sinefungin, which is a SAM
analogue, and the AcH4-21R3K peptide were used as the
inhibitors in these studies. Sinefungin contains an amine in the
place of the methyl group, whereas in the AcH4-21R3K
peptide, arginine 3 is replaced with a lysine residue. As noted
above the AcH4-21R3K peptide is not modified by cPRMTS.

The inhibition patterns indicate that the AcH4-21R3K
peptide acts as a competitive inhibitor when the AcH4-21
peptide is varied at fixed concentrations of SAM (Table 4 and
Figure 6A). When SAM is the varied substrate, the AcH4-
21R3K peptide acts as a noncompetitive inhibitor at both
saturating and subsaturating levels of the AcH4-21 peptide. The
K; value is, however, increased by ~20-fold at the higher
concentration of the AcH4-21 peptide. Although no inhibition
is predicted for the RER kinetic mechanism, the fact that the K;
value increases to 5800 uM indicates that under saturating
conditions, the AcH4-21 peptide effectively out competes the
AcH4-21R3K peptide for binding to the enzyme (Table 4 and
Figure 6, panel B versus panel C), as is predicted for this
mechanism. The results obtained when sinefungin was tested as
the dead-end analog were particularly illuminating because
sinefungin acts as a competitive inhibitor of SAM and a
noncompetitive inhibitor of the AcH4-21 peptide (Table 4 and
Figure 6D,E). The fact that neither sinefungin nor the AcH4-
21R3K peptides act as uncompetitive inhibitors further rules
out the Theorell-Chance mechanism and provides confirma-
tion that cPRMTS employs a RER kinetic mechanism with
dead-end EAP and EBQ complexes (Scheme 1).

B DISCUSSION

Targeted therapeutics are increasingly being used alone or in
combination with other target specific inhibitors or more
commonly with conventional nonselective inhibitors of cellular
growth to achieve positive outcomes for a number of diseases,
particularly cancer. As described above, of the various protein
methyltransferases, PRMTS has emerged as one of the most
promising therapeutic targets in this class. As such, we predict
that PRMTS inhibitors, used alone or in combination with
DNA damaging agents, will emerge as a key therapeutic
approach for the treatment of multiple cancers. Given these
links, we initiated a program to biochemically characterize the
substrate specificity, processivity, and kinetic mechanism of this
enzyme, with the ultimate goal being to use this information to
guide inhibitor development.
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A Product Inhibition with SAH: B Product Inhibition with AcH4-21R3SDMA: ¢ Product Inhibition with AcH4-21R3SDMA:
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Figure S. Product inhibition studies with SAH and AcH4-21R3SDMA. (A) Competitive inhibition is observed when SAM is the varied substrate,
AcH4-21 is the fixed substrate (1 mM), and SAH is the product inhibitor. (B) Competitive inhibition is observed when AcH4-21 is the varied
substrate, SAM is the fixed substrate (15 yM), and AcH4-21R3SDMA is the product inhibitor. (C) Noncompetitive inhibition is observed when
SAM is the varied substrate, AcH4-21 is the fixed substrate (20 M), and AcH4-21R3SDMA is the product inhibitor. (D) Weak noncompetitive
inhibition is observed when SAM is the varied substrate, AcH4-21 is the fixed substrate (1 mM), and AcH4-21R3SDMA is the product inhibitor. (E)
Noncompetitive inhibition is observed when AcH4-21 is the varied substrate, SAM is the fixed substrate (15 M), and SAH is the product inhibitor.

As a step toward that goal, we initiated studies on the C.
elegans enzyme. We focused on this particular orthologue
because cPRMTS recapitulates many of the physiological
functions of its human counterpart, including the fact that
cPRMTS knockdown increases cellular sensitivity to DNA
damaging agents by altering the promoter specificity of CEP-1/
p53.>* Additionally, cPRMTS shows strong sequence homology
to hPRMTS (34% identity) but can be expressed in an
autonomous fashion in bacteria. In contrast, hPRMTS must be
coexpressed with MEPS0 in insect or human cells.”® These
latter points suggest that cPRMTS can be used as a template to
develop a general PRMTS inhibitor whose potency is not
affected by the various interacting proteins known to modulate
PRMTS activity and substrate specificity.

As described in detail in the Results section, and summarized
here, our initial studies with cPRMTS revealed that histone H4
is efficiently processed by the enzyme, whereas histone H3 is an
extremely poor substrate, consistent with a previous study.””
Since the hPRMTS-CORPS complex modifies histone H3, the
lack of activity for this substrate likely reflects the lack of a PTM
or binding partner for the E. coli expressed recombinant
protein.

To identify a substrate that could be used for mechanistic
studies, we also determined the steady-state kinetic parameters

5437

for the AcH4-21 peptide, a histone H4 tail analog, and showed
that this peptide is regiospecifically methylated at arginine 3
with comparable kinetics to the parent protein. With this
substrate in hand, we further probed the substrate specificity,
processivity, and kinetic mechanism of the enzyme. The results
of these studies indicated that like PRMT1 and PRMT6,2%%®
downstream positively charged residues are important for high-
affinity substrate binding. Given that these three PRMTs
employ similar substrate recognition mechanisms, our results
imply that arginines in unstructured regions or that can adopt a
p-turn are preferentially modified as long as N- or C-terminal
residues provide sufficient binding energy to promote the
formation of an enzyme-substrate complex that is competent
for methyl transfer.

The results of our processivity studies were also quite
revealing because cPRMTS catalyzes substrate dimethylation in
a distributive fashion, a conclusion that is consistent with the
results obtained for hAPRMTS, where MEPS0 simply accelerated
the rate of the reaction but did not affect the processivity.”> In
such a mechanism, the peptide is released to solution and must
rebind prior to the transfer of the second methyl group. In
contrast, PRMT1 catalyzes ADMA formation in a partially
processive fashion;*®>! the reaction is termed partially
processive because the forward commitment to the dimethy-

dx.doi.org/10.1021/bi4005123 | Biochemistry 2013, 52, 5430—5440
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Figure 6. Dead-end analogue inhibition studies with AcH4-21R3K and sinefungin. (A) Competitive inhibition is observed when AcH4-21 is varied
substrate, SAM is the fixed substrate (15 M), and the AcH4-21R3K is the dead-end analogue inhibitor. (B) Noncompetitive inhibition is observed
when SAM is the varied substrate, AcH4-21 is the fixed substrate (20 uM), and AcH4-21R3K is the dead-end analogue inhibitor. (C)
Noncompetitive inhibition is observed when SAM is the varied substrate, AcH4-21 is the fixed substrate (1 mM), and AcH4-21R3K is the dead-end
analogue inhibitor. (D) Noncompetitive inhibition is observed when AcH4-21 is the varied substrate, SAM is the fixed substrate (15 yM), and
sinefungin is the dead-end analogue inhibitor. (E) Competitive inhibition is observed when SAM is the varied substrate, AcH4-21 is the fixed
substrate (1 mM), and sinefungin is the dead-end analogue inhibitor.

Scheme 1. Rapid Equilibrium Mechanism with Dead-End E—AcH4-21-SAH and E—~SAM—MMA Complexes®
AcH4-21 SAM SAH MMA

E-MMA

|

E-SAM-MMA

E-AcH4-21

|

E-AcH4-21-SAH

(E-AcH4-21-SAM <= E-MMA-SAH) E-AcH4-21-SAH

|

E-SAH

E-SAM-MMA

SAM AcH4-21 MMA SAH

“In the cPRMTS catalyzed reaction, the substrates bind to the enzyme in a random fashion to generate a ternary complex. After methyl transfer, the
reaction products are released in a random fashion to regenerate the free enzyme. Dead-end complexes, EAP = E—AcH4-21—-SAH or EBQ = E—
SAM—MMA, can be formed when either reaction product, SAH or the MMA-containing peptide, binds to the enzyme after the first substrate binds
or after the first product has been released from the ternary complex.
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lated species is less than 1 and takes place on the same time
scale as SAM rebinding and the release of monomethylated
peptide. Since transfer of the second methyl group is
exceedingly slow (due to the high Ky for the monomethylated
substrate), it will be critical to identify the factors that alter the
processivity of the enzyme and promote substrate symmetric
dimethylation, because this is the physiologically relevant PTM.
Whether an interacting protein can improve the processivity of
cPRMTS is currently unknown, but the discovery of one would
be an exciting avenue for future research, and these results
provide the baseline for their discovery.

Finally, the results of our initial velocity, product, and dead-
end inhibition studies indicate that cPRMTS uses a rapid
equilibrium random kinetic mechanism with dead-end EAP and
EBQ complexes. The fact that PRMTs 1 and 6 also use the
same type of mechanism>®** suggests that this kinetic pathway
may be a universal feature of the PRMTs. If that is the case, the
use of a random mechanism of substrate binding and product
release likely provides a mechanism to regulate enzyme activity
by, for example, altering the product distribution patterns of the
PRMTs, that is, the distribution of MMA, SDMA, and ADMA
on a particular substrate. In total, these studies undoubtedly lay
the foundation for studying the regulation of PRMTS activity
and will likely help guide the development of inhibitors
targeting this medically relevant enzyme.

B ASSOCIATED CONTENT

© Supporting Information

Purification of ¢cPRMTS and ¢PRMTS methylation of the
AcH4-21 peptide in a distributive fashion. This material is
available free of charge via the Internet at http://pubs.acs.org.
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