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ABSTRACT: Protein N-terminal methyltransferases (NTMTs)
catalyze the methylation of the a-N-terminal amines of proteins
starting with an X—P—K/R motif. NTMT1 has been implicated in
various cancers and in aging, implying its role as a potential
therapeutic target. Through structural modifications of a lead
NTMT1 inhibitor, BM30, we designed and synthesized a diverse
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set of inhibitors to PI'Obe the NTMT1 active site. The 1o ICso=0.89+0.10puM  Invitro 1Cs=0.10%0.01 uM Invitro 1Cso = 0.34 + 0.10 yM

incorporation of a naphthyl group at the N-terminal region and " 'C>1mM Cellular 1Cs=~1mM Cellular 1Cs =~ 30 uM

an ortho-aminobenzoic amide at the C-terminal region of BM30

generates the top cell-potent inhibitor DC541, demonstrating increased activity on both purified NTMT1 (ICs, of 0.34 + 0.02 M)
and the cellular a-N-terminal methylation level of regulator of chromosome condensation 1 (RCC1, IC;, value of 30 xM) in human
colorectal cancer HT29 cells. Furthermore, DC541 exhibits over 300-fold selectivity to several methyltransferases. This study points
out the direction for the development of more cell-potent inhibitors for NTMT1.
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P rotein a-N-terminal methylation, a conserved modifica- their infancy compared with protein lysine methylation and
tion on ribosomal proteins and muscle light chains across arginine methylation. Therefore, it is crucial to have specific
almost all species, has recently been uncovered on a diverse set and cell-permeable inhibitors for NTMT1 to elucidate its
of proteins involved in cell division, DNA damage repair, and biological functions and therapeutic potentials NTMT1
chromatin remodeling.l_6 Specifically, a-N-terminal methyl- bisubstrate inhibitors including the inhibitor NAH—-C4—
ation modulates the dynamic association between the regulator GPKRIA displayed high potency at 130 pM, but their poor
of chromosome condensation 1 (RCC1) and chromatin during cell permeability and protease stability prevent their
mitosis."”” Likewise, a similar function of a-N-terminal application in cellular contexts (Figure 1)."*~"" Recently, we
methylation has been observed on centromere proteins A reported the first potent peptidomimetic inhibitor BM30 (ICs,
and B.>” Unlike the protein methylation on the side chain of = 0.89 + 0.10 M) by targeting the unique substrate-binding
either lysine or arginine residues, methylation of the a-N- pocket of NTMT1 (Figure 1).'* Even after the introduction of
terminus alters both the hydrophobicity and the charge state cell-permeable peptides at the C-terminus of BM30 to
under physiological conditions, which may be the underlying generate DC432, the cellular inhibitory effect on the N-
mechanism of its function in regulating protein—protein and terminal methylation was modest until 1 mM was reached.'®
protein—DNA interactions.” Protein N-terminal methyltrans- Herein we reported the structure-based discovery of NTMT1

ferases (NTMTs) are the enzymes that catalyze the transfer of inhibitors with enhanced cellular potency.

a methyl group from the cofactor, S-adenosyl-L-methionine To improve the cellular potency of the peptidomimetic
(SAM), onto the a-N-terminal amines of substrate proteins inhibitor BM30, we focused on the modifications on the N-
with a s.peciﬁc.N—terminal motif X;Pl_l K/ R, where X can be terminal and C-terminal regions of the lead compound BM30,
any amino acid other than D/E. With the important as Pro2 and Lys3 in the middle region of BM30 are less

biological function of a-N-terminal methylation, the dysregu- tolerable. Our rationale stemmed from a close examination of
lation of NTMT1 has been implicated in many diseases.

includin§ malignant melanoma and colorectal and brain ] =
cancer.”® Knockdown or knockout of NTMT1 results in Received: January 6, 2021 paeistes
hypersensitivity of breast cancer cell lines to DNA damage and AccePted‘ February 24, 2021 Tt
premature aging,'>"® implying the role of NTMT1 in DNA Published: March 1, 2021
damage repair.

Despite recent progress on protein a-N-terminal methyl-
ation, its physiological and pharmacological roles are still in
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Figure 2. Structure-based design of new inhibitors.
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Scheme 1. Synthetic Route for Compounds 15, 18, and 19
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“Reagents and conditions: (a) HCl-Lys(Boc)-~COMe, HBTU, HOBt, DIPEA, DMF. (b) i. LiOH-H,0, MeOH/H,0, 0 °C to rt; ii. R-NH,,
HBTU, HOBt, DIPEA, DMEF; iii. 4 N HCl in dioxane, 0 °C to rt, 50—68% in three steps.

the NTMT1—BM30—SAH ternary complex (PDB ID:
6WHS)."® Additional space around the phenyl group of
BM30 was identified through an inspection of the binding
pocket of the 4-hydroxyphenyl group at the first position (R1)
(Figure 2). Thus we hypothesized that the introduction of a
bicyclic group in the first position would simultaneously
increase both the potency and the hydrophobicity to facilitate
cell permeability. For the C-terminal region, we first replaced
the Arg4 with other amino acids to investigate their effects on
inhibition. Then, non-amino-acid moieties were introduced in
an attempt to enhance the stability and cell penetration.

In general, peptidomimetics, except compounds 15, 18, and
19, were prepared through the standard coupling reaction of
various carboxylic acids with the tripeptide Pro—Lys—X (X =
Arg, Lys, Gly, Ala, Glu, His, Phe, Trp, Tyr, Me—Arg, Me—Lys,
Me—Ala, 3-aminobenzoic acid, or 2-aminobenzoic acid) or the
dipeptide Pro—Lys on Rink resin.'® A subsequent acidic
treatment with a cleavage cocktail consisting of trifluoroacetic
acid (TFA)/2,2'-(ethylenedioxy)diethanethiol /water (H,0)/
triisopropylsilane (94:2.5:2.5:1) followed by purification
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through reverse-phase high-performance liquid chromatogra-
phy (RP-HPLC) provided the products. Compounds 185, 18,
and 19 were synthesized in the solution phase, as shown in
Scheme 1.

All synthesized peptidomimetics were evaluated in an S-5'-
adenosyl-L-homocysteine (SAH) hydrolase (SAHH)-coupled
fluorescence assay under the conditions of saturated SAM (100
uM) and the Michaelis constant (K,,) value of the peptide
substrate (GPKRIA)." The inhibitory activity of BM30 was
redetermined as a positive control, showing a comparable half-
maximal inhibitory concentration (ICy,) value to that
previously reported (Table 1).'*

N-Terminal Region. To increase the hydrophobicity of the
inhibitor, the naphthyl group was incorporated in the first
position to replace the 4-hydroxyphenyl group of BM30 to
generate compound 1 (DC113) (Table 1). It showed about
five-fold increased activity compared with BM30. Next, an 8-
quinolinyl group was introduced to replace the naphthyl group
to produce 2, yielding an eight-fold loss of inhibition compared
with DC113. Surprisingly, a 5-quinolinyl group in compound 3

https://dx.doi.org/10.1021/acsmedchemlett.1c00012
ACS Med. Chem. Lett. 2021, 12, 485—493
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Table 1. Modifications at N-Terminal Region”

Compound Structure 1C5p (uM) Compound Structure 1C50 (1M)
fo) (o]
PKR
BM30 Ho‘@_} 0.50 £0.03 PKR
3 = >100
SN
0 o
PKR PKR
1(DC113
( ) OO 0.10 £0.01 4 OO 0.68£0.04
Br
o o
PKR PKR
N
2 z 0.8920.21 s 0.88+0.23
X
F
“ICy, values were determined in triplicate (n = 3) and are presented as the mean + standard deviation (SD).
Table 2. Modifications at C-Terminal Region®
Compound Structure IC50(1M) Compound Structure 1C5(uM)
(o] o
PKR PKE
1(DC113) I l 0.10+0.01 10 4.2+0.34
o o]
PKK
6 0.78£0.22 1 PKW 1.3£0.13
(o] o
E “PKH i PKY
7 1.1+0.05 12 0.84+0.09
o] (o]
8 PKG 1.2+0.3 13 PKF 0.4920.05
o o
PKA PK
0.34+0.05
9 | ‘I 14 J\i! 3.1£0.24

“ICq, values were determined in triplicate (n = 3) and are presented as the mean + standard deviation (SD).

abolished the inhibition to NTMTI1. Furthermore, we
introduced halogens onto the naphthyl ring of DC113 to
obtain 4 and §, also displaying about seven- to eight-fold loss
compared with DC113. Thus DC113 was used as the lead
compound for the subsequent investigation at the C-terminal
region.

C-Terminal Region. To understand the contribution of Arg4
to the interaction with NTMT1, we replaced Arg with other
amino acids, such as Lys, Gly, Ala, Glu, His, Phe, Trp, and Tyr,
to yield 6—13. Among them, Lys was chosen because it is also
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a basic amino acid and has been observed in NTMT1 protein
substrates like DNA damage binding domain (DDB2) and
kelch-like protein 31 (KLH31).>*" Gly and Ala were designed
to explore the role of the guanidine group of Arg. Glu served as
a negative control, as it is an acidic amino acid. Aromatic
amino acids His, Phe, Trp, and Tyr were designed to explore
the size of this binding pocket. Moreover, the deletion of the
fourth position Arg produced 14 to further explore the
contribution of the interaction of the Arg4 backbone with
NTMTI1. Compounds 6—14 showed inhibitory activities with

https://dx.doi.org/10.1021/acsmedchemlett.1c00012
ACS Med. Chem. Lett. 2021, 12, 485—493
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Figure 3. Inhibition mechanism of DC113. (A) ICg, curves of DC113 at varying concentrations of the peptide (GPKRIA) with a fixed
concentration of SAM. (B) Linear regression plot of ICy, values with corresponding concentrations of the peptide (GPKRIA). (C) ICs, curves of
DC113 at varying concentrations of SAM with a fixed concentration of the peptide (GPKRIA). (D) Linear regression plot of ICy, values with

corresponding concentrations of SAM.

ICs, values ranging from 0.34 to 4.2 uM, which were 3—40
times higher than that of DC113 (Table 2). Compound 9
containing Ala showed a comparable IC;, value as DC113,
suggesting a trivial contribution from the guanidine group of
Arg4 to the interaction of NTMT1. This result is consistent
with the information from the cocrystal structure, as the side
chain of Arg4 orients to the solvent.'® However, the
introduction of an acidic residue like Glu at the C-terminus
is unfavorable, exhibiting a ~40-fold loss in inhibition. Except
for the acidic residue, other substitutions including aromatic
residues Trp, Tyr, and Phe are reasonably tolerant at the C-
terminal region.

The inhibition mechanism of DC113 was examined to check
if it similarly interacted with NTMT1 compared with BM30.
As shown in Figure 3, the ICy, values of DC113 increased
proportionally to the rising concentrations of the peptide
substrate, which indicated that the compound interacted with
the peptide substrate-binding site. Conversely, the IC, values
of DC113 were almost unaffected when the concentration of
SAM increased, exhibiting a noncompetitive inhibition pattern
with the cofactor SAM. These results suggested that DC113
retained a similar binding mode as BM30.

The selectivity of DC113 for NTMT1 was evaluated against
a panel of methyltransferases (MTs) including two representa-
tive PKMTs (G9a and SETD7), three PRMTs (PRMTI,
PRMT3, and TbPRMT?7), nicotinamide N-methyltransferase
(NNMT), and the coupling enzyme SAHH. Our results
showed that DC113 inhibited <50% of the activities of those
enzymes at 100 M, demonstrating the >1000-fold selectivity
of DC113 for NTMT1 over other MTs (Figure 4).

To elucidate the interaction between DC113 and NTMT1
at the molecular level, we obtained the X-ray cocrystal
structure of NTMT1-DC113—SAH (PDB ID: 7K3D)
(Figure S). The results showed the DC113 only occupied
the substrate-binding site of NTMT1, similarly to the lead
compound BM30."® The structure alignment of the NTMT1—
DC113—SAH complex with the NTMT1-BM30—SAH
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Figure 4. Selectivity study of DC113 (n = 2).

structure further revealed a similar binding interaction (Figure
SD,E). For example, the carbonyl oxygen of the first residue
forms a H bond with Asn 168. The amino group of Lys
interacts with the carboxylate groups of Aspl177 and Asp180
through electrostatic interactions. Importantly, the naphthyl
ring appeared to insert more deeply into the binding pocket
compared with the phenyl ring, as we hypothesized, which
enabled it to have a 7—7 interaction with Trp20. Compared
with BM30, DC113 lost the H bond between the 4-hydroxyl
of BM30 and Aspl80. However, an extra phenyl ring of
DC113 was able to push one water molecule in the binding
pocket, and the naphthyl ring restricted the rotation to
decrease the entropy loss, which may contribute to its
increased inhibitory activity.

NTMT1 can catalyze the methylation of its substrate,
starting with an SPK motif. Therefore, the NTMT1 cell-
permeable inhibitor is expected to decrease the N-terminal
methylation level. Compared with BM30 (cLogP = —2.33), we
proposed that DC113 (cLogP = —0.49) would enhance the
cell penetration due to its increased hydrophobicity. The mass
spectrometry (MS) study confirmed that DC113 displayed
enhanced cell permeability compared with BM30, as DC113

https://dx.doi.org/10.1021/acsmedchemlett.1c00012
ACS Med. Chem. Lett. 2021, 12, 485—493
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structural alignment.

but not BM30 could be detected in the cells at 100 yM
(Figure S1)."® Then, we proceeded to assess the inhibitory
effects of DC113 on the N-terminal trimethylation level via
Western blotting with the specific antibody to detect the N-
terminal trimethylation level, as it is predominant in HCT116
cells. However, DC113 decreased by only ~50% of the me3-
RCC1 and SET levels at 1 mM in HCT116 cells (Table 3).
To increase the cellular potency, we proceeded to introduce
an N-methylation amino acid at the fourth position to generate
compounds 15—17 to increase the stability of compounds
against proteases. Although the inhibitory activity decreased
four to six times compared with that of DC113 (Table 3), 15
and 16 demonstrated three-fold increased cellular potency
compared with DC113 in HCTI116 cells based on the
trimethylation levels. After incubation with trypsin for 1 h,
peaks of cleaved products of DC113 can be detected in the MS
(Figure S2); however, the incubation of 15—17 with trypsin
for 1 h confirmed their improved stability, as no fragment
peaks were detected in the MS (Figure S3). Compounds 18—
20 were designed and synthesized to replace Arg4 with a non-
amino-acid moiety, including benzimidazole and ortho- and
meta-aminobenzoic amide groups. Among them, 19 demon-
strated the most potent inhibition on NTMT1, with an ICy,
value of 0.13 uM, which was comparable to that of DC113;
however, its positional isomer 20 led to a three-fold loss of
inhibitory activity. To explore the importance of the amide
group, 21 was prepared and led to ten- and three-fold
decreased inhibition compared with that of 19 and 20,
respectively. Meanwhile, a C-terminal naphthyl group was
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introduced to produce 22 to further increase the hydro-
phobicity, yielding a comparable activity to that of 21. Then,
cellular N-terminal methylation indicated that compound 20
(DC541) exhibited the best cellular inhibition among all tested
compounds. Thus DC541 was chosen to evaluate its cellular
inhibition on two colorectal cancer cell lines, HT29 and
HCT116 (Figure 6). DC541 significantly inhibited me3-RCC1
at 100 #M and showed an approximate ICg, value of 30 #M on
the me3-RCCl1 level in HT29 cells (Figure 6A). On the basis
of the results, the inhibitory effects of the compound were
more sensitive in HT29 cells than in HCT116 cells, as the ICy,
value of DC541 was ~100 yM in HCT116 cells (Figure 6B),
supporting the importance of simultaneously assessing both
the biochemical and cellular activities. Interestingly, different
inhibitory effects were also observed on the N-terminal
methylation between RCC1 and the SET protein, with an
me3-RCC1 level about ten times more sensitive to DC541
inhibition. One possible reason is that the endogenous level of
me3-SET is higher than that of me3-RCCI.

To further validate the selectivity of DC541 for NTMT1, we
evaluated the inhibitory activity of DC541 against a panel of
methyltransferases and the coupling enzyme SAHH, similarly
to DC113. The results showed that DC541 did not inhibit
50% of those enzyme activities up to 100 uM, indicating more
than 300-fold selectivity against those methyltransferases and
SAHH (Figure 7).

The cytotoxicity of DC541 was evaluated on both HT29
and HCT116 cells through the alamarBlue assay (Figure 8).
Cells were treated with DCS541 for 24, 48, and 72 h and tested

https://dx.doi.org/10.1021/acsmedchemlett.1c00012
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Table 3. Optimizations at C-Terminal Region to Increase Cellular Potency

Me3-SPK Inhibition Percentage

(HCT116 cells)
Compound Structure 1Cs0 (LM)

ImM  300uM 100 uM

(o]
PKR
1(DC113) OO 0.10+0.01 52% 10% 3%
15 PrCmeR 0.60+0.09 100% 59% 1%

PK-meK

16 O 0.47+0.01 100% 48% 0%
PK-meA

17 0.58 £0.03 70% 3% 0%
N

18 ?;\@ 0.74+0.08 82% 62% 7%

8
@

CONH,

19 0.13+0.01 90% 57% 10%

@@

Iz

21 1.1£0.19 79% 55% 0%

22 0.97+0.15 47% 1% 0%

60

20 (DC541) CONH, 0.34+0.03 100% 90% 61%

in the alamarBlue assay. No significant toxicity was observed in In summary, we developed a series of cell-potent NTMT1
peptidomimetic inhibitors that target the substrate-binding
pocket. The inhibition mechanism and cocrystal structure of
points. NTMT1-DC113—SAH confirmed that naphthyl substitution

the viability of either cell line up to 1 mM at all three time

490 https://dx.doi.org/10.1021/acsmedchemlett.1c00012
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Figure 6. Inhibition of cellular N-terminal methylation by DC541 in HT29 and HCT116 cells. Representative Western blot results of the effects of

DC541 (0—300 M) on the cellular methylation level (n = 2) of (A) HT29 and (B) HCT116 cells. RCC1, SET, and Lamin B1 blots are shown as
loading controls.
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Figure 7. Selectivity study of DC541 (n = 2).

high selectivity for NTMT1 by exhibiting over 1000-fold
potency for NTMT1 compared with other MTs. Although
EE 100 uM DC113 showed better inhibitory activity and cell permeability

than BM30, the compound decreased the me3-SPK level with

an IC;, value of ~1 mM in HCT116 cells. Further

modification at the C-terminal region to increase the

hydrophobicity and stability yielded DCS$41, showing an

approximate ICs, value of 30 M in HT29 and 100 uM in

HCT116 cells. The 100- to 300-fold differences between the

& ® biochemical inhibition and the cellular potency need to be
\s examined in more detail by quantifying its cell permeability in

the future. Nevertheless, this is the first report of cell-
permeable tetrapeptidomimetic inhibitors for NTMT1 to our
knowledge. Therefore, this study provides a valuable tool for

= 10 M

the research community to study the functions of NTMT1.

at the N-terminal region can retain the interaction at the Future investigation will focus on its application in the cell-
peptide substrate-binding site. Furthermore, it demonstrated based study to understand the biological function of NTMT1
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Figure 8. Cytotoxicity studies of DC541 on (A) HT29 and (B) HCT116 cells via alamarBlue assay (n = 3).
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as well as to improve the cell potency of NTMT1 inhibitors by
exploring the C-terminal region.
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