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Abstract

The protein N-terminal methyltransferase 1 (NTMT1) methylates the a-N-terminal amines of
proteins. NTMT1 is upregulated in a variety of cancers and knockdown of NTMT1 results in cell
mitotic defects. Therefore, NTMT1 inhibitors could be potential anticancer therapeutics. This
study describes the design and synthesis of the first inhibitor targeting NTMT1. A novel
bisubstrate analogue (NAM-TZ-SPKRIA) was shown to be a potent inhibitor (Kj = 0.20 uM) for
NTMT1 and was selective versus protein lysine methyltransferase G9a and arginine
methyltransferase 1. NAM-TZ-SPKRIA was found to exhibit a competitive inhibition pattern for
both substrates, and mass spectrometry experiments revealed that the inhibitor substantially
suppressed the methylation progression. Our results demonstrate the feasibility of using a triazole
group to link an S-adenosyl-L-methionine analog with a peptide substrate to construct bisubstrate
analogues as NTMT1 potent and selective inhibitors. This study lays a foundation to further
discover small molecule NTMTZ1 inhibitors to interrogate its biological functions, and suggests a
general strategy for the development of selective protein methyltransferase inhibitors.

Protein methylation is an important epigenetic modification that regulates celluar signal
pathways. Protein methyltransferases utilize S-adenosyl-L-methionine (SAM) as the methyl
donor and catalyze the post-translational protein methylation. Dysregulation of the
methyltransferases leads to diverse diseases including cancer, inflammation, and
cardiovascular diseases.1~3 Hence, specific inhibitors that modulate protein methylation are
valuable probes to investigate methylation-mediated biological processes, and even act as
therapeutic agents.* While the importance of lysine and arginine methylation have received
significant attention in the past decades, a growing number of studies has reported the
important roles of a-N-terminal methylation.>—8 a-N-terminal methylation is essential to
stabilize the interactions between regulator of chromosome condensation 1 (RCC1) and
chromatin during mitosis, and to localize and enhance the interaction of centromere proteins
with centromeric chromatin.5=9 N-terminal methylation of damaged DNA-binding protein 2
facilitates its nuclear location for DNA repair.® Protein N-terminal methyltransferases
(NTMTs) are the enzymes that are responsible for methylating the a-amines of proteins.10
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NTMT1, one of the two known NTMTSs, recognizes a canonical motif X-P-K (X: A, P, or
S).1112 NTMT1 is overexpressed in a variety of cancers including melanoma,
gastrointestinal and brain cancers. It is important for cell proliferation, and knockdown of
NTMT1 leads to mitotic defects and reduces nuclear localization.>11 Therefore, NTMT1
specific inhibitors may have therapeutic potential. Currently, there is no chemical inhibitor
available for NTMTZ1, which has impeded efforts to characterize its biological functions.

Protein methyltransferases have two binding pockets: a protein substrate binding pocket and
a methyl donor SAM binding site. Our group has piloted studies to characterize the kinetic
mechanism and found that NTMT1 catalysis involves a ternary complex formation.13 On the
basis of this mechanism, we focused on designing and synthesizing bisubstrate analogues
that covalently link a SAM analogue with a peptide substrate moiety in order to develop
potent and specific inhibitors for NTMT1. The rationale is that bisubstrate analogues have
the potential to afford a more potent and selective pharmacologic agent by combining the
free binding energies of the individual interactions without suffering the entropic loss.1415
There have been precedent attempts to generate selective bisubstrate inhibitors of protein
arginine methyltransferases (PRMTs). Ward ef a/. attached guanidine functionality to the A~
adenosyl-L-methionine (NAM) via a variable linker to yield potent PRMT1 inhibitors with
ICss of 3-6 uM.16 Although those compounds demonstrated around 20-fold selectivity for
PRMT1 over protein lysine methyltransferase SET7, the inhibitory activity was far from
ideal. It may be due to the fact that these prototype PRMT1 bisubstrate inhibitors only
contain a guanidine group instead of a peptide substrate recognition moiety. Martin et al.
recently reported that adenosine—guanidine conjugates containing three-carbon spacers
showed micromolar to submicromolar inhibitory activities to PRMT1, 4, and 6.17 Thompson
et al. reported the /n situ synthesis of a bisubstrate analogue inhibitor of PRMT1 which
linked link NAM with an histone 4 peptide through an ethylene group to yield a PRMT1
bisubstrate inhibitor with an ICsq of 350 uM.18 However, there has been no chemical
synthesis available to link a SAM analogue with a peptide substrate portion to prepare
bisubstrate analogues for protein methyltransferases to test their inhibitory abilities.

Here, we report the design, synthesis, and kinetic characterization of the first NTMT1
inhibitor that potently and specifically targets NTMT1. A novel bisubstrate analogue (NAM-
TZ-SPKRIA) was shown to be a potent inhibitor for NTMT1 with an ICsg of 0.81 £ 0.13
UM. This first NTMT1 inhibitor was more than 60-fold selective versus other representative
protein methyltransferases such as lysine methyltransferase G9a and arginine
methyltransferase 1. NAM-TZ-SPKRIA was found to exhibit a competitive inhibition
pattern for both the peptide substrate and SAM, and mass spectrometry experiments revealed
that the inhibitor substantially suppressed the methylation progression. This study is
significant because it not only generates the first potent and selective inhibitor for NTMT1,
but also provides a new and simple method to synthesize SAM-peptide conjugates that can
be leveraged to develop bisubstrate inhibitors for any SAM-utilizing protein
methyltransferases.

We focused on designing bisubstrate analogues that covalently link a SAM analogue with a
peptide substrate moiety viaa triazole linker. Since the sulfonium center of SAM is very
reactive, the sulfur was replaced with a nitrogen to yield the NAM as a stable analogue of
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SAM.1? The sequence of the peptide part is derived from the N-terminus of RCC1. For
initial efforts, we incorporated a hexapeptide (SPKRIA) into the bisubstrate analogue in
order to retain the substrate recognition (Fig. 1A). There is no crystal structure available for
the NTMT1-peptide complex. Docking the SPKRIA to the crystal structure of NTMT1 with
SAH (PDB ID 2EX4) suggested that the distance between the structure a amino group and
the S atom of the SAM is 3.6 A.11 Considering the distance and size, we hypothesized that a
triazole linker could be used to couple both substrate portions to construct a bisubstrate
analogue. To support our hypothesis, we carried out docking studies using Gold 5.2 (Table
SlT). Our results suggested NAM-TZ-SPKRIA can fit into the NTMT1 binding sites and the
triazole linker can be accommdated (Fig. 1B and C). The NAM part superimposes well with
the SAH and retains the similar interactions with NTMTL1. The Pro, Arg, and Ala of the
peptide part exhibit interactions with Asn169, Tyr216, and Asp179 of NTMT1, and side
chains of Lys and Arg interact with Gly32 and Glu214. Hence, the clicked NAM-peptide
conjugate was designed and synthesized as the NTMT1 bisubstrate inhibitor.

The synthesis of the bisubstrate analogue is illustrated in Scheme 1. Briefly, the synthesis
started from the commercially available adenosine, of which the 2’- and 3’-hydroxyl groups
were selectively protected by the isopropylidene group to quantitatively yield 1.16:20
Compound 1 was converted to the azide in the presence of diphenylphosphoryl azide (dppa)
and sodium azide, followed by hydrogenation to provide 2.21 Subsequent reductive
amination with Boc-protected aspartic aldehyde provided 3 and treatment with propargyl
bromide produced 4.16.22.23 The N-terminal free amino group of SPKRIA peptide was
converted to the azide group on resin by treated with a mixture of triflyl azide, potassium
carbonate and copper(;;) sulfate pentahydrate.2* The azide was then reacted with 4 to form
the NAM-peptide conjugate through a triazole linker via click chemistry on resin, followed
by a standard peptide cleavage condition to provide the bisubstrate analogue NAM-TZ-
SPKRIA.?

To assess how both substrate portions contribute to the activities of the bisubstrate analogue,
we also designed and prepared two control compounds NAM-TZ and TZ-SPKRIA (Fig. 1).

NAM-TZ only contains an NAM moiety and a triazole linker, while TZ-SPKRIA contains a
triazole linker and the peptide portion. TZ-SPKRIA was synthesized in a similar manner as

illustrated in Scheme 1 by reacting azidohexa-peptide with propargylamine.2> The synthesis
of NAM-TZ started by converting 2-bromoethylamine to 2-azidoethanamine in the presence
of sodium azide, followed by reacting with 4 via click chemistry and acid deprotection.26

We first evaluated the ability of NAM-TZ-SPKRIA, NAM-TZ, and TZ-SPKRIA to inhibit
NTMT1 through a fluorescence assay.13 The results of ICsq values revealed that NAM-TZ-
SPK-RIA is a highly potent NTMT1 inhibitor (IC5g = 0.81 £ 0.13 uM), while both NAM-TZ
and TZ-SPKRIA did not show any detectable inhibition at 100 uM (Fig. 2A). This
corroborated our hypothesis that linking both substrate portions of NTMT1 through a
triazole linker can provide a potent inhibitor for NTMTL1. To our knowledge, NAM-TZ-
SPKRIA is the first inhibitor for NTMTL.

TElectronic supplementary information (ESI) available: Organic synthesis, characterization, assay procedure, and docking study. See
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Given that all protein methyltransferases share a SAM binding site, we examined the
selectivity of NAM-TZ-SPKRIA for NTMT1 over other protein methyltransferases. We
assessed its ability to inhibit two representative protein methyltransferases: protein lysine
methyltransferase G9a and protein arginine methyltransferase 1 (PRMTL1) in a fluorescence
assay.27-28 Our results exhibited that NAM-TZ-SPKRIA showed less than 50% inhibitory
effect on G9a and less than 15% inhibition effect on PRMT1 at 50 puM, respectively. These
data revealed the selectivity of NAM-TZ-SPKRIA for NTMT1 is more than 60-fold over
G9a and PRMT1. Since NAM-TZ-SPKRIA showed the highest potency and selectivity, we
focused on this bisubstrate analogue for further studies. To gain further insight into the
nature of the inhibition of the NTMT1 by NAM-TZ-SPKRIA, we performed a kinetic
analysis designed to characterize the inhibitory properties of this bisubstrate analogue. The
mixture with 20 pM NTMT1 and 8 uM NAM-TZ-SPKRIA was preincubated for 30 min and
diluted 100-fold into assay buffer containing 5 uM RCC1-10.1529 The recovery of activity
was monitored for 12 min, and the SAH product was quantified as described previously.
Product formation was linear with no apparent lag in the recovery of NTMT1 activity at 0.08
UM, which is typical for a reversible inhibitor (Fig. 2B).

We then characterized the mechanism of inhibition of NAM-TZ-SPKRIA for NTMT1 by
determining the inhibition pattern for SAM in the absence and presence of various
concentrations of NAM-TZ-SPKRIA at a fixed concentration of RCC1-10. The results of
this analysis revealed that NAM-TZ-SPKRIA acts as a competitive inhibitor when the
concentration of SAM is varied from 3 to 10 uM and RCC1-10 substrate peptide is at a fixed
concentration at 3 uM. We also determined the inhibition pattern of NAM-TZ-SPKRIA for
RCC1-10 substrate peptide in the absence and presence of various concentrations of NAM-
TZ-SPKRIA at a fixed concentration of SAM. The results indicated that NAM-TZ-SPKRIA
also acts as a competitive inhibitor when the concentration of RCC1-10 is varied from 1.3 to
4.3 UM and SAM is at a fixed concentration at 4 uM. These inhibition patterns suggest that
NAM-TZ-SPKRIA competes with both SAM and RCC1-10 to bind NTMT1. As bisubstrate
analogues are designed to retain binding to both substrate binding sites, they are competitive
inhibitors to either substrate. Hence, competitive inhibition patterns of NAM-TZ-SPKRIA to
both substrates further validate that NAM-TZ-SPKRIA is a bisubstrate analogue, as well as
support our hypothesis of covalently attaching NAM and peptide portions through a triazole
linker to build bisubstrate analogues for NTMT1.

To confirm the NTMT1 inhibition fluorescence assay results obtained with NAM-TZ-
SPKRIA, we applied MALDI mass spectrometry to directly and quantitatively assess the
effects on N-a-amine methylation.3? The 1Csq value for NAM-TZ-SPKRIA was determined
to be 1.3 £ 0.1 uM, which corroborates the result obtained from fluorescence assay (Fig.
SlT). We also chose to use NAM-TZ-SPKRIA at concentrations of its ICgq value and a 5-
fold of 1Cg to evaluate how it affects the progression of N-a-amine methylation. Triplicate
samples of RCC1-10 peptide along with NAM-TZ-SPKRIA were subjected to NTMT1
methylation assays. Following these assays, samples were analyzed at 20 min to monitor the
methylation progression (Fig. 3). At both concentrations, dimethylation and trimethylation
of RCC1-10 were completely abolished. Monomethylated RCC1 was substantially reduced
to 10% at 5.30 pM.
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In summary, NAM-TZ-SPKRIA (K = 0.20 pM) represents the first NTMT1 inhibitor that
selectively targets NTMTL1. The availability of NTMT1 inhibitors is critical to advance our
understanding of the function of NTMTZ1. More importantly, we demonstrated that a triazole
group can be applied to couple a SAM analogue and a peptide to build bisubstrate analogues
for protein methyltransferase. As most protein methyltransferases catalysis involves a
ternary complex, it seems plausible to predict that the bisubstrate analogue could be
mimicked by compounds that contain a SAM moiety attached to a less specific peptide
portion to provide a selective and potent inhibitor for any SAM-containing protein
methyltransferases. While we prepared this manuscript, Martin et al. reported a PRMT1
inhibitor that using a triazole group to attach two small molecules to bind two binding
sites, 17 which further support our hypothesis of using NAM-peptide conjugates to design
protein methyltransferases inhibitors. Therefore, herein we have provided a convenient
synthetic route to construct a potent inhibitor for NTMT1 through a triazole linker, which
can be adapted to prepare any NAM-peptide conjugates. Considering the emerging
importance of protein methylation in epigenetics, our synthetic strategy offers a general
approach that has potential to generate specific and potent probes for each
methyltransferase.
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Fig. 1.
Inhibitor design. (A) Structures of NAM-TZ-SPKRIA, NAM-TZ, and TZ-SPKRIA.

Nitrogen atom (blue) replaces the sulfur atom of SAH. (B) Docking study of NAM-TZ-
SPKRIA (yellow) to crystal structure of NTMT1 complexed with SAH (PDB: 2EX4). (C)
Superimposed structure of NAM-TZ-SPKRIA (yellow) with SAH (cyan) in the complex.
Purple line indicates the hydrogen bonding between NAM-TZ-SPKRIA and NTMT1.
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Fig. 2.

Kinetic analysis of the inhibition of NTMT1 by bisubstrate analog NAM-TZ-SPKRIA. (A)
Steady-state inhibition of NTMT1 by NAM-TZ-SPKRIA ranging from 0 to 100 pM. (B)
Recovery activity of NTMTL1 after a rapid dilution of the enzyme-inhibitor (NAM-TZ-
SPKRIA) complex. (C) E/V versus 1/RCCL in the presence of varying concentration of the
inhibitor NAM-TZ-SPKRIA. (D) E/V versus 1/1SAM in the presence of varying
concentration of the inhibitor NAM-TZ-SPKRIA.
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Inhibitory effects on methylation states of RCC1-10 with NAM-TZ-SPKRIA. (A) Stacked
plot of MALDI-MS of RCC1-10 methylation progression as a result of NTMT1 inhibition
by NAM-TZ-SPKRIA at 20 minutes. (B) Quantification of methylation states of RCC1-10
as a result of NTMT1 inhibition by NAM-TZ-SPKRIA at 20 min.
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