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A B S T R A C T   

Protein N-terminal methylation catalyzed by N-terminal methyltransferase 1 (NTMT1) is an emerging methyl-
ation present in eukaryotes, playing important regulatory roles in various biological and cellular processes. 
Although dysregulation of NTMT1 has been linked to many diseases such as colorectal cancer, their molecular 
and cellular mechanisms remain elusive due to inaccessibility to an effective cellular probe. Here we report the 
design, synthesis, and characterization of the first-in-class NTMT1 degraders based on proteolysis-targeting 
chimera (PROTAC) strategy. Through a brief structure-activity relationship (SAR) study of linker length, a cell 
permeable degrader 1 involving a von Hippel-Lindau (VHL) E3 ligase ligand was developed and demonstrated to 
reduce NTMT1 protein levels effectively and selectively in time- and dose-dependent manners in colorectal 
carcinoma cell lines HCT116 and HT29. Degrader 1 displayed DC50 = 7.53 μM and Dmax > 90% in HCT116 
(cellular IC50 > 100 μM for its parent inhibitor DC541). While degrader 1 had marginal cytotoxicity, it displayed 
anti-proliferative activity in 2D and 3D culture environment, resulting from cell cycle arrested at G0/G1 phase in 
HCT116. Label-free global proteomic analysis revealed that degrader 1 induced overexpression of calreticulin 
(CALR), an immunogenic cell death (ICD) signal protein that is known to elicit antitumor immune response and 
clinically linked to a high survival rate of patients with colorectal cancer upon its upregulation. Collectively, 
degrader 1 offers the first selective cellular probe for NTMT1 exploration and a new drug discovery modality for 
NTMT1-related oncology and diseases.   

1. Introduction 

Protein N-terminal methylation is an emerging methylation that in-
volves addition of 1–3 methyl groups from S-adenosyl-L-methionine 
(SAM) onto the exposed α-amino group of the protein N-terminus with a 
concurrent release of S-adenosine-L-homocysteine (SAH) [1–4]. While 
this modification was first discovered four decades ago [5–7], it is 
largely unexplored until recent discovery of NTMT1 in yeast and human 
[8,9]. Studies including ours have indicated that NTMT1-catalyzed 
protein N-terminal methylation is widespread in histone and 
non-histone proteins [8–20], which has been shown to play critical roles 
in regulation of cell mitosis, chromatin interactions, DNA repair, tRNA 
transport, and genome stability [14,15,17,18,20,21]. Given the 

importance of N-terminal methylation in various biological processes, it 
is not surprising that its dysregulation has been linked to many diseases 
such as malignant melanoma and colorectal, breast, lung, and brain 
cancers [22–25]. Particularly, NTMT1 was found to be robustly over-
expressed in patients with colorectal cancer and ranked in the top 1% of 
all proteins undergoing expression level changes [26–28]. Moreover, 
knockout of ntmt1 gene in human colorectal carcinoma HCT116 caused 
pronounced defects in cell proliferation [23]. All of these suggest that 
NTMT1 may act as an oncogene and potential drug target of colorectal 
cancer [23], which is the third most diagnosed cancer and the fourth 
leading cause of death worldwide [29]. 

Much of recent effort has been focused on developing inhibitors to 
NTMT1 [30–35], which are pivotal not only for advancing their 
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applications into therapeutics, but also for understanding molecular and 
cellular mechanisms of protein N-terminal methylation. While several 
NTMT1 inhibitors have shown potent inhibition at nM to sub-nM ranges 
in vitro, none of them displayed satisfactory cellular activity [33–35]. 
PROTACs have recently emerged as an attractive technology to employ 
small molecules for targeted protein degradation [36,37]. Chemical 
conversion of previously characterized inhibitors into PROTAC de-
graders has been utilized in drug discovery and shown great therapeutic 
advantages such as improved potency, prolonged pharmacodynamics, 
and in some cases, improved selectivity [38–45]. Therefore, we decided 
to employ PROTAC as a strategy to develop NTMT1 degraders in hope 
for enhanced cellular and therapeutic activities toward colorectal car-
cinoma cells. 

Here we report the design, synthesis, and characterization of the 
first-in-class NTMT1 degraders. Through a brief structure-activity rela-
tionship (SAR) study of linker length, a cell permeable degrader 1 was 
developed by connecting a reported NTMT1 peptidomimetic inhibitor, 
DC541,33 to a VHL E3 ligase ligand. While DC541 had cellular IC50 >

100 μM in HCT116,33 degrader 1 displayed DC50 = 7.53 μM and Dmax >

90% in the same cell line. The NTMT1-selective degradation was visu-
alized by fluorescence and shown to be time- and dose-dependent. 
Degrader 1 could also inhibit proliferation of cancer cells in 2D and 
3D culture environment, for which the cells were found to be arrested at 
G0/G1 phase. Moreover, label-free global proteomic analysis using mass 
spectrometry (MS) revealed that treatment of HCT116 with degrader 1 
induced overexpression of an immunogenic cell death (ICD) signal 
protein named calreticulin (CALR), which was also confirmed by 
Western blot. Taken together, the first-in-class NTMT1 degraders pre-
sented here provides not only a new class of effective and selective 
cellular probe to uncover biological and physiological functions of N- 
terminal methylation, but also a new therapeutic strategy for potential 
treatment of diseases involving NTMT1. 

2. Results and discussion 

PROTAC design and synthesis. PROTAC has emerged as a novel and 
appealing strategy in drug discovery with several potential advantages 
relative to a traditional occupancy-driven approach. As depicted in 
Fig. 1A, PROTAC employs a heterobifunctional molecule (called 
degrader) that recruits both the protein of interest (POI) and E3 ubiq-
uitin ligase to form a ternary complex. Subsequent polyubiquitination of 
the POI by ubiquitination machinery initiates the recognition and 
ensuing degradation by 26S proteasome, which is a part of ubiquitin- 
proteasome system (UPS) in eukaryotic cells [36,37]. Unlike an 
occupancy-driven approach that requires at least stoichiometric amount 
of an enzyme inhibitor, degradation induced by PROTAC is a catalytic 
cycle [46]. Therefore, degraders can operate at much lower doses for 
their targets than traditional occupancy-driven inhibitors, eliciting less 
opportunity for the POIs to undergo mutation and develop drug resis-
tance [40,43,47]. Moreover, PROTAC approach abrogates all enzymatic, 
structural, and scaffolding functions of POI simultaneously, resulting in 
higher drug potency [40]. Since the first PROTAC-based degrader from 
Arvinas Therapeutics entered clinical trial in 2019, FDA has approved 
12 additional candidates from the same class for trials in the last two 
years [48], heralding a new era of drug discovery for PROTAC. 

Benzamide DC541 (Fig. 1B) was recently developed as a peptido-
mimetic inhibitor targeting NTMT1 and represents one of the best cell- 
permeable inhibitors thus far, exhibiting cellular IC50 at ~30 and > 100 
μM for HT29 and HCT116, respectively [33]. Chemical conversion of a 
known inhibitor into PROTAC-based degrader has been demonstrated to 
be an effective strategy for improved cellular potency [38,49–53]. 
Therefore, we decided to employ this approach to develop NTMT1 de-
graders in hope for enhanced cellular and therapeutic activities. 

To test the feasibility of our approach, we first performed a Swiss-
Dock study of compound 14 (Fig. 1B), which is a carboxyl analog of 
DC541, with NTMT1 based on the known X-ray crystal structure of the 

enzyme complexed with DC113 (PDB 7K3D) [33]. As shown in Fig. 1C 
while the naphthyl group is deeply buried in the active site, the ortho--
carboxylic acid group protrudes out of the pocket and is 
solvent-exposed. Compound 14 and DC113 were overlaid with each 
other and were found to be highly superimposable (Fig. 1D). Thus, a 
PROTAC molecule could be prepared by linking an E3 ligase ligand to 

Fig. 1. Design of PROTAC molecules (degraders) targeting NTMT1. (A) Prin-
ciples of PROTAC action. (B) Chemical structures of NTMT1 inhibitors. (C) 
Docking result of compound 14 bound with NTMT1 using an online SwissDock 
server (http://www.swissdock.ch/docking). Model was prepared by PyMol. 
Protein surface and compound 14 are shown in grey and yellow, respectively. 
(D) Overlay of compound 14 (yellow) and DC113 (green, PDB 7K3D) bound 
with NTMT1. 
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the carboxyl group in 14 via an ethylene glycol (EG) linker. Two types of 
E3 ligands, including cereblon (CRBN) and VHL ligands, are commonly 
used for PROTACs [54]. The latter was selected for our study because (1) 
CRBN-based PROTACs may cause the resistance of cancer cells through 
inactivation of their crbn gene [55]; (2) both the VHL ligand and 14 (or 
DC541) are peptidomimetic compounds. We hypothesized that the 
resulting PROTAC molecules might have improved cellular potency due 
to increased hydrophobicity originated from the formation of intra-
molecular hydrogen bonds present in peptides [56,57], which are 
known to facilitate compounds’ penetration into cell membrane via 
passive diffusion [56,57]. 

Degraders 1–3 with various EG linker lengths were prepared using 
the synthetic routes outlined in Scheme 1. While DC541 was reported to 
be produced in a linear fashion [33], we decided to pursue a parallel 
synthesis, as the latter allowed us to obtain DC541 in sufficient amounts 
in high yields. Briefly, intermediate 7 was obtained from commercially 
available 5 and 6 using phosphorus oxychloride as an efficient coupling 
reagent. Intermediate 11 was produced from 9 and 10 using standard 
amide coupling followed by basic hydrolysis. A second coupling be-
tween amine 8 and acid 11 gave intermediate 12, which was hydrolyzed 
under a basic condition to produce acid 13A. Finally, compound 14 and 

its amide analog DC541 were obtained in 8 steps in total yields of 54% 
and 39%, respectively. 

Compounds 15A-D consisting of a VHL ligand (trans hydroxyproline) 
or negative control (cis hydroxyproline) and different lengths of EG 
linkers were prepared according to the procedures (Scheme S1) modi-
fied from previous reports [58,59]. After they were converted into 
amines by Pd/C-catalyzed hydrogenation followed by a standard amide 
coupling with 13A, compounds 16A-D were produced. Subsequent 
acidic removal of Boc protection group afforded degraders 1–3 (con-
taining trans-VHL) and negative control/inhibitor 4 (containing 
cis-VHL) in total yields of 30–33%. All compounds subjected to cellular 
evaluations were determined to be >96% pure by HPLC (Fig. S1) and 
stable in cell culture medium for >72 h (Fig. S2). 

Inhibition of NTMT1 in vitro. We first evaluated the effects of syn-
thesized compounds on inhibiting the activity of purified NTMT1. As-
says were performed by monitoring at λ260 for the release of SAH using 
HPLC. As summarized in Fig. 2 and S3, compounds 1–4 display similar 
inhibitory effects on NTMT1 at IC50 ~2.00 μM, which is ~4- and ~2-fold 
more potent than the parent inhibitor 14 (IC50 = 9.18 μM) and its amide 
analog DC541 (IC50 = 4.38 μM), respectively. The increase in potency 
relative to both parent inhibitors is attributed to the presence of linker 

Scheme 1. Synthetic route of NTMT1 PROTACs 1–3 and negative control/inhibitor 4.  
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and VHL ligand in compounds 1–4, which may provide additional 
binding affinities with NTMT1. As expected, the linker length had a 
negligible impact on IC50 as linkers are not involved in direct inhibition. 

Degradation of NTMT1 in vitro. We next assessed the degradation 
effects of 1–3 on NTMT1 in human colorectal carcinoma cell lines 
HCT116 and HT29. We were pleased to find out that all degraders could 
reduce NTMT1 protein level in a dose-dependent manner (Fig. 3A–B and 
S4). In contrast to in vitro inhibition assays, linker length played a sig-
nificant role on degradation efficacy. Degrader 1 containing one EG 
linker displayed the highest potency with DC50 values at 7.53 and 18.1 
μM in HCT116 and HT29, respectively (Fig. 3B). The maximal degra-
dation (Dmax) with 1 was determined to be >90% for both cell lines. 
Compared with the reported cellular IC50 values of DC541,33 which were 

>100 and ~30 μM for HCT116 and HT29, respectively, degrader 1 
showed significantly improved cellular potency due to deployment of 
PROTAC technology. Longer linkers of two and four EG units present in 
degraders 2 and 3, respectively, greatly reduced their effects of degra-
dation (Fig. S4). As summarized in Fig. 3C, degraders 2 and 3 have DC50 
values at 79.7 and 66.4 μM, respectively, in HCT116, which are at least 
~9 fold less potent than degrader 1. In HT29, degraders 2 and 3 dis-
played similar potency with DC50 at 53.7 μM, which is ~3-time less 
potent than degrader 1. Altogether, these results indicate that the 
PROTAC-based degraders exhibit improved cellular potency compared 
with their parent inhibitor DC541, possibly due to the enhanced 
hydrophobicity. 

To demonstrate that the observed NTMT1 degradation was due to 
VHL E3 ligase activity, a negative control experiment was carried out 
with inhibitor 4 containing cis-VHL, which is known to abolish E3 ligase- 
recruiting activity [60]. As expected, inhibitor 4 was unable to reduce 
NTMT1 levels relative to the DMSO control in both HCT116 and HT29 
cells (Fig. 3D), suggesting that VHL is responsible for the observed 
PROTAC effect of degrader 1. Furthermore, degradation was completely 
abolished when HCT116 was pre-treated with 1 μM MG-132 (proteo-
some inhibitor) or 1 μM MLN4924 (NEDD8-activating enzyme inhibi-
tor), indicating that the PROTAC-based degrader 1 depends on the 
proteasome and ubiquitination cascade (i.e., neddylation of CUL2) for 
its action (Fig. 3E). 

To further demonstrate NTMT1 degradation induced by degrader 1, 
an enhanced green fluorescence protein (eGFP) was fused to C-terminus 
of NTMT1. HCT116 cells were transiently transfected with the plasmid 
expressing the fusion protein using Lipofectomine 3000 (ThermoFisher). 
After 24 h of transfection, cells were treated with DMSO (control) or 100 
μM degrader 1 for another 24 h and then inspected by fluorescence 
microscopy. As illustrated in Fig. 3E, most fluorescence signals were lost 
in cells treated with degrader 1, consistent with our results obtained 
from Western blots (Fig. 3A). Additional controls were also performed 
with the plasmid expressing only eGFP, in which cells treated with 
DMSO or degrader 1 did not show obvious reduction of fluorescence 

Fig. 2. Inhibition of NTMT1 in vitro. Experiments were performed in triplicate 
at 37 ◦C with NTMT1 (0.2 μM), RCC1 peptide (2 μM), SAM (6 μM), and various 
concentrations of degrader 1 (red), negative control 4 (black), DC541 (brown), 
and inhibitor 14 (blue). Values of IC50 are presented as mean ± standard de-
viation (SD). 

Fig. 3. Degradation of NTMT1 in colorectal carcinoma cell lines. (A) Western blots of dose-dependent degradation of NTMT1 in HCT116 (left) and HT29 (right) upon 
treatment of degrader 1 for 24 h. (B) Quantification of NTMT1 levels relative to DMSO-treated controls in the presence of degrader 1 using ImageJ in HCT116 (blue 
line) and HT29 (red line). Each point represents three independent experiments. (C) Summary of DC50. Values are presented as mean ± SD. (D) Western blots of 
NTMT1 in HCT116 (top) and HT29 (bottom) upon treatment of 50 μM degrader 1 or negative control 4 for 24 h. (E) Western blots of NTMT1 in HCT116 treated with 
1 μM MG132 or 1 μM MLN4924 for 2 h and then with 50 μM degrader 1 or DMSO for another 24 h. (F) Fluorescence microscopy of NTMT1-eGFP fusion protein 
overexpressed in HCT116. Cells were treated with the control DMSO (left) or 100 μM degrader 1 (right) for 24 h. 
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(Fig. S5), demonstrating that NTMT1 was the protein targeted for 
degradation by our degrader. 

Characterization of degrader 1. Since degrader 1 was the most active 
compound in our series toward NTMT1 degradation, we decided to 
further characterize its pharmacokinetic properties, selectivity, and 
cytotoxicity. NTMT1 degradation was also studied in a time-dependent 
manner. It was found that the kinetics of protein degradation by 
degrader 1 was faster in HCT116 than in HT29 (Fig. 4A). When HCT116 
cells were treated with 50 μM degrader 1, >60% NTMT1 was degraded 
within 3 h and almost completely depleted within 24 h. However, under 
the same condition, a pronounced change of NTMT1 levels was not 
observed until 6 h and >90% degradation were achieved within 24 h for 
HT29. 

It has been reported that the PROTAC-induced protein degradation 
does not impair re-synthesis of the protein [39]. We therefore also 
investigated whether the NTMT1 degradation induced by degrader 1 
could be rescued by using a washout method. To this end, both cell lines 
were treated with 1 at 50 μM for 24 h followed by washing it out. Re-
covery of the NTMT1 protein level was then monitored by Western blots. 
It was found that the washout led to NTMT1 recovery within 20 h for 
both cell lines (Fig. 4B), highlighting that the protein silencing via 
PROTAC is reversible [61]. This is in a stark contrast with some other 
protein silencing methods such as CRISPR/Cas9 that are irreversible 
[61]. 

Our degrader 1 was developed based on inhibitor DC541,33 which 
was originally modified from BM30 [34]. While both inhibitors 
exhibited excellent selectivity toward NTMT1 versus other types of 
human methyltransferases [33,34], their selectivity toward NTMT1 and 
NTMT2 are likely to be low, as these highly homologous enzymes have 
almost identical 3D structures and display the same N-terminal (M)XPK 
motif sequence for their substrate preference. [62–65] In fact, BM30 has 
been reported to be a nonselective inhibitor toward NTMT1 and NTMT2 
[34]. We decided to investigate the selectivity of degrader 1. As shown 
in Fig. 4C, although degrader 1 exhibits the ability to deplete NTMT1 
(MW 25.4 KDa) in both HCT116 and HT29 in a dose-dependent manner, 
it cannot induce degradation of NTMT2 (MW 32.4 KDa), indicating that 
degrader 1 is highly selective toward NTMT1. This finding is significant 
because, for the first time, PROTAC offers a way to target cellular 
NTMT1 specifically. Access to such probes will allow us to study the 
relationship of NTMT1 and NTMT2, which remains enigmatic and 
challenging. 

Cytotoxicity of degrader 1 and inhibitor 4 was evaluated on both 
HCT116 and HT29 using a WST-8 assay. Cells were treated with both 
compounds for 24 h and then tested for their viability using WST-8 in the 
presence of 1-methoxy PMS [66]. No significant cytotoxicity was 
observed in either cell line with degrader 1 or inhibitor 4 up to 64 μM 
(Fig. 4D). 

Antiproliferative effect of degrader 1. After degrader 1 was identified to 
effectively reduce cellular NTMT1 levels, we evaluated its role in pro-
liferation of HCT116 in 2D and 3D culture environment along with the 
negative control/inhibitor 4. As illustrated in Fig. 5A, both compounds 
inhibited HCT116 proliferation in a dose-dependent manner. After 
treating cells with both compounds at 64 μM for 72 h. 

DNA quantifications revealed that degrader 1 and control/inhibitor 
4 inhibited cell proliferation by ~47% and ~22%, respectively, relative 
to the DMSO control. This demonstrates that inhibition of N-terminal 
methylation induced by control/inhibitor 4 has an antiproliferative ef-
fect on human colorectal carcinoma cells in 2D environment, which 
becomes much more significant upon NTMT1 degradation induced by 
degrader 1. The latter observation agrees well with the reported growth 
defects found in ntmt1 KO HCT116 cells [23]. To study the off-target 
potential of the compounds due to their relatively high concentra-
tions, the same experiments were repeated with ntmt1 KO HCT116 cells 
(Fig. S6). As expected, neither compound displayed an antiproliferative 
effect (Fig. 5B) on the KO cells, suggesting that degrader 1 and inhibitor 
4 target only NTMT1 in HCT116. 

While cell-based assays on monolayer surfaces (2D) have been 
widely adapted for compound evaluation, there are increasing concerns 
to its questionable correlation with animal models [67]. In human body, 
almost all tissue cells reside in an extracellular matrix (ECM), providing 
a 3D framework rather than flat surface representative of a 2D culture 

Fig. 4. Characterization of degrader 1 and negative control 4 in HCT116 and 
HT29 cells. All experiments were done in triplicates. (A) Western blots of time- 
dependent degradation of NTMT1 induced by degrader 1 at 50 μM. (B) Western 
blots of reversible NTMT1 degradation. Cells were treated with 50 μM degrader 
1 for 24 h. Then the compound was washed out. NTMT1 recovery was moni-
tored post the washout. (C) Selectivity of degrader 1. Cells were treated with 
degrader 1 at various concentrations for 24 h and protein levels of NTMT1 and 
NTMT2 were monitored by Western blots. (D) Cytotoxicity of degrader 1 and 
negative control 4 in HCT116 (top) and HT29 (bottom). Cells were treated with 
compounds at various concentrations for 24 h and their viability was assessed 
using WST-8 assays. Statistical significance of comparisons was performed 
either between the degrader 1 and DMSO (labeled in red) or the degrader 1 and 
negative control 4 (labeled in black). Data are shown as mean ± SD (p < 0.01: 
**; p < 0.0001: ****; ns: not statistically significant). 
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system [68]. Such difference has been known to affect a myriad of 
cellular functions such as cell morphology, cell-cell interaction, and 
cellular processes like proliferation, apoptosis, differentiation, migra-
tion, gene expression, and drug sensitivity [69]. Therefore, the anti-
proliferative effects of degrader 1 and inhibitor 4 were also evaluated in 
3D environment to mimic complex situation of tumor growth in human. 
We first tested the growth of HCT116 tumor spheroids in the presence of 
these two compounds over a period of 12 days using a 96-well plate with 
ultralow surface attachment. After 3-day incubation (day 0), these 

spheroids were treated with DMSO or compounds at 32 and 64 μM every 
three days. Pictures were then taken on day 0, 3, 6, 9, and 12 (Fig. 5C). 
Growth of spheroids was monitored by measuring their diameters, 
which were then compared to day 0 (Fig. 5D and Fig. S7). It was 
observed that the tumor spheroids treated with both compounds were 
significantly smaller than the control treated with DMSO. A 12-day 
exposure to degrader 1 and negative control/inhibitor 4 at 64 μM 
inhibited the spheroid sizes by 62%, and 32%, respectively, relative to 
the DMSO control (Fig. 5D), replicating their 2D antiproliferative effects 

Fig. 5. Inhibition of HCT116 cell growth induced by degrader 1 and negative control 4. All experiments were done in triplicates. Statistical significance of com-
parisons was performed either between degrader 1 and DMSO (labeled as red ns and *) or degrader 1 and negative control/inhibitor 4 (labeled as black ns and *). 
Data are shown as mean ± SD (p < 0.05: *; p < 0.01: **; p < 0.001: ***; p < 0.0001: ****; ns: not statistically significant) (A) Antiproliferative effects of degrader 1 
(black) and control/inhibitor 4 (grey) at various concentrations after treating wt cells for 72 h. DNA was quantified by CyQUANT® assays (ThermoFisher). (B) 
Antiproliferative effects of degrader 1 (black) and control/inhibitor 4 (grey) at various concentrations after treating ntmt1 KO cells for 72 h. (C) Representative 
images of cell spheroids treated with degrader 1 and negative control/inhibitor 4 at various concentrations or DMSO every three days. Cell culturing was performed 
in a 96-well plate with ultralow surface attachment. Scale bar: 100 μm. (D) Growth curves of cell spheroids shown in (C) at 64 μM. Spheroid volume was calculated 
according to the published protocol [71]. (E) Cell growth (bar column) in the presence of degrader 1 (light grey) and negative control/inhibitor 4 (dark grey) at 
various concentrations or DMSO for three days. Cell culturing was performed in peptide hydrogel PG-S (PepGel LLC). Cells were subject to AO/PI staining and then 
counted by automatic cell counting to determine the total numbers of live and dead cells. Cell viability was calculated as the percentages of live cells out of the total 
cells (blue curve). (F) Quantification of cells in each stage of the cell cycle by FlowJo. Cells were treated with degrader 1 for 72 h and then assessed for cell cycle 
distribution after PI staining. 
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in 3D environment. 
PGmatrix-Spheroid (PG-S, PepGel LLC) is a peptide hydrogel that can 

provide a number of desirable cellular microenvironment characteris-
tics: 3D spatial support for cell growth; porosities for cell migration; and 
facile transportation of gases, nutrients, wastes, and other soluble ma-
terials [70]. Due to its amino acid composition, PGS is thought to be 
structurally and mechanically similar to ECM [70]. Thus, PGS is 
considered as an advanced in vitro tumor spheroid model with real 
physiological relevance [70,71]. Therefore, we repeated the aforemen-
tioned experiments with the PGS for a period of 3 days. Subsequently, 
cells were subjected to acridine orange (AO)− propidium iodide (PI) 
assay followed by automated cell counting. It was found that the number 
of cells decreased as the compound concentration increased (Fig. 5E). 
Like observations described above, degrader 1 displayed an enhanced 
antiproliferative effect relative to the negative control/inhibitor 4, as 
the number of cells fell to 68% and 78% of the DMSO control for samples 
treated with 1 and 4, respectively, at 64 μM. Percentages of live cells 
(viability) were always >92% regardless of compound concentrations 
up to 64 μM (Fig. 5E). Altogether, these results demonstrate that, 
compared with NTMT1 inhibition, NTMT1 degradation has an enhanced 
antiproliferative effect on HCT116 in both 2D and 3D environment with 
marginal cytotoxicity, which is consistent with previous report that 
ntmt1 gene knockout in HCT116 resulted in pronounced defects in cell 
proliferation [23]. 

N-terminal methylation catalyzed by NTMT1 is known to play 
important roles in cell mitosis and DNA repair [15,16]. The observed 
inhibitory activity of degrader 1 toward NTMT1 suggests that this 
compound could lead to cell cycle arrest and result in the observed 
antiproliferative effect. To evaluate it, HCT116 cells were treated with 
the degrader 1 for 3 days before analyzed by flow cytometry. It was 
found that degrader 1 induced cell cycle arrest at G0/G1 phase in a 
dose-dependent manner (Fig. 5F and Fig. S8). Proportion of the cells at 
G0/G1 phase was 65% for the DMSO control group, which increased to 
71% upon treatment with the degrader 1 at 64 μM for 3 days along with 
the concurrent reduction of S phase cells. These results indicate that 
degrader 1 induces inhibition of cell cycle progression, which explains 
its antiproliferative effect on colorectal carcinoma HCT116 cells. 

Increased calreticulin (CALR) expression induced by degrader 1. To 
date, cellular mechanism and physiological function of NTMT1 remain 
elusive. While NTMT1 has been suggested to be an oncogene and po-
tential drug target for colorectal cancer [23,26–28], its exact role is still 
unknown and requires extensive study. To this end, we decided to 
investigate the global change of protein expression upon NTMT1 
depletion induced by degrader 1 using MS-based label-free quantitative 
global proteomic analysis. To eliminate proteins that would undergo 
expression level changes simply due to NTMT1 inhibition, compound 4 
was used as a control instead of DMSO because 4 would inhibit, but not 
degrade NTMT1. Thus, lysates of the HCT116 cells treated with degrader 
1 or control 4 at 25 μM for 24 h were subject to on-column trypsin 
digestion followed by liquid chromatography-mass spectrometry 
(LC/MS). Data analysis using Progenesis QI for Proteomics (Waters) 
identified 1013 and 813 proteins undergoing up- and down-regulation 
induced by degrader 1, respectively (Excel file in Supplementary 
Data). As illustrated in the volcano plot (Fig. 6A), a total of 127 proteins 
display fold-change ≥ 1.5 with statistical significance ≤0.001 (two--
sample t-test). A further ranking based on the number of unique peptides 
detected (≥4) gave 5 hits, in which NTMT1 (labeled as a blue dot in 
Fig. 6A) was the only protein underwent downregulation in the presence 
of degrader 1. Four proteins (labeled as red dots in Fig. 6A) were found 
to have increased expression levels, in which CALR displayed the highest 
fold changes and thus, caught our attention. CALR is an essential 
Ca2+-binding endoplasmic reticulum (ER)-resident protein that regu-
lates a variety of cellular processes such as chaperon activity, Ca2+ ho-
meostasis, integrin signaling, folding and oligomerization of 
gastrointestinal mucin synthesis, and loading of cellular antigens onto 
MHC-I molecules [72]. More importantly, CALR is also an indispensable 

immunogenic cell death (ICD) signal protein that triggers phagocytosis 
of cells upon its translocation from ER lumen to the cell surface [73,74]. 
Accumulating clinical data has shown that CALR can elicit antitumor 
immunogenic responses upon T-cell infiltration. A clinical trial based on 
this is currently ongoing [75]. Thus, expression level of CALR can be 
considered as a prognostic/predictive factor of cancers [73,76,77]. 
Specifically, robust CALR expression detected in biopsy has been linked 
to a high survival rate and viewed as a good prognostic indicator for 
patients with colorectal cancer [78–80]. 

Our global proteomic analysis revealed that the level of CALR 
expression was 1.6-time higher in the sample treated with degrader 1 
than in the control treated with inhibitor 4. To further confirm it, the 
level of CALR expression was also quantified by Western blot using anti- 
CALR antibody. As illustrated in Fig. 6B, NTMT1 was almost depleted 
upon treatment with degrader 1 at 25 μM for 24 h. Under the same 
condition, expression of CALR was increased to 1.5 and 1.1 folds relative 
to the DMSO control for degrader 1 and inhibitor 4, respectively. This is 
translated into the fact that CALR expression in the presence of degrader 
1 is ~1.4-fold higher than that in the presence of inhibitor 4, which is 
consistent with the result from proteomic analysis. Altogether, our study 
has demonstrated that the ICD signal protein CALR is upregulated upon 
NTMT1 degradation, which may offer a potential therapeutic strategy 
for treatment of colorectal cancer. Further investigation of the pathways 
involving NTMT1 and CALR is currently in progress. 

Fig. 6. Overexpression of CALR induced by degrader 1 in HCT116. Cells were 
treated with either degrader 1 or negative control/inhibitor 4 at 25 μM for 24 h. 
All experiments were done in triplicates. (A) Label-free quantitative global 
proteomic analysis and volcano plot of proteins undergoing expression level 
changes. Proteins with fold-change ≥ 1.5, significance ≤0.001, and number of 
unique peptides ≥4 are labeled as blue (downregulation) and red (upregula-
tion) dots. MS data were analyzed using Progenesis QI for Proteomics (Waters). 
(B) Western blots of NTMT1 and CALR levels in cells treated with degrader 1 or 
control/inhibitor 4 at 25 μM for 24 h. 
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3. Conclusion 

Although protein N-terminal methylation catalyzed by NTMT1 is 
widely present in eukaryotic cells and has been shown to play pivotal 
regulatory roles in various biological processes [14,15,17,18,20,21], its 
cellular mechanisms remain elusive due to the inaccessibility to chem-
ical probes that can effectively penetrate cell membrane. Through a brief 
SAR study, we developed the first-in-class, PROTAC-based, 
NTMT1-selective degrader 1, which is a bifunctional molecule consist-
ing of a VHL-recruiting ligand, NTMT1 inhibitor DC541, and EG linker. 
Degrader 1 could effectively reduce NTMT1 level in dose- and 
time-dependent manners in colorectal carcinoma cell lines HCT116 and 
HT29. Degrader 1 was found to have significant higher cellular potency 
than its parent inhibitor DC541 in HCT116 and HT29. Thus, it represents 
the first cellular probe that can be employed to selectively study N-ter-
minal methylation catalyzed by NTMT1. While degrader 1 exhibited 
marginal cytotoxicity, it could inhibit the proliferation of HCT116 in 2D 
and 3D culture environment, resulting from its cell cycle arrested at 
G0/G1 phase. Label-free quantitative global proteomic analysis indi-
cated that degrader 1 could induce expression level changes of more 
than 1800 proteins in HCT116. Among them, expression of an ICD signal 
protein, CALR, increased by ~50%. Upregulation of CALR has been 
clinically linked to a high survival rate of patients with colorectal cancer 
[78–80], which is attributed to CALR-mediated antitumor immunogenic 
responses, suggesting that NTMT1-directed PROTACs reported herein 
may also offer a new drug discovery modality for NTMT1-related 
oncology and diseases. 

4. Experimental section 

Chemistry. General Information All chemical and biochemical re-
agents were purchased at the highest purity grade. Unless otherwise 
specified, all solvents were anhydrous, and all chemical syntheses were 
performed under argon atmosphere. Silica gel (ZEOprep® 60 HYD, 
40–63 μm) was used for flash column chromatography. Thin layer 
chromatography (TLC) was performed using 60 mesh silica gel plates 
and visualized either at short wavelength UV light (254 nm) or basic 
KMnO4 staining. Nuclear magnetic resonance (NMR) spectra were 
recorded on a Varian 400 MHz spectrometer. Chemical shifts of proton 
(1H NMR) and carbon (13C NMR) were reported in parts per million 
(ppm) referenced to CDCl3: δ = 7.26 ppm (1H) and 77.00 ppm (13C) or 
CD3OD: δ = 3.31 ppm (1H) and 49.00 ppm (13C). The following abbre-
viations were used for spin multiplicity: s (singlet), d (doublet), t 
(triplet), q (quartet), dd (doublet of doublet), m (multiplet), and br 
(broad). Coupling constants were reported in hertz (Hz). All samples for 
HPLC and mass spectrometry (MS) were filtered using either a 0.2 μm 
PTFE syringe or centrifugal filter to remove particles before injection. 
HPLC was performed on a Waters Breeze 2 system consisting of 1525 
pump and 2998 photodiode array detector. High-resolution MS (HRMS) 
and LC/MS were recorded on a Waters ACQUITY M-class UPLC coupled 
with Waters Xevo G2-XS QTof mass spectrometer that is equipped with a 
NanoLockSpray exact mass ionization source. All compounds subjected 
to cellular evaluation are >96% pure by HPLC. 

Methyl(S)-2-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6- 
((tertbutoxycarbonyl)amino)hexanamido)benzoate 7. [81] Fmoc-Lys 
(Boc)-OH 5 (4.69 g, 10.0 mmol) and methyl 2-aminobenzoate 6 (1.52 
g, 10.0 mmol) were dissolved in 30 mL dry pyridine. The yellowish clear 
solution was cooled to − 15 ◦C and added phosphorus oxychloride (1.12 
mL, 12.0 mmol) dropwise with vigorous stirring. The mixture became 
dark red and turbid during addition. Color of the suspension slowly 
changed to orange after the addition was done. The reaction was then 
kept stirring until its completion as monitored by TLC (~30 min). After 
the reaction mixture was quenched with ice/water (100 mL), the 
aqueous layer was separated and extracted with EtOAc (50 mL × 4). The 
organic layer and extractions were combined, washed with saturated 
NaHCO3 (30 mL × 3) and brine (30 mL × 3) sequentially, dried with 

anhydrous Na2SO4, and concentrated under vacuum. The residue was 
co-evaporated with toluene twice under 50 ◦C. Crude product was pu-
rified by silica gel chromatography (Hexane/EtOAc = 2/1) to give 7 as 
white solid (5.40 g, 90%); Rf = 0.7, Hexane/EtOAc = 2/1; 1H NMR (400 
MHz, CDCl3) δ 11.60 (s, 1H), 8.71 (d, J = 8.0 Hz, 1H), 8.02 (dd, J = 8.0, 
1.4 Hz, 1H), 7.76 (d, J = 7.6 Hz, 2H), 7.70 (d, J = 7.6 Hz, 1H), 7.65 (d, J 
= 7.6 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.39 (t, J = 7.6 Hz, 2H), 
7.34–7.26 (m, 2H), 7.10 (t, J = 7.6 Hz, 1H), 5.72 (br, 1H), 4.62 (br, 1H), 
4.58–4.49 (m, 1H), 4.45–4.36 (m, 1H), 4.34–4.26 (m, 2H), 3.79 (s, 3H), 
3.20–3.06 (m, 2H), 2.06–1.95 (m, 1H), 1.92–1.78 (m, 1H), 1.61–1.45 
(m, 4H), 1.42 (s, 9H);13C NMR (101 MHz, CDCl3) δ 170.8, 168.5, 156.2, 
144.1, 143.7, 141.2, 141.2, 140.9, 134.6, 130.8, 127.6, 127.0, 127.0, 
125.4, 125.2, 122.9, 120.4, 119.9, 115.3, 79.2, 77.2, 67.2, 56.3, 52.3, 
47.2, 39.8, 32.2, 29.7, 28.4, 22.4; HRMS: m/z [M+H]+ Calcd. for 
C34H40N3O7, 602.2866 Found: 602.2845. 

Methyl (S)-2-(2-amino-6-((tert-butoxycarbonyl)amino)hexanamido) 
benzoate 8. Compound 7 (1.00 g, 1.66 mmol) was dissolved in a solution 
of 20% piperidine in DMF (10 mL). The mixture was stirred at r.t. for 20 
min followed by sequential additions of Et2O (30 mL) and brine (30 mL). 
The aqueous layer was separated and extracted with Et2O (50 mL × 3). 
The organic layer and extractions were combined, dried with anhydrous 
Na2SO4, and concentrated under vacuum. After the remaining DMF was 
removed by azeotropic distillation with toluene, the residue was quickly 
purified by a short silica gel column eluted with hexane/acetone (3/1) to 
yield crude amine 8 as yellow oil (605 mg, 96%). 

(2-(naphthalen-1-yl)acetyl)-L-proline 11. A solution of sodium 2- 
(napthalen-1-yl)acetate 10 (4.00 g, 19.2 mmol), EDCI (4.42 g, 23.1 
mmol), and HOAT (1.57 g, 11.5 mmol) dissolved in DMF (100 mL) was 
stirred for 5 min and then injected with N-methylmorpholine (NMM, 
5.27 mL, 48.0 mmol). The reaction mixture was stirred for another 15 
min and methyl L-prolinate hydrochloride 9 (3.82 g, 23.1 mmol) was 
added. The mixture was kept stirring overnight at r.t. Upon completion 
of the reaction monitored by TLC, 2 M HCl (50 mL) solution was added 
into the mixture followed by extraction with Et2O (200 mL × 4). The 
organic extractions were combined, dried with anhydrous Na2SO4, and 
concentrated under vacuum. After the remaining DMF was removed by 
azeotropic distillation with toluene, the residue was quickly purified by 
a short silica gel column eluted with hexane/EtOAc (from 1.5/1 to 1/1) 
to give crude product as white solid (4.80 g). 

The crude product (2.17 g, 7.30 mmol) was dissolved in 50 mL THF 
and 100 mL H2O. The mixture was then cooled in ice bath, added slowly 
with NaOH (0.88 g, 22 mmol), and kept stirring overnight. After the 
solvent was removed under vacuum, pH of the solution was adjusted to 
~4 using 12 M HCl. The white solid formed during pH adjustment was 
collected via filtration and re-dissolved in 50 mL CH2Cl2. The organic 
layer was dried with anhydrous Na2SO4 and concentrated under vacuum 
to afford 11 as white foam (1.71 g, 70% for two steps); Rf = 0.1, CH2Cl2/ 
MeOH = 20/1; 1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 8.4 Hz, 1H), 
7.90–7.85 (m, 1H), 7.80 (d, J = 8.0 Hz, 1H), 7.57–7.47 (m, 2H), 
7.46–7.41 (m, 1H), 7.38 (d, J = 6.8 Hz, 1H), 4.70–4.60 (m, 1H), 4.19 (d, 
J = 15.6 Hz, 1H), 4.14 (d, J = 15.6 Hz, 1H), 3.69–3.58 (m, 1H), 
3.57–3.45 (m, 1H), 2.44–2.33 (m, 1H), 2.13–1.93 (m, 3H); 13C NMR 
(101 MHz, CDCl3) δ 172.9, 172.8, 133.8, 132.0, 129.9, 128.8, 128.1, 
126.8, 126.5, 125.9, 125.5, 123.4, 60.1, 48.1, 39.3, 27.6, 24.9; HRMS: 
m/z [M+H]+ Calcd. for C17H18NO3, 284.1287 Found: 284.1300. 

Methyl 2-((S)-6-((tert-butoxycarbonyl)amino)-2-((S)-1-(2-(naph-
thalen-1-yl)acetyl)pyrrolidine-2-carboxamido)hexanamido)benzoate 12. A 
mixture of amine 8 (1.22 g, 3.22 mmol) and NMM (406 μL, 3.70 mmol) 
in DMF (5 mL) was added to a solution of 11 (700 mg, 2.47 mmol), EDCI 
(714 mg, 3.70 mmol) and HOAT (504 mg, 3.70 mmol) in DMF (35 mL). 
After the reaction was stirred at r.t. overnight, EtOAc (50 mL) and brine 
(50 mL) were added sequentially to the mixture. The aqueous layer was 
separated and extracted with EtOAc (50 mL × 2). The organic layer and 
extractions were combined, dried with anhydrous Na2SO4, and 
concentrated under vacuum. After the remaining DMF was removed by 
azeotropic distillation with toluene, the residue was purified by silica gel 
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chromatography eluted with CH2Cl2/EtOAc (from 4/1 to 2/1) to give 12 
as white foam (1.50 g, 94%); Rf = 0.7, CH2Cl2/MeOH = 10/1; 1H NMR 
(400 MHz, CDCl3) δ 11.42 (s, 1H), 8.57 (dd, J = 8.4, 1.2 Hz, 1H), 7.87 
(dd, J = 8.0, 1.2 Hz, 1H), 7.83 (d, J = 8.4 Hz, 1H), 7.78–7.72 (m, 1H), 
7.67 (d, J = 8.4 Hz, 1H), 7.59 (d, J = 7.6 Hz, 1H), 7.45–7.34 (m, 3H), 
7.34–7.29 (m, 1H), 7.25 (d, J = 6.8 Hz, 1H), 6.95 (t, J = 8.0 Hz, 1H), 
4.76 (d, J = 6.1 Hz, 1H), 4.43–4.33 (m, 1H), 4.09 (d, J = 16.0 Hz, 1H), 
4.00 (d, J = 16.0 Hz, 1H), 3.76 (s, 3H), 3.65–3.54 (m, 1H), 3.49–3.37 (m, 
1H), 2.86–2.75 (m, 1H), 2.73–2.62 (m, 1H), 2.44–2.29 (m, 1H), 
2.20–2.03 (m, 1H), 1.94–1.70 (m, 3H), 1.59–1.45 (m, 1H), 1.26 (s, 9H), 
1.25–1.06 (m, 4H); 13C NMR (101 MHz, CDCl3) δ 171.6, 171.5, 170.6, 
168.4, 155.9, 140.9, 134.5, 133.8, 132.0, 130.7, 130.6, 128.8, 127.9, 
126.9, 126.3, 125.8, 125.5, 123.5, 122.7, 120.2, 115.2, 78.7, 77.20, 
60.1, 54.5, 52.2, 48.0, 39.5, 31.3, 28.3, 29.0, 27.1, 25.2, 22.3; HRMS: m/ 
z [M+H]+ Calcd. for C36H45N4O7, 645.3288 Found: 645.3300. 

2-((S)-6-((tert-butoxycarbonyl)amino)-2-((S)-1-(2-(naphthalen-2-yl) 
acetyl)pyrrolidine-2-carboxamido)hexanamido)benzoic acid 13A. To a so-
lution of 12 (900 mg, 1.40 mmol) in THF (20 mL) was added H2O (40 
mL) and 1 M NaOH (7.00 mL, 7.00 mmol). The mixture was stirred 
overnight at r.t. After the reaction was complete, it was quenched with 1 
M HCl (8 mL). The mixture was then extracted with EtOAc (15 mL × 3). 
The combined extractions were dried with anhydrous Na2SO4 and 
concentrated under vacuum to afford acid 13A as white solid (854 mg, 
97% crude yield), which was used directly for the next step without 
further purification. 

tert-butyl ((S)-6-((2-carbamoylphenyl)amino)-5-((S)-1-(2-(naph-
thalen-1-yl)acetyl)pyrrolidine-2-carboxamido)-6-oxohexyl)carbamate 
13B. DIPEA (110 μL, 0.632 mmol) was added to a mixture of 13A (100 
mg, 0.158 mmol), NH4Cl (68 mg, 1.27 mmol), EDCI (61 mg, 0.317 
mmol), and HOAT (43 mg, 0.317 mmol) in DMF (10 mL). The reaction 
was stirred at 80 ◦C for 5 h. EtOAc (50 mL) and brine (20 mL) were 
added to the mixture sequentially. The aqueous layer was separated and 
extracted with EtOAc (10 mL × 5). The organic layer and extractions 
were combined, dried with anhydrous Na2SO4, and concentrated under 
vacuum. After the remaining DMF was removed by azeotropic distilla-
tion with toluene, the residue was purified by silica gel chromatography 
eluted with CH2Cl2/MeOH (from 40/1 to 20/1) to give 13B as white 
foam (80 mg, 80%); Rf = 0.3, CH2Cl2/MeOH = 20/1; 1H NMR (400 
MHz, CDCl3) δ 11.79 (s, 1H), 8.61 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 8.0 
Hz, 1H), 7.91–7.82 (m, 2H), 7.78 (d, J = 8.2 Hz, 1H), 7.56–7.33 (m, 6H), 
7.00 (t, J = 7.3 Hz, 1H), 6.69 (s, 2H), 4.85 (d, J = 5.3 Hz, 1H), 4.54–4.43 
(m, 1H), 4.26–4.05 (m, 2H), 3.73 (d, J = 11.4 Hz, 1H), 3.51 (q, J = 11.8, 
9.9 Hz, 1H), 2.86 (d, J = 10.4 Hz, 1H), 2.74 (s, 1H), 2.31 (d, J = 11.5 Hz, 
1H), 2.20 (d, J = 18.6 Hz, 1H), 2.03–1.77 (m, 3H), 1.58–1.45 (m, 1H), 
1.41 (s, 9H), 1.27 (d, J = 11.1 Hz, 4H); 13C NMR (101 MHz, CDCl3) δ 
172.2, 171.8, 171.1, 170.8, 156.1, 139.7, 133.8, 133.2, 132.1, 130.7, 
128.8, 127.9, 127.4, 127.0, 126.4, 125.8, 125.5, 123.7, 122.9, 121.2, 
118.9, 79.0, 60.3, 54.6, 48.1, 39.7, 31.7, 29.2, 28.4, 28.1, 25.2, 22.9. 
HRMS: m/z [M+H]+ Calcd. for C35H44N5O6, 630.3292 Found: 
630.3307. 

2-((S)-6-amino-2-((S)-1-(2-(naphthalen-1-yl)acetyl)-pyrrolidine-2-car-
boxamido)hexanamido)benzoic acid 14. A solution of acid 13A (100 mg, 
0.160 mmol) in CH2Cl2 (3 mL) was added 4 M HCl in dioxane (2 mL) at 
0 ◦C. Then the reaction was slowly warmed up to r.t. in 1 h. Solvent was 
removed under vacuum and the residue was purified by silica gel 
chromatography eluted with CH2Cl2/0.5 M NH3 in MeOH (from 20:1 to 
5:1) to give product 14 as white foam (84.0 mg, 99%); Rf = 0.6, CH2Cl2/ 
MeOH = 5/1; 1H NMR (400 MHz, CD3OD) δ 8.50 (d, J = 8.0 Hz, 1H), 
8.04 (dd, J = 8.0, 1.6 Hz, 1H), 7.88 (dd, J = 14.0, 8.0 Hz, 2H), 7.78 (d, J 
= 8.0 Hz, 1H), 7.57–7.31 (m, 5H), 7.05 (t, J = 7.6 Hz, 1H), 4.57–4.50 
(m, 1H), 4.49–4.41 (m, 1H), 4.17 (d, J = 16.8 Hz, 1H), 4.10 (d, J = 16.4 
Hz, 1H), 3.81–3.60 (m, 2H), 2.62 (dt, J = 12.4, 7.2 Hz, 1H), 2.45 (dt, J =
12.8, 6.0 Hz, 1H), 2.35–2.28 (m, 1H), 2.21–2.07 (m, 2H), 2.03–1.89 (m, 
2H), 1.76–1.65 (m, 1H), 1.53–1.38 (m, 4H); 13C NMR (101 MHz, 
CD3OD) δ 175.1, 174.4, 172.5, 172.3, 140.8, 135.2, 133.6, 132.7, 132.4, 
132.2, 129.7, 128.9, 128.5, 127.4, 126.9, 126.6, 125.2, 123.8, 120.5, 

61.7, 55.5, 40.4, 40.0, 32.2, 30.8, 27.2, 26.0, 23.4; HRMS: m/z [M+H]+

Calcd. for C30H35N4O5, 531.2607 Found: 531.2626. 
(S)–N-((S)-6-amino-1-((2-carbamoylphenyl)amino)-1-oxohexan-2-yl)- 

1-(2-(naphthalen-1-yl)acetyl)pyrrolidine-2-carboxamide DC541. The re-
action was performed in the same way as 14 starting with 13B (65 mg, 
0.103 mmol), 4 M HCl in dioxane (1.3 mL) to give DC541 as white foam 
(48 mg, 88%); Rf = 0.5, CH2Cl2/MeOH = 5/1; 1H NMR (400 MHz, 
CD3OD) δ 8.46 (d, J = 8.3 Hz, 1H), 7.91 (t, J = 7.1 Hz, 2H), 7.83 (d, J =
7.8 Hz, 1H), 7.78 (d, J = 7.2 Hz, 1H), 7.58–7.39 (m, 5H), 7.16 (t, J = 7.4 
Hz, 1H), 4.58 (dd, J = 8.0, 5.1 Hz, 1H), 4.43 (dd, J = 10.7, 4.0 Hz, 1H), 
4.31–4.09 (m, 2H), 3.92–3.71 (m, 2H), 2.64 (dt, J = 12.7, 6.5 Hz, 1H), 
2.43 (dq, J = 15.8, 8.0 Hz, 2H), 2.31 (dt, J = 12.9, 6.4 Hz, 1H), 2.23 (s, 
1H), 2.11–1.91 (m, 2H), 1.82–1.69 (m, 1H), 1.53–1.36 (m, 4H); 13C 
NMR (101 MHz, CD3OD) δ 175.7, 173.0, 172.7, 140.0, 135.2, 133.6, 
133.4132.8, 129.7, 129.5, 129.0, 128.6, 127.4, 126.9, 126.6, 125.2, 
124.6, 122.2, 122.1, 61.9, 55.3, 40.5, 40.0, 31.8, 30.8, 27.1, 26.2, 23.5; 
HRMS: m/z [M+H]+ Calcd. for C30H36N5O4, 530.2767 Found: 
530.2760. 

tert-Butyl ((S)-6-((2-((2-(2-(((2S,4R)-4-hydroxy-1-((S)-3-methyl-2- 
(1-oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-carboxamido)methyl)-5-(4- 
methylthiazol-5-yl)phenoxy)ethyl)carbamoyl)phenyl)amino)-5-((S)-1-(2- 
(naphthalen-1-yl)acetyl)pyrrolidine-2-carboxamido)-6-oxohexyl)carba-
mate 16A. A mixture of 15A (350 mg, 0.576 mmol) and 10% Pd/C (175 
mg) in EtOH (12 mL) was stirred under H2 at r.t. for 5 h. Pd/C was 
filtered, and the filtrate was concentrated under vacuum to yield amine, 
which was used directly for the next step without further purification. 

A solution of 13A (465 mg, 0.739 mmol), EDCI (163 mg, 0.852 
mmol), HOAT (115 mg, 0.852 mmol), and DMAP (8.3 mg, 56.8 μmol) in 
dry DMF (10 mL) was stirred for 10 min at 0 ◦C. Then the above crude 
amine (336 mg, 0.568 mmol) dissolved in dry DMF (5 mL) and DIPEA 
(148 μL, 0.852 mmol) were added to the above solution. The mixture 
was stirred at r.t. overnight. Upon completion of the reaction, the 
mixture was added brine (20 mL) and extracted with EtOAc (15 mL × 3). 
The organic extractions were combined, dried with anhydrous Na2SO4, 
and concentrated under vacuum. After the remaining DMF was removed 
by azeotropic distillation with toluene, the residue was purified by silica 
gel chromatography eluted with CH2Cl2/Acetone/MeOH (35/1/1) to 
afford 16A as white foam (256 mg, 43% for 2 steps); Rf = 0.6, CH2Cl2/ 
MeOH/Acetone = 10/1/1; 1H NMR (400 MHz, CDCl3) δ 11.55 (s, 1H), 
8.61 (br, 1H), 8.41 (t, J = 5.6 Hz, 1H), 8.33 (d, J = 8.4 Hz, 1H), 7.86 (d, 
J = 8.4 Hz, 1H), 7.78 (d, J = 7.6 Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H), 
7.66–7.56 (m, 2H), 7.52 (d, J = 7.6 Hz, 1H), 7.47–7.14 (m, 10H), 6.89 
(d, J = 7.6 Hz, 1H), 6.86–6.76 (m, 2H), 4.87 (br, 1H), 4.76 (d, J = 6.0 Hz, 
1H), 4.61 (d, J = 11.2 Hz, 1H), 4.52–4.18 (m, 7H), 4.17–3.96 (m, 4H), 
3.91–3.77 (m, 1H), 3.72–3.60 (m, 2H), 3.51 (dd, J = 11.2, 2.8 Hz, 1H), 
3.48–3.37 (m, 1H), 2.97–2.81 (m, 1H), 2.80–2.60 (m, 1H), 2.54–2.04 
(m, 8H), 2.01–1.70 (m, 3H), 1.62–1.46 (m, 1H), 1.43–1.08 (m, 13H), 
0.77 (d, J = 6.0, 3H), 0.72 (d, J = 6.8 Hz, 3H); 13C NMR (101 MHz, 
CDCl3) δ 171.7, 171.4, 170.4, 170.2, 169.3, 169.2, 156.9, 156.0, 150.5, 
141.7, 138.8, 133.8, 132.8, 132.2, 132.1, 131.9, 131.1, 130.6, 128.8, 
127.9, 127.4, 126.9, 126.3, 125.8, 125.8, 125.5, 123.5, 123.5, 122.9, 
122.8, 121.8, 121.1, 120.4, 112.1, 78.7, 77.2, 69.6, 67.1, 60.2, 58.8, 
58.5, 56.1, 54.4, 53.4, 47.9, 47.1, 40.0, 39.8, 39.5, 39.4, 36.0, 31.6, 
29.6, 29.2, 29.0, 28.8, 28.40, 28.35, 27.5, 25.2, 22.4, 18.9, 18.8, 16.0; 
HRMS: m/z [M+H]+ Calcd. for C66H78N9O11S, 1204.5542 Found: 
1204.5562. 

tert-butyl ((S)-6-((2-((2-(2-(((2S,4S)-4-hydroxy-1-((S)-3-methyl-2-(1- 
oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-carboxamido)methyl)-5-(4- 
methylthiazol-5-yl)phenoxy)ethyl)carbamoyl)phenyl)amino)-5-((S)-1-(2- 
(naphthalen-1-yl)acetyl)pyrrolidine-2-carboxamido)-6-oxohexyl)carba-
mate 16B. The reaction was performed in the same way as 16A starting 
with 15B (180 mg, 0.292 mmol), 10% Pd/C (90.0 mg), 13A (238 mg, 
0.379 mmol), EDCI (84.0 mg, 0.437 mmol), HOAT (59.0 mg, 0.473 
mmol), DMAP (4.30 mg, 35.0 μmol), and DIPEA (76.0 μL, 0.437 mmol) 
to give 16B as white foam (150 mg, 43% for 2 steps); Rf = 0.6, CH2Cl2/ 
MeOH/Acetone = 10/1/1; 1H NMR (400 MHz, CDCl3) δ 11.43 (s, 1H), 
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8.76 (s, 1H), 8.46–8.25 (m, 2H), 7.90 (dd, J = 35.2, 7.3 Hz, 2H), 7.78 (d, 
J = 7.2 Hz, 2H), 7.69 (d, J = 19.9 Hz, 2H), 7.58–7.28 (m, 10H), 6.99 (d, 
J = 7.1 Hz, 1H), 6.91 (s, 1H), 6.79 (s, 1H), 4.93–4.70 (m, 2H), 4.62–3.94 
(m, 13H), 3.86 (d, J = 11.3 Hz, 1H), 3.71 (s, 2H), 3.55 (s, 1H), 3.04–2.71 
(m, 2H), 2.54 (s, 4H), 2.21 (d, J = 13.8 Hz, 2H), 1.90 (d, J = 44.5 Hz, 
4H), 1.61 (s, 1H), 1.37 (s, 9H), 1.25 (br, 5H), 0.81 (s, 6H); 13C NMR (101 
MHz, CDCl3) δ 171.7, 171.5, 171.3, 170.4, 169.3, 169.1, 157.0, 156.0, 
150.7147.9, 138.9, 133.9, 132.6, 132.3, 132.2, 131.9, 131.4, 130.8, 
130.7, 128.8, 128.1, 127.9, 127.0, 126.4, 125.83, 125.6, 125.5, 123.7, 
123.6, 123.1, 122.6, 122.0, 121.5, 121.0, 112.1, 78.7, 77.2, 70.6, 67.1, 
60.2, 60.1, 58.4, 58.3, 54.4, 48.0, 40.4, 40.0, 39.7, 39.5, 35.3, 31.5, 
29.1, 28.8, 28.4, 27.3, 25.3, 22.4, 19.0, 18.6, 15.8; HRMS: m/z [M+H]+

Calcd. for C66H78N9O11S, 1204.5542 Found: 1204.5580. 
tert-Butyl ((S)-6-((2-((2-(2-(2-(((2S,4R)-4-hydroxy-1-((S)-3-methyl- 

2-(1-oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-carboxamido)methyl)-5- 
(4-methylthiazol-5-yl)phenoxy)ethoxy)ethyl)carbamoyl)phenyl)amino)-5- 
((S)-1-(2-(naphthalen-1-yl)acetyl)pyrolidine-2-carboxamido)-6-oxohexyl) 
carbamate 16C. The reaction was performed in the same way as 16A 
starting with 15C (208 mg, 0.314 mmol), 10% Pd/C (100 mg), 13A (260 
mg, 0.412 mmol), EDCI (90.0 mg, 0.469 mmol), HOAT (64.0 mg, 0.473 
mmol), DMAP (4.61 mg, 37.8 μmol), and DIPEA (82.0 μL, 0.472 mmol) 
to give 16C as white foam (156 mg, 40% for 2 steps); Rf = 0.6, CH2Cl2/ 
MeOH/Acetone = 10/1/1; 1H NMR (400 MHz, CDCl3) δ 11.67 (s, 1H), 
8.72 (s, 1H), 8.47 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 8.4 Hz, 1H), 7.85 (d, J 
= 8.0 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 7.6 Hz, 1H), 
7.69–7.61 (m, 2H), 7.55–7.31 (m, 10H), 7.23 (d, J = 8.0 Hz, 1H), 
6.96–6.89 (m, 2H), 6.85 (s, 1H), 4.93 (br, 1H), 4.83 (d, J = 5.2 Hz, 1H), 
4.75 (d, J = 11.2 Hz, 1H), 4.61 (d, J = 18.0 Hz, 1H), 4.56–4.41 (m, 4H), 
4.38–4.28 (m, 2H), 4.27–4.03 (m, 5H), 3.93–3.84 (m, 1H), 3.82–3.60 
(m, 5H), 3.52 (q, J = 8.8 Hz, 1H), 3.46–3.34 (m, 1H), 3.01–2.87 (m, 1H), 
2.85–2.73 (m, 1H), 2.50 (s, 3H), 2.46–2.37 (m, 1H), 2.37–2.27 (m, 1H), 
2.26–2.10 (m, 2H), 2.09–2.02 (m, 1H), 1.97–1.91 (m, 2H), 1.90–1.79 
(m, 1H), 1.66–1.55 (m, 1H), 1.36 (s, 9H), 1.32–1.20 (m, 4H), 0.96 (d, J 
= 6.4 Hz, 3H), 0.84 (d, J = 6.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 
171.6, 171.4, 170.7, 170.4, 170.1, 169.4, 169.0, 156.8, 156.0, 150.6, 
147.9, 142.0, 138.9, 133.8, 132.3, 132.1, 132.0, 131.8, 131.8, 131.4, 
130.7, 129.9, 128.8, 127.9, 127.9, 127.2, 127.1, 127.0, 126.3, 125.8, 
125.5, 123.6, 122.9, 122.2, 121.2, 120.4, 113.2, 78.7, 77.2, 69.9, 69.4, 
69.2, 68.0, 60.2, 58.8, 58.6, 56.2, 54.3, 48.0, 47.4, 39.9, 39.5, 39.5, 
39.2, 36.7, 31.6, 29.0, 28.9, 28.4, 27.5, 25.3, 22.3, 19.0, 15.9; HRMS: m/ 
z [M+H]+ Calcd. for C68H82N9O12S, 1248.5804 Found: 1248.5822. 

tert-Butyl ((S)-6-((2-((2-(2-(2-(2-(2-(((2S,4R)-4-hydroxy-1-((S)-3- 
methyl-2-(1-oxoisoindolin-2-yl)butanoyl)pyrolidine-2-carboxamido) 
methyl)-5-(4-methylthiazol-5-yl)phenoxy)ethoxy)ethyl)carbamoyl)phenyl) 
amino)-5-((S)-1-(2-(naphthalen-1-yl)acetyl)pyrolidine-2-carboxamido)-6- 
oxohexyl)carbamate 16D. The reaction was performed in the same way 
as 16A starting with 15D (238 mg, 0.318 mmol), Pd/C (115 mg), 
compound 13A (260 mg, 0.412 mmol), EDCI (92.0 mg, 0.480 mmol), 
HOAT (64.4 mg, 0.477 mmol), DMAP (4.60 mg, 37.6 μmol), and DIPEA 
(83.0 μL, 0.477 mmol) to give 16C as white foam (237 mg, 56% for 2 
steps); Rf = 0.6, CH2Cl2/MeOH/Acetone = 10/1/1; 1H NMR (400 MHz, 
CDCl3) δ 11.60 (s, 1H), 8.62 (br, 1H), 8.41 (d, J = 8.0 Hz, 1H), 7.93–7.81 
(m, 1H), 7.77 (d, J = 7.6 Hz, 1H), 7.68 (d, J = 8.0 Hz, 1H), 7.63 (d, J =
7.6 Hz, 2H), 7.54–7.15 (m, 12H), 6.96–6.82 (m, 2H), 6.78 (s, 1H), 4.97 
(br, 1H), 4.81–4.57 (m, 3H), 4.56–4.35 (m, 3H), 4.35–4.21 (m, 3H), 
4.16–3.89 (m, 5H), 3.84–3.66 (m, 2H), 3.66–3.31 (m, 14H), 2.94–2.74 
(m, 1H), 2.70–2.60 (m, 1H), 2.42 (s, 3H), 2.37–2.21 (m, 2H), 2.17–1.68 
(m, 6H), 1.60–1.46 (m, 1H), 1.27 (s, 9H), 1.23–1.08 (m, 4H), 0.91 (d, J 
= 6.4 Hz, 3H), 0.75 (d, J = 6.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 
171.7, 171.1, 170.9, 170.3, 169.6, 168.9, 168.7, 156.5, 155.9, 150.2, 
141.9, 138.8, 133.6, 132.0, 131.9, 131.5, 131.4, 130.6, 129.4, 128.6, 
127.7, 127.7, 127.0, 126.8, 126.8, 126.2, 125.6, 125.4123.5, 122.7, 
122.6, 121.9, 121.0, 120.6, 112.5, 78.4, 77.2, 70.5, 70.1, 70.0, 69.69, 
69.66, 69.4, 69.2, 67.7, 60.1, 58.7, 58.3, 55.9, 54.2, 47.8, 47.2, 39.7, 
39.5, 39.3, 38.9, 37.1, 31.4, 28.9, 28.8, 28.2, 27.4, 25.1, 22.2, 18.9, 
18.8, 16.0; HRMS: m/z [M+H]+ Calcd. for C72H90N9O14S, 1336.6328 

Found: 1336.6317. 
(2S,4R)-N-(2-(2-(2-((S)-6-amino-2-((S)-1-(2-(naphthalen-1-yl) 

acetyl)pyrrolidine-2-carboxamido)hexanamido)benzamido)ethoxy)-4-(4- 
methylthiazol-5-yl)benzyl)-4-hydroxy-1-((S)-3-methyl-2-(1-oxoisoindolin- 
2-yl)butanoyl)pyrrolidine-2-carbox amide 1. To a solution of 16A (140 
mg, 0.116 mmol) in CH2Cl2 (10 mL) was added 4 M HCl in dioxane (2.6 
mL) at 0 ◦C. The mixture was stirred at r.t. for 20 min followed by sol-
vent removal under vacuum. The residue was purified by silica gel 
chromatography eluted with CH2Cl2/MeOH (from 20/1 to 10/1 to 5/1) 
to give 1 as white foam (101 mg, 78%); Rf = 0.3, CH2Cl2/MeOH = 8/1; 
1H NMR (400 MHz, CD3OD) δ 8.85 (s, 1H), 8.35 (d, J = 8.0 Hz, 1H), 7.90 
(t, J = 6.8 Hz, 2H), 7.82 (d, J = 8.0 Hz, 1H), 7.75 (d, J = 7.6 Hz, 1H), 
7.65 (dd, J = 7.6, 1.2 Hz, 1H), 7.61–7.33 (m, 9H), 7.12–7.00 (m, 3H), 
4.79 (d, J = 11.2 Hz, 1H), 4.59–4.53 (m, 1H), 4.52–4.42 (m, 6H), 
4.39–4.34 (m, 1H), 4.30 (t, J = 5.2 Hz, 2H), 4.19 (q, J = 16.8 Hz, 2H), 
3.97 (d, J = 11.2 Hz, 1H), 3.89–3.80 (m, 4H), 3.75–3.67 (m, 1H), 
2.64–2.55 (m, 1H), 2.48 (s, 3H), 2.43–2.27 (m, 4H), 2.25–2.10 (m, 2H), 
2.10–1.93 (m, 3H), 1.76–1.63 (m, 1H), 1.51–1.35 (m, 4H), 0.98 (d, J =
6.8 Hz, 3H), 0.78 (d, J = 6.4 Hz, 3H); 13C NMR (101 MHz, CD3OD) δ 
175.6, 173.8, 172.7, 172.5, 170.9, 170.7, 158.2, 153.0, 149.2, 143.7, 
139.5, 135.2, 133.6, 133.4, 133.3, 133.2, 133.1, 132.7, 132.4, 130.8, 
129.8, 129.2, 129.1, 129.0, 128.6, 127.9, 127.5, 127.0, 126.6, 125.2, 
124.7, 124.4, 124.4, 122.9, 122.8, 122.3, 113.3, 70.8, 67.9, 61.9, 60.7, 
60.0, 57.2, 55.0, 40.6, 40.0, 39.0, 31.9, 30.8, 30.2, 27.1, 26.1, 23.4, 
19.6, 19.0, 16.0; HRMS: m/z [M+H]+ Calcd. for C61H70N9O9S, 
1104.5017 Found: 1104.5010. 

(2S,4R)-N-(2-(2-(2-(2-((S)-6-amino-2-((S)-1-(2-(naphthalen-1-yl) 
acetyl)pyrrolidine-2-carboxamido)hexanamido)benzamido)ethoxy) 
ethoxy)-4-(4-methyl-thiazol-5-yl)benzyl)-4-hydroxy-1-((S)-3-methyl-2-(1- 
oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-carboxamide 2. The reaction 
was performed in the same way as 1 starting with 16C (75 mg, 60.1 
μmol) and 4 M HCl in dioxane (1.3 mL) to give 2 as white foam (61.4 mg, 
89%); Rf = 0.3, CH2Cl2/MeOH = 8/1; 1H NMR (400 MHz, CD3OD) δ 
8.86 (s, 1H), 8.39 (d, J = 8.0 Hz, 1H), 7.89 (t, J = 7.6 Hz, 2H), 7.81 (d, J 
= 7.6 Hz, 1H), 7.74 (d, J = 7.2 Hz, 1H), 7.65 (d, J = 7.6 Hz, 1H), 
7.55–7.40 (m, 9H), 7.08 (t, J = 7.2 Hz, 1H), 7.03–6.98 (m, 2H), 4.81 (s, 
1H), 4.65–4.33 (m, 8H), 4.30–4.06 (m, 4H), 4.05–3.87 (m, 4H), 
3.81–3.61 (m, 4H), 3.66–3.50 (m, 2H), 2.70–2.56 (m, 1H), 2.49–2.33 
(m, 7H), 2.28–2.10 (m, 2H), 2.08–1.93 (m, 3H), 1.79–1.64 (m, 1H), 
1.51–1.30 (m, 4H), 1.01 (d, J = 6.0 Hz, 3H), 0.77 (d, J = 6.0 Hz, 3H); 13C 
NMR (101 MHz, CD3OD) δ 175.6, 174.0, 172.6, 172.5, 170.8, 170.6, 
170.5, 157.9, 152.9, 149.0, 143.7, 139.5, 135.1, 133.5, 133.2, 133.0, 
132.9, 132.7, 132.4, 129.9, 129.7, 129.1, 129.0, 128.6, 128.2, 127.4, 
126.9, 126.6, 125.2, 124.7, 124.4, 124.3, 122.8, 122.8, 122.2, 113.6, 
70.8, 70.6, 69.5, 61.9, 60.7, 60.0, 57.1, 55.1, 54.9, 40.6, 40.5, 40.0, 
39.3, 39.2, 31.8, 30.7, 30.1, 27.1, 26.1, 23.4, 19.7, 19.0, 16.0; HRMS: m/ 
z [M+H]+ Calcd. for C63H74N9O10S, 1148.5279 Found: 1148.5289. 

(2S,4R)-N-(2-((1-(2-((S)-6-amino-2-((S)-1-(2-(naphthalen-1-yl) 
acetyl)pyrrolidine-2-carboxamido)hexanamido)phenyl)-1-oxo-5,8,11-tri-
oxa-2-azatridecan-13-yl)oxy)-4-(4-methylthiazol-5-yl)benzyl)-4-hydroxy- 
1-((S)-3-methyl-2-(1-oxoisoindolin-2-yl)butanoyl)pyrrolidine-2-carbox-
amide 3. The reaction was performed in the same way as 1 starting with 
16D (180 mg, 0.135 mmol), 4 M HCl in dioxane (3 mL) to give 3 as white 
foam (120 mg, 72%); Rf = 0.3, CH2Cl2/MeOH = 8/1; 1H NMR (400 
MHz, CD3OD) δ 8.87 (s, 1H), 8.41 (d, J = 8.4 Hz, 1H), 7.89 (t, J = 8.0 Hz, 
2H), 7.81 (d, J = 8.0 Hz, 1H), 7.75 (d, J = 7.6 Hz, 1H), 7.70 (d, J = 7.6 
Hz, 1H), 7.60–7.36 (m, 9H), 7.11 (t, J = 7.4 Hz, 1H), 7.05–6.96 (m, 2H), 
4.82 (s, 1H), 4.62–4.56 (m, 3H), 4.52–4.34 (m, 5H), 4.27–4.07 (m, 4H), 
3.98 (d, J = 11.2 Hz, 1H), 3.91–3.77 (m, 4H), 3.77–3.45 (m, 13H), 
2.69–2.54 (m, 1H), 2.47 (s, 3H), 2.44–2.33 (m, 4H), 2.29–2.16 (m, 2H), 
2.11–1.92 (m, 3H), 1.78–1.63 (m, 1H), 1.48–1.35 (m, 4H), 1.03 (d, J =
6.4 Hz, 3H), 0.79 (d, J = 6.8 Hz, 3H); 13C NMR (101 MHz, CD3OD) δ 
175.6, 174.1, 172.6, 172.5, 170.8, 170.5, 170.4, 157.9, 152.9, 149.1, 
143.7, 139.6, 135.1, 133.5, 133.4, 133.2, 133.1, 132.9, 132.7, 132.4, 
129.9, 129.7, 129.1, 129.0, 128.6, 128.2, 127.4, 126.9, 126.6, 125.3, 
124.6, 124.4, 124.4, 122.84, 122.79, 122.2, 113.7, 71.7, 71.5, 71.3, 
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70.8, 70.7, 70.4, 69.3, 61.9, 60.7, 60.0, 57.1, 55.0, 40.7, 40.5, 40.0, 
39.4, 39.2, 31.8, 30.8, 30.1, 27.1, 26.1, 23.4, 19.7, 19.1, 16.1; HRMS: m/ 
z [M+H]+ Calcd. for C67H82N9O12S, 1236.5804 Found: 1236.5813. 

(2S,4S)–N-(2-(2-(2-((S)-6-amino-2-((S)-1-(2-(naphthalen-1-yl) 
acetyl)pyrrolidine-2-carboxamido)hexanamido)benzamido)ethoxy)-4-(4- 
methylthiazol-5-yl)benzyl)-4-hydroxy-1-((S)-3-methyl-2-(1-oxoisoindolin- 
2-yl)butanoyl)-pyrrolidine-2-carboxamide 4. The reaction was performed 
in the same way as 1 starting with 16B (58.0 mg, 48.2 μmol), 4 M HCl in 
dioxane (1 mL) to give 4 as white foam (40 mg, 75%); Rf = 0.3, CH2Cl2/ 
MeOH = 8/1; 1H NMR (400 MHz, CD3OD) δ 8.85 (s, 1H), 8.18 (d, J =
8.1 Hz, 1H), 7.96–7.85 (m, 2H), 7.81 (d, J = 8.5 Hz, 1H), 7.77 (d, J = 7.6 
Hz, 1H), 7.63–7.36 (m, 9H), 7.32 (t, J = 8.5 Hz, 1H), 7.09–6.91 (m, 3H), 
4.79 (d, J = 11.0 Hz, 1H), 4.64–4.52 (m, 2H), 4.50–4.33 (m, 4H), 
4.32–4.10 (m, 6H), 3.97 (dd, J = 11.4, 5.7 Hz, 1H), 3.92–3.77 (m, 3H), 
3.76–3.66 (m, 2H), 2.69–2.58 (m, 1H), 2.47 (s, 3H), 2.44–2.29 (m, 4H), 
2.27–2.20 (m, 1H), 2.13 (s, 1H), 2.05–1.93 (m, 2H), 1.90–1.83 (m, 1H), 
1.75–1.65 (m, 1H), 1.47–1.34 (m, 4H), 0.94–0.89 (m, 3H), 0.79 (d, J =
6.6 Hz, 3H); 13C NMR (101 MHz, CD3OD) δ 175.5, 174.2, 172.7, 172.5, 
170.9, 158.3, 153.0, 149.2, 143.7, 139.2, 135.2, 133.6, 133.4, 132.9, 
132.8, 132.3, 131.0, 129.7, 129.3, 129.1, 129.0, 128.7, 127.7, 127.4, 
126.9, 126.6, 125.3, 124.8, 124.5, 124.3, 124.0, 122.7, 122.6, 113.3, 
71.1, 67.9, 61.9, 60.9, 59.8, 57.0, 55.0, 53.5, 50.8, 40.6, 40.5, 40.3, 
40.0, 38.0, 31.8, 31.0, 30.0, 27.2, 26.1, 23.5, 19.5, 19.2, 16.0; HRMS: m/ 
z [M+H]+ Calcd. for C61H70N9O9S, 1104.5017 Found: 1104.4976. 

Biology. General Information Purification of NTMT1 and its activity 
measurement were performed according to the published protocols 
[19]. A complete medium consists of McCoy’s 5A supplemented with 
10% FBS (FB-02, Omega Scientific), 100 U/mL penicillin, and 100 
μg/mL streptomycin. Cell lines HCT116 and HT29 were purchased from 
ATCC and ntmt1 KO HCT116 was a gift from Prof. Christine Tooley 
(Buffalo University). They were cultured in a complete medium with 5% 
CO2 at 37 ◦C. All drug treatments were performed by dissolving a stock 
solution of compound (30 mM in DMSO) into complete medium and 
then adding the mixture into plate wells. Primary antibodies used in 
Western blots were rabbit anti-actin (A2066, Sigma-Aldrich), rabbit 
anti-NTMT1 (ab102664, Abcam), rabbit anti-NTMT2 (NBP1-70635, 
Novus Biologicals or PA5-69586, ThermoFisher), and rabbit anti-CALR 
(10292-1-AP, Proteintech). All cell images were captured using Axio 
Vert.A1 inverted microscope (Zeiss) controlled by ZEN microscope 
software (Zeiss). Flow cytometry was performed at KUMC flow cytom-
etry core facility using a FACSAria™ III flow cytometer (BD Bio-
sciences). Cell cycles were analyzed using FlowJo. GraphPad Prism 9 
was used to determine IC50 and DC50 as well as to perform unpaired 
t-tests. All biochemical and cellular experiments were done in 
triplicates. 

Inhibition study of compounds 1–4 with purified NTMT1. Inhibitory 
activities of 1–4 were monitored by HPLC at λ260 following the release of 
SAH. Adenosine was added as an internal standard. Briefly, in a final 
volume of 400 μL, 0.2 μM NTMT1, 6 μM SAM and the compound at 
various concentrations were incubated at 37 ◦C for 10 min in a buffer 
consisting of 50 mM KCl in 25 mM Tris (pH 7.5). Reaction was initiated 
by the addition of 2 μM RCC1 peptide [SPKRIAKRRS(CONH2)]. Aliquots 
of 50 μL were withdrawn at selected times and the reactions were 
quenched with 50 μL of 0.4% TFA solution containing 4.0 μM adenosine. 
The reaction mixtures were centrifuged at 18,000 g for 5 min. Fifty μL 
supernatants were injected into an XBridge Shield RP 18 column (3.5 
μm, 130 Å, 4.6 × 150 mm, Waters) eluted at 1 mL/min with an isocratic 
gradient of 1% methanol in water supplemented with 0.01% TFA. 
Concentrations of released SAH were determined by A260 ratios of the 
peak areas corresponding to SAH and adenosine. 

Cell culturing for Western blots. A total of 8 × 104 cells were seeded per 
well in 6-well plates and cultured for 24 h. On the following day, cells 
were treated with either compounds 1–4 at various concentrations or 
DMSO for different times. Then, cells were washed with 1 × PBS, har-
vested, and lysed at 4 ◦C for 1 h in a lysis buffer consisting of 150 mM 
NaCl, 50 mM Tris (pH 8.0), 0.5% NP-40, 0.5% Triton X-100, and 

protease inhibitor (A32955, ThermoFisher). Cell debris were removed 
by centrifugation at 17,000 g for 20 min at 4 ◦C. The resulting super-
natant was collected and subjected to total protein quantification using a 
bicinchoninic acid (BCA) assay. 

For pre-treatment experiments, cells were cultured for 22 h and then 
treated with 1 μM MG132 or 1 μM MLN4924 for additional 2 h. Degrader 
1 (50 μM) or DMSO was then added to the medium and cells were 
cultured for another 24 h. 

For washout assays, treated cells were washed with 1 × PBS once and 
then cultured in fresh complete growth medium for another 10 and 20 h, 
at which time they were removed and processed for Western blots. 

Western blots. Five μL protein ladder (1610374, BioRad) and 20 μg 
protein sample were loaded onto 10% SDS-PAGE gel and subjected to 
electrophoresis for 30 min at 90 V followed by 1.5 h at 120 V. Subse-
quently, all proteins were transferred to 0.2 μm PVDF (10600021, 
Cytiva), washed with 1 × TBST (1 × TBS + 0.1% Tween 20), and 
blocked with 5% fat-free milk in 1 × TBST for 1 h. Bands corresponding 
to POIs and β-actin were cut out and incubated overnight at 4 ◦C with 
their respective primary antibodies diluted in 1 × TBS supplemented 
with 5% BSA and 0.03% (w/v) sodium azide. Bands were then washed 
with 1 × TBST for 5 min and the process repeated three additional times. 
After that, bands were incubated with a secondary antibody goat anti- 
rabbit IgG (AP132P, Sigma) for 1 h at r.t. followed by washing with 1 
× TBST (4 times, 5 min each time). Finally, bands were detected using a 
chemiluminescent reagent (34580, ThermoFisher or WBULS0100, Mil-
lipore), visualized using Amersham ImageQuant 800 (Cytiva), and 
quantified using ImageJ. 

For dose-dependent and washout assays, Western blots were per-
formed for NTMT1 and β-actin. For selectivity assays, bands corre-
sponding to NTMT1, NTMT2, and β-actin were cut out for Western blots. 
For CALR detection, 10 μg protein sample was loaded onto 8% SDS- 
PAGE gel. 

NTMT1 degradation visualized by fluorescence. Plasmid pEGFP-n1- 
NTMT1 was constructed by inserting NTMT1 gene [19] into the 
mammalian expression vector pEGFP-n1 between XhoI and EcoRI 
using forward and reverse primers of TCAGATCTCGAGATG 
ACGAGCGAGGTGATAGAAG and ACTGCAGAATTCTCTCAGGGCAA 
AGCTATAGACATG, respectively. For transfection, HCT116 cells were 
seeded in a 24-well plate at a density of 1.5 × 105 per well. After 12 h, 
medium was removed, and cells were washed twice with 1 × PBS fol-
lowed by addition of 450 μL 20% FBS in Corning transfectagro™ 
reduced-serum medium (TRSM) into each well. To prepare the transfect 
reagent, solution A consisting of 1.5 μL Lipofectamine 3000 (Thermo-
Fisher) and 25 μL TRSM was mixed with solution B consisting of 1 mL 
P3000 reagent, 0.5 μg pEGFP-n1 or pEGFP-n1-NTMT1, and 25 μL TRSM. 
The mixture was incubated at r.t. for 15 min. The transfect reagent 
prepared was then added into each well and incubated for 8 h, at which 
time the medium was replaced with fresh complete medium and cells 
were allowed to recover for 24 h. After that, the cells were treated with 
100 μM degrader 1 or DMSO for another 24 h before images were 
captured. 

Cell viability assay. A total of 5 × 103 cells were seeded per well in 96- 
well plates and cultured for 24 h. Cells were then treated with degrader 1 
or negative control/inhibitor 4 at various concentrations, or DMSO for 
24 h. Ten μL solution consisting of 5 mM WST-8 and 0.2 mM 1-methox-
yphenazinium salt in 150 mM NaCl was added to each well and incu-
bated for 3 h in the CO2 incubator. Absorbance at 490 nm was 
determined using a SpectraMax® Plus 384 microplate reader (Molecular 
Devices). 

Cell proliferation assay. HCT116 cells (wt or KO) were seeded at 1 ×
103 cells per well in 96-well plates and cultured for 24 h. Cells were then 
treated with degrader 1 or negative control/inhibitor 4 at various con-
centrations, or DMSO for 72 h. After medium was removed, cells were 
washed once with 1 × PBS carefully and then stored in the microplate at 
− 78 ◦C overnight. Next day, cells were thawed at r.t. Two hundred μL 
CyQUANT® GR dye/cell-lysis buffer (C7026, ThermoFisher) prepared 
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according to manufacturer’s protocol was added to each well. The plate 
was kept from light and incubated at r.t. for 10 min. Fluorescence was 
determined at λ480 (excitation) and λ520 (emission) using Synergy H1 
hybrid multi-mode plate reader (BioTek). 

Tumor spheroid assay with ultra-low surface attachment plate. 
HCT116 cells were seeded at 1 × 103 cells per well in a 96-well round 
bottom ultra-low surface attachment plate (7007, Corning). After 3 days 
of incubation without disturbance, the spheroid was treated with 
degrader 1 or negative control/inhibitor 4 at various concentrations, or 
DMSO (day 0). Every 3 days post treatment, 90% medium in each well 
was carefully replaced with fresh complete medium containing degrader 
1 or negative control/inhibitor 4. Images were captured every 3 days 
and the volume of each tumor spheroid were determined according to 
the published protocol [71]. 

Tumor spheroid assay with PG-S. A mixture consisting of HCT116 
cells harvested from 2D culture, 2% 3D PGmatrix-spheroid (PG-S) so-
lution (PepGel Inc), and PGworks (PepGel Inc) at a ratio of 73:25:2 (v/v) 
was plated into a 48-well plate at 250 μL per well. The mixture was 
cultured for 30 min to trigger gel formation. The final hydrogel con-
centration was 0.5% (w/v) and contained 1 × 104 cells per well. Then 
800 μL complete medium was placed in each well to feed cells. HCT116 
were allowed to grow within PG-S for 3 days followed by treatment with 
degrader 1 or negative control/inhibitor 4 at various concentrations, or 
DMSO for additional 3 days. Cells were then harvested for determination 
of cell number and viability. To isolate cells from 3D culture, the 
hydrogel was thoroughly disrupted by pipetting and mixed well with the 
medium on top. The mixture was then transferred to a conical tube. Each 
well was rinsed with 1 mL Dulbecco’s phosphate buffered saline (DPBS), 
which was combined into the conical tube. Additional DPBS was used to 
dilute the cell-gel mixture from each well to a total volume of 5 mL. The 
diluted mixture was centrifuged at 800 g for 5 min, and HCT116 
spheroid pellets were collected. To obtain single HCT116 cell, spheroid 
pellets were treated with 0.25% trypsin-EDTA at 0.75 mL per tube for 
30 min at 37 ◦C. Trypsinization was terminated by adding 0.75 mL 
complete medium to each tube. Cell suspension was then centrifuged at 
200 g for 5 min to obtain single cells. After images of cell spheroids were 
captured, cells were stained with acridine orange/propidium iodide 
(AO/PI) and then analyzed by automatic cell counting using Cellometer 
Auto 2000 (Nexcelom Bioscience LLC). Cell viability percentage was 
calculated as the number of live cells in the total number of live and dead 
cells. 

Flow cytometry assay. HCT116 cells were seeded at 8 × 104 per well 
in 6-well plates. After 24 h, the cells were treated with degrader 1 at 
various concentrations or DMSO for 72 h. Subsequently, cells were 
washed with 1 × PBS and then harvested after trypsinization. For each 
sample, 4 × 105 cells were resuspended in a 2.0 mL tube (pre-coated 
with 2% BSA in 1 × PBS overnight), washed twice with 1 mL 1 × PBS 
(supernatant was removed after centrifugation at 500g and 4 ◦C for 10 
min) and resuspended in 0.1 mL 1 × PBS. Vortexed gently, slowly adding 
the cell suspension dropwise to 1 mL 70% ethanol pre-cooled to − 20 ◦C. 
The ethanol suspension was stored at − 20 ◦C for 12 h. Supernatants was 
removed after centrifugation at 1000 g for 10 min at 4 ◦C. Cells were 
washed twice with 1 mL ice cold 1 × PBS (supernatant was removed 
after centrifugation at 1000 g for 10 min at 4 ◦C). The pellet was 
resuspended in 500 μL staining solution (consisting of 0.5 μL Triton X- 
100, 0.1 mg DNase-free RNase A, and 10 μg PI in 1 × PBS) and incubated 
at r.t. for 30 min. The tube protected from light was then kept in ice until 
analysis. Flow cytometry was performed on a FACSAria™ III flow cy-
tometer (BD Biosciences). Ten thousand cells were collected for each 
sample. 

Mass spectrometry assay. Samples were prepared as follows: 
HCT116 cells treated with either degrader 1 or negative control/inhib-
itor 4 at 25 μM for 24 h were washed with 1 × PBS, harvested and lysed 
by sonication for 20s (5s on, 5s off, 20% amplitude) in 1 × TBS sup-
plemented with protease inhibitor (A32955, ThermoFisher). Total pro-
tein concentrations were determined by BCA assays. One hundred μg 

proteins were loaded onto an S-Trap™ column (ProtiFi, Farmingdale, 
NY) following manufacturer’s protocol and digested with trypsin in a 
ratio of 10:1 (V5111, Promega). Peptide elution was dried by speed-vac 
and resuspended in a solution consisting of 0.1% formic acid in aceto-
nitrile/water mixture (1/1, v/v). Prepared samples were injected into a 
Waters LC/MS system. LC was performed with an analytical column 
(ACQUITY UPLC M-Class HSS T3 Column, 1.8 μm, 100 Å, 300 μm × 150 
mm, Waters) eluted at 3.0 μL/min with a gradient of acetonitrile (con-
taining 0.1% formic acid) from 1% to 60% in 70 min and then from 60% 
to 70% in 10 min in water (containing 0.1% formic acid). Elution from 
UPLC was nanosprayed with 3.0 kV capillary voltages and the mass 
spectrometer was operated under an MSE mode for data-independent 
acquisition. Raw data were processed and analyzed using Progenesis 
QI for Proteomics. Data were first automatically analyzed by specifying 
threshold intensities at 250 counts for low energy and 150 counts for 
elevated energy. Subsequently, peptides that have ≥6 amino acids were 
selected manually. Criteria for protein identification search were set as 
follows: two possible missed cleavage sites for trypsin digestion, one 
fixed modification of cysteine carbamidomethylation, one variable 
modification of methionine oxidation, UniProt proteome (ID: 
UP000005640) as the search database, and quantification by non- 
conflicting peptides. Ion matching requirements were set as follows: 
peptides/protein ≥1, fragments/peptide ≥1, and fragments/protein ≥3. 
A list of proteins identified is shown in the Excel file in Supplementary 
Data. 
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