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Abstract

CARM1 is amplified or overexpressed in many cancer types and its overexpression correlates 

with poor prognosis. Potent small molecule inhibitors for CARM1 have been developed, but the 

cellular efficacy of the CARM1 inhibitors is limited. We herein report the development of the 

proteolysis targeting chimera (PROTAC) for CARM1 which contains a CARM1 ligand TP-064, 

a linker, and a VHL E3 ligase ligand. Compound 3b elicited potent cellular degradation activity 

(DC50 = 8 nM and Dmax > 95%) in a few hours. Compound 3b degraded CARM1 in VHL- and 

proteasome-dependent manner and was highly selective for CARM1 over other protein arginine 

methyltransferases. CARM1 degradation by 3b resulted in potent downregulation of CARM1 

substrate methylation and inhibition of cancer cell migration in cell-based assays. Thus, CARM1 

PROTACs can be used to interrogate CARM1’s cellular functions and potentially be developed as 

therapeutic agents for targeting CARM1-driven cancers.
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Introduction

Methylation is one of the major post-translational modifications catalyzed by nine protein 

arginine methyltransferases (PRMTs) in mammalian cells.1 PRMTs catalyze methyl group 

transfer from the S-adenosyl-L-methionine (SAM) to the two terminal nitrogen atoms 

of a protein arginine. They were classified into three types based on their enzymatic 

activities. The largest class Type I enzymes including PRMT1–4, 6, and 8, form asymmetric 

dimethylarginine (ADMA); Type II enzymes including PRMT 5 and 9 form symmetric 

dimethylarginine (SDMA); and Type III enzyme PRMT7 catalyzes mono-methylation 

of arginine. PRMT4, also known as coactivator-associated arginine methyltransferase 1 

(CARM1), was first discovered as a nuclear hormone receptor coactivator through its 

association with p160 coactivators.2 Through methylating histone H3R17 and H3R26 and 

numerous non-histone substrates, CARM1 is involved in various cellular processes.3

CARM1 is amplified or overexpressed in many cancer types including breast cancer.4 

Among breast cancer subtypes, CARM1 is overexpressed in triple-negative breast cancer, 

which is typically associated with poor outcome.5,6 The oncogenic functions of CARM1 

are strongly associated with its methylation of non-histone substrates. For example, 

methylation of BAF155, a subunit in the SWI/SNF complex, not only turns on massive 

oncogene expression but also promotes tumor metastasis via an inhibiting antitumor immune 

response.7 Overexpressing CARM1 in transgenic mouse models augmented mammary gland 

tumorigenesis in MMTV-Neu mice.8 Using a genetically engineered CARM1 knockout 

(KO) cell line model, we demonstrated that CARM1 KO significantly decreased the growth 

and invasion of breast cancer cells in vitro and in vivo, reinforcing that CARM1 is an 

important oncogene during breast cancer progression.7,9

Since 2008, potent small-molecule CARM1 inhibitors have been reported but none has 

moved to clinical investigation. While most of them are designed as substrates competitive 

inhibitors,10–22 two of them are SAM competitors.23,24 Although these inhibitors elicit low 

IC50 in in vitro assays, high doses of the inhibitors are needed to inhibit the enzymatic 
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activity of CARM1 in cell-based assays.19 Moreover, single-cell transcriptome analysis 

revealed the remarkable difference between inhibiting CARM1 and genetic knockout of 

CARM1 in cancer cells.23 In breast cancer cells, CARM1 knockout, but not CARM1 

inhibition, decrease cancer cell growth.7,25 These studies suggest that CARM1 has non-

enzymatic roles in driving cancer progression which necessitates the development of small 

molecule degraders of CARM1.

Proteolysis targeting chimera (PROTAC) is a transformative therapeutic paradigm to engage 

our body’s natural protein disposal system for targeting disease-causing proteins with small 

molecules.26–28 PROTACs consist of heterobifunctional small molecules bonded together 

via an appropriate linker.29 The bifunctional nature in this case is defined by one end of 

the PROTAC binding with high selectivity to an E3 ubiquitin ligase while the other end 

simultaneously engages the target protein. As the binding event occurs, the exposed lysine 

residues of the target protein are brought in close proximity to the E3 ligase complex. As 

a result, the protein is poly-ubiquitinated and degraded by the proteasome. The PROTAC 

is released to continue its catalytic activity for targeted protein degradation. The recent 

discovery of potent small molecule E3 ligase ligands, including thalidomide analogs for 

cereblon (CRBN) and hydroxyproline derivatives for Von Hippel–Lindau (VHL), led to the 

surge of small-molecule PROTACs with high potency in cells since 2015.30–33 Degraders of 

disease-causing proteins have a number of potential advantages over inhibitors of oncogenic 

proteins. The occupancy-driven pharmacology of inhibitors requires stoichiometric drug 

binding to the oncogenic protein to inhibit the function of the protein. In contrast, 

induced protein degradation by PROTACs is event-driven and catalytic, providing favorable 

pharmacology.16 For example, it has been reported that a number of PROTAC degraders 

induce sustained tumor regression even after cessation of the PROTAC treatment.34–38 

Degraders based on inhibitors may still be effective for cancers that are resistant to the 

corresponding inhibitors in the case of target protein mutations. Mutations could reduce the 

binding affinity of inhibitors thus rendering drug resistance. Protein degrader is less sensitive 

to the decreased binding affinity as compared with the occupancy-driven inhibitors.39–42

Recently, Jin’s group reported a PROTAC for Type II enzyme PRMT5 as the first chemical 

degrader for PRMT enzymes43. To the best of our knowledge, CARM1 degrader has not 

been reported to date. Herein we describe the design, synthesis, and characterization of the 

first CARM1 PROTAC. We showed that CARM1 PROTAC 3b could promote rapid CARM1 

degradation in two hours with a DC50 around 8 nM and a Dmax > 95%. Western blotting and 

proteomics analyses reveal that 3b does not induce other PRMT degradation and potently 

inhibits CARM1 substrate methylation in breast cancer cells. As a result, 3b inhibits 

breast cancer cell migration. CARM1 PROTACs may offer pharmacological advantages over 

inhibitors for the treatment of CARM1-driven cancers. The CARM1 degraders can also be 

used as chemical probes for studying the non-enzymatic functions of CARM1.

Results and Discussion

We designed the CARM1 PROTAC based on TP-064, a CARM1 small molecule inhibitor 

because TP-064 has a strong binding affinity and high selectivity for CARM1.21 To quickly 

identify the appropriate E3 ubiquitin ligase and the approximate linker length, we decided 
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to utilize our Rapid-TAC platform to generate the first set of PROTACs by coupling 

a hydrazide-containing CARM1 inhibitor with the aldehyde group in our pre-assembled 

PROTAC library.44–46. After examining the crystal structure of CARM1 in complex with 

TP-064, the hydrazide moiety was placed on the para position of the terminal benzene, 

which is one of the solvent-exposed regions (Figure 1). Compound 1, TP-064 hydrazide 

derivative, was then prepared. Following our published procedures, six VHL ligand-based 

and six CRBN ligand-based PROTACs were quickly prepared in DMSO under miniaturized 

conditions. These PROTACs were tested in MCF7 cells at single concentrations (10 μM) 

for their ability to degrade CARM1. Western blot analysis revealed that VHL ligand based 

PROTACs induced obvious degradation of CARM1 in MCF7 cells (Figure S1A). A dose-

response curve was generated for TPVC3 (VHL ligand and n=3), the most potent degrader. 

Significant CARM1 degradation was observed at 1.0 and 10 μM (Figure S1B).

Based on the structure of TPVC3, CARM1 degraders with stable and flexible alkyl linkages 

2a-e were designed and synthesized. Degrader 2b bears the same linker length as TPVC3, 

while 2a has one less carbon. However, we also changed the hydrolytic labile C=N double 

bond, which is part of the acylhydrazone motif, in TPVC3 to a C-C bond in compound 

2b. This change may influence the required optimal linker length. To cover a wider 

range of linkers, we next prepared degraders 2c, 2d, and 2e, which possess one, two, 

and three more carbon atoms, respectively, than compound 2b (Figure 2A). Western blot 

assays were performed to evaluate the CARM1 degradation activity of the compounds after 

treating MCF7 cells with these degraders at two concentrations (0.5 and 1.0 μM) for 24 h. 

Compounds 2d and 2e showed stronger CARM1 degradation activities than 2a, 2b, and 2c 
(Figure 2B). Based on the structure-activity relationship (SAR) of these CARM1 degraders 

with alkyl linkages, we next designed and prepared a series of degraders with more rigid 

linkers to further improve the potency and potentially other pharmacological properties. 

Compound 3a has two heterocycles including a piperazine ring and a piperidine ring. It 

has one less carbon atom than 2a in terms of length. Compound 3b has one piperazine 

ring and two piperidine rings. It has the same linker length as 2d. MCF7 cells were then 

treated with 3a and 3b at four concentrations (0.1, 0.5, 1.0, and 10.0 μM) for 24 hours 

and compared with 2e, the best compound with a flexible linker, at 0.5 μM. Western 

blot results showed that 3b possessed significantly improved CARM1 degradation activity 

(Figure 2C). To fine-tune the linker length and to avoid the potential metabolic liability of 

having two para-substituted oxygen atoms on one benzene ring, compounds 3c, 3d, and 3e 
were designed and synthesized. The terminal phenyl group in TP-064 was conjugated with 

piperidine by benzamide, benzeneacetamide, and 3-phenylpropanamide groups, respectively 

(Figure 2A). After treating MCF7 cells with 0.5 μM of degraders 3b, 3c, 3d, or 3e, for 24 

h, compounds 3b and 3e showed similar CARM1 degradation activity as expected since they 

have the same linker length. Interestingly, compounds 3d and 3c, which bear one and two 

less carbon atoms, respectively, than 3e, displayed significantly lower CARM1 degradation 

activities. The sharp change of CARM1 degradation activity with just two atoms difference 

between compounds 3c and 3b or compounds 3c and 3e (Figure 3D) is striking, indicating 

that the linker length is critical for positioning CARM1 to the proteasome for degradation.
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The most potent degraders 3b and 3e were then selected for further evaluation. We 

performed a time course study for CARM1 degrader 3b. CARM1 degradation was observed 

as soon as 2 h after exposing to 3b, and degradation sustained and further maximized over 

the course of 48 h (Figure 3B). Next, dose-response curves were measured for degraders 3b 
and 3e. In MCF7 cells, 3b and 3e showed high potency for CARM1 degradation, with DC50 

and Dmax of 8.1 ± 0.1 nM, 97 ± 1.9% and 8.8 ± 0.1 nM, 98 ± 0.7%, respectively (Figure 

3C–F). Compound 3b also showed high potency for CARM1 degradation in MCF10A 

cells, a normal human mammary epithelial cell model (Figure S2). We then validated the 

mechanisms of action of these degraders using competitive inhibitors of CRL2VHL ligase 

complex and the 26S proteasome (Figure 4A). Pretreatment of the MCF7 cells with CARM1 

inhibitor TP-064, VHL ligand VH-032, the proteasome inhibitor MG132, or neddylation 

inhibitor MLN492437 all abrogated 3b-induced CARM1 degradation, confirming that 

CARM1 degradation by 3b engages CARM1, VHL, the proteasome, and the Cullin-RING 

E3 ligase complex. We also prepared 3bN, a negative control compound, which cannot 

bind to CARM1 due to the lack of secondary amine (Y = O instead of NH) as reported 

in the literature.21 As expected, no CARM1 degradation was observed for 3bN in MCF7 

cells (Figure 4B). To evaluate the selectivity of degrader 3b, PRMT1, PRMT6, and PRMT5 

levels were measured by Western blot. In contrast to 3b induced CARM1 degradation 

with an 8.1 nM of DC50 and 97% of Dmax (Figure 3C), PRMT1, PRMT6, and PRMT5 

degradation were not detected in MCF7 cells under the same conditions (Figure 4C–D). In 

order to systematically assess the alterations in the proteome caused by 3b, we performed 

a global quantitative proteomic analysis of MCF7 cells using mass spectrometry. The 

cells were treated with DMSO, 25 nM 3b or 3bN for 4 h. The treatment dose and time 

were determined based on time-course and dose titration experiments (Figure 3B–C). In 

total, 3491 proteins were quantified among three cohorts. Only 45 and 25 significantly 

changed proteins were identified in the 3bN and 3b groups as compared to the DMSO 

group with two-fold cutoff, respectively (p-value ≤ 0.05). As expected, the protein CARM1 

demonstrated significant downregulation specifically in the 3b group and not in the 3bN 
group (Figure 4D). Two other PRMTs, PRMT1, and PRMT5, were detected in proteomics 

analyses but their levels were not significantly changed by 3b, reinforcing the selectivity of 

3b to CARM1. Notably, several proteins (e.g. FAM129B) were also found to be significantly 

downregulated, which aligns with previous findings in CARM1 KO cells.9 This suggests 

that these proteins are likely associated with the functions regulated by CARM1. Relevant 

mechanistic investigations are ongoing and will be reported in due course.

To demonstrate the effectiveness of 3b to inhibit cellular protein methylation by CARM1, 

we selected CARM1-specific substrates Polyadenylate-binding protein 1 (PABP1) and 

BRG1-associated factor 155 (BAF155) for analyses because their methyl-specific antibodies 

are available.47,48 In fact, asymmetric dimethylation (me2a) of these proteins are routinely 

investigated for CARM1 inhibitors. Herein, the PABP1 and BAF155 di-methylation 

inhibitory effects in MCF7 cells by CARM1 inhibitor TP-064 and degrader 3b were 

compared side-by-side. As shown in Figure 5A, 3b is at least 100-fold more potent than 

TP-064 in terms of functional outcome. The levels of PABP1 and BAF155 me2a inhibition 

with 0.1 μM 3b are at least as equivalent to that of 10 μM of TP-064.49 The CARM1 

degradation activity of 3b is not restricted to MCF7 cells, as CARM1 was also effectively 
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degraded by 3b after 24 or 48 h in ER+/HER2+ BT474 and triple-negative MDA-MB-231 

breast cancer cell lines. The decrease of BAF155 me2a level was observed after 48 h in both 

cell lines in TP-064 or 3b treated groups (Figure 5B, C).

After confirming that 3b induces CARM1 degradation and inhibits CARM1 downstream 

enzymatic effect in different breast cancer cell lines representing three breast cancer 

subtypes, the effects of 3b on cell proliferation and migration were determined. CARM1 

inhibitors were reported to have low cytotoxic effects in breast cancer cells, yet they 

significantly inhibited cell migration, an indicator of metastasis.25 Similarly, 3b was found 

not to inhibit cell proliferation in normal mammary epithelial cell line MCF10A and breast 

cancer cell lines MCF7 and MDA-MB-231 cells (Figure S3 and 5D). Because ER-positive 

breast cancer cells have low migratory effects and CARM1 is highly expressed in triple-

negative breast cancer cells, we measured the effects of 3b on cell migration using a 

transwell migration assay for MDA-MB-231 cells. We found that 10 μM of TP-064 and 0.5 

μM of 3b treatment inhibited cell migration at a similar level (Figure 5E, 5F). Compound 

3b can induce the same anti-migratory effects with a 20-fold lower dose compared to the 

corresponding inhibitor, indicating that CARM1 degrader can be much more potent than the 

corresponding inhibitor in cell-based assays for eliciting the same biological effects.

The synthesis of Boc-protected CARM1 binders S2–S5 and a negative control S6 is 

summarized in Scheme 1. Secondary amine S1b is a common buidling block for the 

preparation of the right half of compounds S2–S6. The left half of compounds S2–S6 
are dervied from carboxylic acid derivatives S2c, S3a, S4c, and S5c. First, cross-coupling 

of boronic ester with a bromo pyridine derivative afforded intermediate S1a, which can 

then undergo reductive amination to yield amine S1b. Carboxyclic acid S2c was prepared 

from p-iodophenol in four steps through standard alkylation, cross-coupling, saponification 

followed by acidification. Acid S3a was prepared by nucleophilic aromatic substitution 

(SNAr) reaction. Acid S4c was prepared in four steps through the sequence of SNAr, 

reduction, saponification followed by esterification. Finally, acid S5c was prepared by SNAr, 

olefination, saponification followed by esterification. The coupling of carboxylic acids S2c, 

S3a, S4c, and S5c with amine S1b afforded the corresponding amides, which can then 

undergo de-protection followed by reductive amination to yield key building blocks S2–S6.

The synthesis of CARM1 PROTACs is summarized in Scheme 2. First, linkers AL1+3 
to AL2+6 were prepared by Boc-protection and alkylation from phenols with a remote 

amino group linked by different number of methylenes. Next, piperidine- and piperazine-

containing rigid linkers RL1 and RL2 were prepared by alkylation followed by deprotection 

and reductive amination. Commercially available ligand Boc-VHL, linker AL1+3, and key 

intermediate S2 were linked together to form CARM1 PROTAC 2a via amide formation 

reactions followed by de-protection of the Boc-group. All other CARM1 PROTACs were 

prepared similarly by simply coupling the three pieces through amide bond formation.

Conclusions

In summary, potent and selective CARM1 PROTACs were developed for the first time. 

Appropriate E3 ubiquitin ligase and linker length were quickly identified using our Rapid-
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TAC platform. Further optimization of the linker by replacing the flexible alkyl group with 

rigid piperidine and piperazine rings yielded potent PROTACs 3b and 3e with DC50 around 

8 nM and Dmax over 95%. We are able to achieve more significant downstream effects (i.e. 

methylation of the substrates) using 100 times less concentrated degrader than the inhibitor. 

Functional studies indicated that CARM1 PROTACs could potently inhibit the migration 

of breast cancer cells. Further investigation of the non-enzymatic effect of CARM1 by 

comparing the CARM1 degrader and inhibitor is underway, and results will be reported in 

due course.

Experimental Sections

Western Blot Assay.

Cells were harvested and washed with Dulbecco’s phosphate-buffered saline (PBS), then 

lysed with 1X RIPA lysis buffer (50mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 

0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) supplemented with 1mM 

phenylmethylsulfonyl fluoride, 10μg/mL aprotinin, 1μM leupeptin, and 10μg/mL pepstatin 

on ice for 20 min. The supernatant was collected after spinning down at 15000 RPM at 

4 degrees Celsius for 10 min. The concentration of whole lysates was quantified using 

a Bradford assay. 50–75μg of cell lysates was boiled in 4x Laemmli Loading Dye and 

boiled at 100 degrees Celsius for 10min. 25 μg were run in 8% SDS-PAGE gels and 

transferred to nitrocellulose membranes. Blots were blocked in 5% skim milk in PBST 

[PBS and 0.1% Tween 20] for 45 min, then incubated with primary antibodies at 4 degrees 

Celsius overnight. Blots were washed in PBST for 30 min, then incubated with horseradish 

peroxidase-linked secondary antibodies (Jackson ImmunoResearch) for 1hr. Afterwards, 

blots were washed in PBST for 15–30 min, then treated with chemiluminescent ECL 

reagent and imaged with the ChemiDoc Imaging System (Bio-Rad) or Azure 600 (Azure 

Biosystems). Expression levels of the indicated proteins were probed by the following 

antibodies: anti-CARM1, anti-me-BAF155, anti-me-PABP1, anti-PABP1,7 anti-BAF155 

(D7F8S, Cell Signaling Technology), anti-PRMT1 (Bethyl), anti-PRMT6 (D-5, Santa Cruz 

Biotechnology), anti-β-Actin (ABclonal Technology, Sigma-Aldrich), anti-Hsp90 (H-114, 

Santa Cruz Biotechnology).

Sample preparation for global proteomics analysis.

Sample preparation is similar to the previous report.50 Briefly, treated MCF7 cells 

were harvested by washing with PBS buffer (Gibco, pH 7.4) and lysed in RIPA 

buffer supplemented with protease inhibitors for 20 min, then protein concentration was 

determined using a BCA Protein Assay Kit (Thermo Pierce, Rockford, IL) per manufacturer 

instructions. Samples were reduced with 5mM DTT for 1hr and alkylated with 10 mM 

IAA for 30 min in the dark before quenching with 5 mM DTT. Proteins were digested 

by trypsin at 37°C for 16 hours in a 50:1 (protein: enzyme) ratio. Digests were quenched 

by lowering the pH to < 3 with 10% TFA. Peptides were desalted with SepPak C18 

solid-phase extraction (SPE) cartridges (Waters, Milford, MA). The concentrations of the 

peptide mixture were measured by peptide assay (Thermo Fisher Scientific). All samples 

were dried in vacuo and stored at −80°C until LC-ESI-MS/MS analysis.
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LC-MS/MS data acquisition.

Samples were analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo 

Fisher Scientific) coupled to a Dionex UltiMate 3000 UPLC system. Each sample was 

dissolved in 0.1% formic acid in water before being loaded onto a 75 μm inner diameter 

homemade microcapillary column that is packed with 15 cm of Bridged Ethylene Hybrid 

C18 particles (1.7 μm, 130 Å, Waters) and fabricated with an integrated emitter tip. Mobile 

phase A was composed of water and 0.1% formic acid, while mobile phase B was composed 

of ACN and 0.1% formic acid. LC separation was achieved across a 137-min gradient 

elution of 3–30% mobile phase B at a flow rate of 300 nL/min. Survey scans of peptide 

precursors from m/z 300 to 1500 were performed at a resolving power of 60k (at m/z 
200) with an AGC target of 2 × 105 and maximum injection time of 100 ms. The top 20 

precursors were then selected for higher energy collisional dissociation fragmentation with 

a normalized collision energy of 30, an isolation width of 1.0 Da, a resolving power of 15k, 

and an AGC target of 1 × 104. Precursors were subject to dynamic exclusion for 45 s with a 

10 ppm tolerance. Each sample was acquired in technical triplicates.

Data analysis.

Protein identification and quantification by MaxQuant (version 1.5.3.8) based database 

searching, using the integrated Andromeda search engine with FDR < 1% at peptide and 

protein levels. The tandem mass spectra were searched against the Homo sapiens reviewed 

database (version updated December 2023). A reverse database for the decoy search was 

generated automatically in MaxQuant. Enzyme specificity was set to ‘Trypsin/p’, and a 

minimum number of seven amino acids were required for peptide identification. For label-

free protein quantification (LFQ), the MaxQuant LFQ algorithm was used to quantitate 

the MS signals, and the proteins’ intensities were represented in LFQintesity.51 Cysteine 

carbamidomethylation was set as the fixed modification. The oxidation of M and acetylation 

of the protein N-terminal were set as variable modifications. The first search mass tolerance 

was 20 ppm, and the main search peptide tolerance was 6 ppm. The false discovery 

rates of the peptide-spectrum match and proteins were set to less than 1%. For peptide 

quantification, the intensities of all samples were extracted from the MaxQuant result 

peptide files. Then, the expression matrix was subjected to normalization followed by log2-

transformed by Perseus.52 From three technical replicates, the mean protein intensities were 

calculated for each biological replicate and subjected to statistical analysis. Bioinformatic 

analyses were performed with R software environment.53

Cell Proliferation Assay.

Cell proliferation was measured by direct cell count via high contrast brightfield microscopy. 

MDA-MB-231 cells (3 × 103 / well) were seeded in 100μL of DMEM into the wells of a 

96-well plate. Cells were treated with either DMSO, TP-064, or 3b and refreshed every two 

days. The plate was imaged daily for 7 days using the High-Contrast Brightfield Kit for 

Label-Free Cell Counting (BioTek) on the BioTek Imager.
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Transwell Migration Assay.

Cells were harvested and washed in serum-free DMEM. The wells of a 24-well plate were 

filled with 800μL of DMEM with 10% FBS. Transwell inserts with 8.0μM pore size were 

then added to the wells with DMEM. Cells were resuspended in serum-free DMEM, then 

1 × 105 cells in 200μL were added to the upper chambers. Drug treatments were added 

to the lower chambers, then incubated for 20 h at 37°C. The cells on the upper surface 

were removed with cotton swabs. Migratory cells were fixed in 3.7% formaldehyde at room 

temperature, followed by 100% methanol at −20°C. Fixed cells were stained with 1% crystal 

violet in 20% methanol for 30 min. The migration area was quantified from five independent 

fields of view of the lower surface of the membrane under a microscope.

General Information in Synthetic Chemistry

All reactions were conducted under a positive pressure of dry argon in glassware that had 

been oven-dried prior to use. Anhydrous solutions of reaction mixtures were transferred 

via an oven-dried syringe or cannula. All solvents were dried prior to use unless noted. 

Thin-layer chromatography (TLC) was performed using precoated silica gel plates. Flash 

column chromatography was performed with silica gel. 1H and 13C nuclear magnetic 

resonance (NMR) spectra were recorded on Bruker 400, 500, 600 MHz and Varian 500 MHz 

spectrometers. 1H NMR spectra were reported in parts per million (ppm) referenced to 7.26 

ppm of CDCl3 or referenced to the center line of a septet at 2.50 ppm of DMSO-d6. Signal 

splitting patterns were described as singlet (s), doublet (d), triplet (t), quartet (q), quintet 

(quint), or multiplet (m), with coupling constants (J) in hertz. High-resolution mass spectra 

(HRMS) were performed on an electron spray injection (ESI) TOF mass spectrometer.

The liquid chromatography–mass spectrometry (LC–MS) analysis of final products was 

processed on an Agilent 1290 Infinity II LC system using a Poroshell 120 EC-C18 column 

(5 cm × 2.1 mm, 1.9 μm) for chromatographic separation. Agilent 6120 Quadrupole LC/MS 

with multimode electrospray ionization plus atmospheric pressure chemical ionization was 

used for detection. The mobile phases were 5.0% methanol and 0.1% formic acid in purified 

water (A) and 0.1% formic acid in methanol (B). The gradient was held at 5% (0–0.2 

min), increased to 100% at 2.5 min, then held at isocratic 100% B for 0.4 min, and then 

immediately stepped back down to 5% for 0.1 min re-equilibration. The flow rate was set 

at 0.8 mL/min. The column temperature was set at 40 °C. The purities of all of the final 

compounds were determined to be over 95% by LC–MS. See the Supporting Information for 
1H and 13C NMR spectra and LC–MS purity analysis of all compounds.

Procedure for the preparation of compound S1b.

To a 250 mL flask with a magnetic stirring bar, commercially available N-Boc-1,2,3,6-

tetrahydropyridine-4-boronic acid pinacol ester (6.0 g, 19.4 mmol), 2-bromopyridine-4-

carboxaldehyde (2.4 g, 12.9 mmol), Pd(dppf)Cl2 (512 mg, 0.63 mmol), Na2CO3 (3.4 g, 31.5 

mmol), were sequentially added, evacuated, and backfilled with argon. Dimethoxyethane 

(DME) (30 mL) and water (6 mL) were successively added using a syringe. The reaction 

mixture was heated to 80 °C until the starting material 2-bromopyridine-4-carboxaldehyde 

disappeared, as indicated by TLC (~4 h). The mixture was partitioned between ethyl acetate 
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and a saturated solution of sodium bicarbonate; the organic layer was washed with brine, 

dried over Na2SO4, and concentrated in vacuum. The residue was purified by column 

chromatography on silica to provide S1a as colorless oil. (2.2 g, yield of 59%).

A 250 mL flask was charged with a magnetic stirring bar and S1a (2.0 g, 6.94 mmol). 

Next, methanol (70 mL), palladium on carbon (10 wt. %) (0.4 g) and methylamine (40 wt. 

% solution in water) (1.4 mL) were added. A hydrogen balloon was connected with the 

reaction mixture through a needle. The reaction mixture was stirred at room temperature 

until the starting material S1a disappeared, as indicated by TLC. The mixture was filtered 

through Celite and washed with methanol (3 × 5 mL); the mixture was then concentrated in 

vacuum. The residue was purified by column chromatography on silica to provide S1b as 

colorless oil. (2.0 g, yield of 95%).

Procedure for the preparation of compound S2c.

To a 100 mL flask with a magnetic stirring bar, 4-Iodophenol (4.4 g, 20.0 mmol), tert-butyl 

bromoacetate (3.25 mL, 22.0 mmol), K2CO3 (3.04 g, 22.0 mmol), acetone (20 mL) was 

sequentially added. The reaction mixture was heated to 60 °C, until the starting material 

disappeared, as indicated by TLC. The mixture was partitioned between ethyl acetate and 

a saturated solution of sodium bicarbonate; the organic layer was washed with brine, 

dried over Na2SO4, and concentrated in vacuum. The residue was purified by column 

chromatography on silica to provide S2a as light-yellow solid. (6.4 g, yield of 95%).

In a 100 mL flask with a magnetic stirring bar, S2a (3.0 g, 9.0 mmol), methyl 3-

hydroxybenzoic acid (5.0 g, 32.9 mmol), CuI (0.8 g, 4.2 mmol), dimethylglycine (1.0 g, 

9.7 mmol), Cs2CO3 (7.8 g, 23.9 mmol) were sequentially added, evacuated, and backfilled 

with argon. Dioxane (20 mL) was added using a syringe. The reaction mixture was heated 

to 90 °C, until the starting material S2a disappeared, as indicated by TLC. The mixture was 

partitioned between ethyl acetate and a saturated solution of sodium bicarbonate; the organic 

layer was washed with brine, dried over Na2SO4, and concentrated in vacuum. The residue 

was purified by column chromatography on silica to provide S2b as solid. (1.8 g, yield of 

56%).

In a 250 mL flask with a magnetic stirring bar, S2b (1.5 g, 4.2 mmol), tetrahydrofuran 

(20 mL), methanol (20 mL), sodium hydroxide solution (2.0 M) (20 mL) was sequentially 

added. The reaction mixture was stirred at room temperature, until the starting material S2b 
disappeared, as indicated by TLC. The mixture was diluted by 80 mL water, concentrated 

in vacuum to remove methanol and tetrahydrofuran. The aqueous was adjusted to pH 1.0 

by 1.0 N HCl solution, white solid was precipitated, filtrated and dried under vacuum. In a 

250 mL flask with a magnetic stirring bar, the white solid was dissolved in methanol (40 

mL). Amberlyst-15 (15 g) was added. The reaction mixture was stirred at room temperature, 

until the starting material disappeared, as indicated by TLC. Amberlyst-15 was removed by 

filtration and washed by methanol (20 mL × 3). The methanol solution was concentrated in 

vacuum. The residue was purified by column chromatography on silica to provide S2c as 

solid. (0.69 g, yield of 54%).
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Procedure for the preparation of compound S3a.

In a 250 mL flask with a magnetic stirring bar, 3-hydroxybenzoic acid (3.05 g, 22.0 mmol) 

was dissolved in 60 mL of dimethylsulfoxide. Sodium hydride (1.6 g, 42 mmol) was 

added in batches for half an hour. Next, methyl 4-fluorobenzoate (3.24 g, 21.0 mmol) was 

added. The reaction mixture was heated to 70 °C, until the starting material disappeared, as 

indicated by TLC. The mixture was diluted by 140 mL water, then adjusted to pH 1.0 by 1.0 

N HCl solution. The white solid was precipitated, filtrated and dried under vacuum, S3a (3.7 

g, yield of 65%) was obtained as white solid.

Procedure for the preparation of compound S4c.

In a 100 mL flask with a magnetic stirring bar, methyl 3-hydroxybenzoic acid (3.0 g, 

19.7 mmol), ethyl 2-(4-fluorophenyl)-2-oxoacetate (4.0 g, 20.4 mmol), K2CO3 (5.6 g, 40.5 

mmol) and dimethylsulfoxide (60 mL) were sequentially added. The reaction mixture was 

heated to 70 °C, until the starting material disappeared, as indicated by TLC. The mixture 

was partitioned between ethyl acetate and a saturated solution of sodium bicarbonate; the 

organic layer was washed with brine, dried over Na2SO4, and concentrated in vacuum. The 

residue was purified by column chromatography on silica to provide S4a as oil. (5.8 g, yield 

of 90%). S4a (5.7 g) was hydrolyzed following the hydrolysis procedure of the S2b, the 

diacid intermediate (4.0 g, yield of 80%) was obtained as white solid. In a 250 mL flask with 

a magnetic stirring bar, the diacid intermediate (3.0 g, 10.5 mmol), ethylene glycol (50 mL) 

and hydrazine monohydrate (3.28 mL, 52.5 mmol) were sequentially added. The reaction 

mixture was heated to 60 °C for an hour. Next, sodium hydroxide (4.2 g, 105 mmol) was 

added to the reaction mixture and heated to 150 °C for five hours. The mixture was cooled 

to room temperature and diluted by 100 mL water, then adjusted to pH 1.0 by 1.0 N HCl 

solution. The white solid was precipitated, filtrated and dried under vacuum, S4b (2.6 g, 

yield of 91%) was obtained as white solid. In a 250 mL flask with a magnetic stirring bar, 

the white solid S4b (1.3 g, 4.8 mmol) was dissolved in methanol (50 mL). Amberlyst-15 

(13 g) was added. The reaction mixture was stirred at room temperature, until the starting 

material disappeared, as indicated by TLC. Amberlyst-15 was removed by filtration and 

washed by methanol (20 mL × 3). The methanol solution was concentrated in vacuum. The 

residue was purified by column chromatography on silica to provide S4c as solid. (1.0 g, 

yield of 73%).

Procedure for the preparation of compound S5c.

In a 100 mL flask with a magnetic stirring bar, methyl 3-hydroxybenzoic acid (1.52 g, 

10.0 mmol), 4-fluorobenzaldehyde (1.3 g, 10.5 mmol), K2CO3 (2.9 g, 21 mmol) and 

dimethylformamide (10 mL) were sequentially added. The reaction mixture was heated 

to 80 °C, until the starting material disappeared, as indicated by TLC. The mixture was 

partitioned between ethyl acetate and a saturated solution of sodium bicarbonate; the organic 

layer was washed with brine, dried over Na2SO4, and concentrated in vacuum. The residue 

was purified by column chromatography on silica to provide S5a as oil. (2.4 g, yield of 

92%). In a 100 mL flask with a magnetic stirring bar, S5a (1.3 g, 5.0 mmol), malonic acid 

(780 mg, 7.5 mmol), piperidine (0.15 mL, 1.5 mmol) and pyridine (25mL) were sequentially 

added. The reaction mixture was heated to 110 °C, until the starting material disappeared, 
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as indicated by TLC. The mixture was concentrated in vacuum. The residue was purified 

by column chromatography on silica to provide S5b (1.1 g, yield of 74%) as white solid. In 

a 100 mL flask with a magnetic stirring, S5b (1.1 g, 3.7 mmol), palladium on carbon (10 

wt. %) (0.1 g) and methanol (20 mL) were added. A hydrogen balloon was connected with 

the reaction mixture through a needle. The reaction mixture was stirred at room temperature 

until the starting material S5b disappeared, as indicated by TLC. The mixture was filtered 

through celite and washed with methanol (3 × 5 mL); the mixture was then concentrated 

in vacuum. Following the procedure of preparation S2c, the reduced intermediate was 

hydrolyzed and monomethylated, S5c (0.8 g, total yield of 72%) was obtained as white 

solid.

General procedure for the preparation of compound S2–S6.

In a 20 mL flask with a magnetic stirring bar, S1b (305 mg, 1.0 mmol), S2c (303 mg, 

1.0 mmol), dimethylformamide (5 mL), N,N-diisopropylethylamine (0.45 mL, 2.5 mmol) 

and Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium (460 mg, 1.2 mmol) were 

sequentially added. The reaction mixture was stirred at room temperature, until the starting 

material disappeared, as indicated by TLC. The mixture was partitioned between ethyl 

acetate and a saturated solution of sodium bicarbonate; the organic layer was washed with 

brine, dried over Na2SO4, and concentrated in vacuum. The residue was purified by column 

chromatography on silica to provide intermediate (492 mg, yield of 83%) as oil. The 

intermediate (492 mg, 0.83 mmol) was dissolved in mixture solvent (6 mL, 50% (vol/vol) 

trifluoroacetic acid in dichloromethane) at room temperature for half an hour. The mixture 

was concentrated in vacuum. The residue was partitioned between ethyl acetate and a 

saturated solution of sodium carbonate; the organic layer was washed with brine, dried over 

Na2SO4, and concentrated in vacuum. The deprotected intermediate residue was dissolved 

by 4 mL of methanol and transferred to a 20 mL flask with a magnetic stirring, N-Boc-

(methylamino)acetaldehyde (0.16 mL, 0.92 mmol), palladium on carbon (10 wt. %) (0.1 

g) were sequentially added. A hydrogen balloon was connected with the reaction mixture 

through a needle. The reaction mixture was stirred at room temperature until the starting 

material disappeared, as indicated by TLC. The mixture was filtered through celite and 

washed with washed with methanol (3 × 10 mL). The methanol solution was concentrated 

in vacuum. The residue was purified by column chromatography on silica to provide S2 as 

oil. (321 mg, total yield of 60%). S3, S4 and S5 were prepared by the same procedure as S2. 

The deprotected intermediate (116 mg, 0.23 mmol) was dissolved by 1.0 mL of acetonitrile 

and transferred to a 10 mL vial with a magnetic stirring, 2-bromoethyl methyl ether (22 μL, 

0.23 mmol), Cs2CO3 (370 mg, 1.1 mmol) were sequentially added. The reaction mixture 

was stirred at room temperature until the starting material disappeared, as indicated by TLC. 

The mixture was filtered through celite and washed with washed with ethyl acetate (3 × 

10 mL). The solution was concentrated in vacuum. The residue was purified by column 

chromatography on silica to provide S6 as oil. (89 mg, yield of 75%).

General procedure for the preparation of linker AL1+3, AL2+3 to AL2+6.

In a 100 mL flask with a magnetic stirring bar, tyramine (1.89 g, 13.8 mmol), Di-tert-butyl 

decarbonate (3.18 g, 14.6 mmol), dichloromethane (20 mL), triethylamine (2 mL, 14.6 

mmol) was sequentially added. The reaction mixture was stirred at room temperature, until 

Xie et al. Page 12

J Med Chem. Author manuscript; available in PMC 2024 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the starting material disappeared, as indicated by TLC. The mixture was concentrated in 

vacuum. The residue was dissolved in ethyl acetate (80 mL) and sequentially washed with 

1N HCl (2 × 30 mL), water and brine, dried over Na2SO4, and concentrated in vacuum. The 

residue (3.26 g, yield of 100%) was used directly for next step reaction without purification. 

In a 25 mL flask with a magnetic stirring bar, the Boc protected tyramine (680 mg, 2.86 

mmol), K2CO3 (0.95 g, 6.87 mmol), acetonitrile (8 mL), methyl 4-bromobutyrate (0.44 mL, 

3.44 mmol) were sequentially added. The reaction mixture was heated to 80 °C, until the 

starting material disappeared, as indicated by TLC. The mixture was partitioned between 

ethyl acetate and a saturated solution of sodium bicarbonate; the organic layer was washed 

with brine, dried over Na2SO4, and concentrated in vacuum. The residue was purified by 

column chromatography on silica to obtained AL2+3 (736 mg, yield of 76%) as white solid.

General procedure for the preparation of linker RL1 and RL2.

In a 250 mL flask with a magnetic stirring bar, N-boc-piperazine (11.0 g, 59.0 mmol), 

methyl bromoacetate (5.9 mL, 62.0 mmol), acetonitrile (80 mL), triethylamine (16.5 mL, 

118 mmol) was sequentially added. The reaction mixture was stirred at room temperature, 

until the starting material disappeared, as indicated by TLC. The mixture was concentrated 

in vacuum. The residue was dissolved in ethyl acetate (100 mL) and sequentially washed 

water, saturated sodium carbonate and brine, dried over Na2SO4, and concentrated in 

vacuum. The residue (14.5 g, yield of 95%) was used directly for next step reaction without 

purification. The residue (2.3 g, 9.0 mmol) was dissolved in mixture solvent (10 mL, 50% 

(vol/vol) trifluoroacetic acid in dichloromethane) at room temperature for half an hour. The 

mixture was concentrated in vacuum. The deprotected intermediate residue was dissolved 

with 18 mL of methanol and transferred to a 100 mL flask with a magnetic stirring, 

1-boc-piperidine-4-carboxaldehyde (2.1 g, 9.9 mmol), palladium on carbon (10 wt. %) (0.2 

g), N,N-diisopropylethylamine (4.5 mL, 27.0 mmol) were sequentially added. A hydrogen 

balloon was connected with the reaction mixture through a needle. The reaction mixture was 

stirred at room temperature until the starting material disappeared, as indicated by TLC. The 

mixture was filtered through celite and washed with washed with methanol (3 × 20 mL). 

The methanol solution was concentrated in vacuum. The residue was purified by column 

chromatography on silica to provide RL1 as oil. (2.4 g, total yield of 76%).

General procedure for the preparation of 2a-2e, 3a-3e and 3bN (3e was used as an 
example).

In a 20 mL vial with a magnetic stirring bar, RL2 (272 mg, 0.6 mmol), methanol (2 mL), 

sodium hydroxide solution (2.0 N) (2 mL) was sequentially added. The reaction mixture 

was stirred at room temperature, until the starting material RL2 disappeared, as indicated 

by TLC. The mixture was adjusted to pH 7.0 with HCl (2.0 N) (2 mL) and concentrated 

in high vacuum. Boc-VHL was synthesized based on previously published procedures.44 In 

a 20 mL vial with a magnetic stirring bar, Boc-VHL (327 mg, 0.6 mmol) was dissolved 

in mixture solvent (6 mL, 50% (vol/vol) trifluoroacetic acid in dichloromethane) and 

stirred at room temperature until the starting material disappeared, as indicated by TLC. 

The mixture was concentrated in high vacuum. This Boc deprotected intermediate was 

dissolved in 3 mL of dimethylformamide and transfer to the vial contained hydrolyzed RL2, 

a magnetic stirring bar, N,N-diisopropylethylamine (0.43 mL, 2.4 mmol) (Adjust to pH 
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7.0), (7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyAOP) 

(376 mg, 0.72 mmol) were sequentially added. The reaction mixture was stirred at room 

temperature, until the starting material disappeared, as indicated by TLC. The mixture was 

partitioned between ethyl acetate and a saturated solution of sodium carbonate; the organic 

layer was washed with brine, dried over Na2SO4, and concentrated in vacuum. The residue 

was purified by column chromatography on silica to provide intermediate RL2-VHL (379 

mg, yield of 73%). Following the same procedure, S5 (15 mg, 0.023 mmol) was hydrolyzed; 

intermediate RL2-VHL (20 mg, 0.023 mmol) was deprotected the Boc; then amide coupling 

by PyAOP (13 mg, 0.025 mmol) afford Boc-3e (20 mg, yield of 63%). In a 20 mL vial 

with a magnetic stirring bar, Boc-3e (20 mg, 0.0145 mmol) was dissolved in mixture 

solvent (2 mL, 50% (vol/vol) trifluoroacetic acid in dichloromethane) and stirred at room 

temperature until the starting material disappeared, as indicated by TLC. The mixture was 

concentrated in high vacuum. The residue was redissolved in acetonitrile (2 mL), 1N HCl 

methanol solution (44 μL, 0.044 mmol) was added, white solid precipitation was observed. 

The solvent was removed by high vacuum, 3e (19 mg, 0.0145 mmol) was obtained in x·HCl 

salts form.

Compound Characterization Data

tert-butyl 4-(4-((methylamino)methyl)pyridin-2-yl)piperidine-1-carboxylate (S1b)
1H NMR (400 MHz, CDCl3) δ 8.45 (d, J = 5.0 Hz, 1H), 7.12 (s, 1H), 7.08 (dd, J = 5.1, 1.6 

Hz, 1H), 3.75 (s, 2H), 2.95 – 2.71 (m, 4H), 2.46 (s, 3H), 2.0 – 1.81 (m, 3H), 1.80 – 1.60 (m, 

3H), 1.46 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 164.7, 154.9, 149.5, 149.4, 121.1, 120.3, 

79.5, 54.9, 44.7, 44.1, 36.1, 31.8, 28.6.

tert-butyl 2-(4-iodophenoxy)acetate (S2a)
1H NMR (400 MHz, CDCl3) δ 7.61 – 7.52 (m, 2H), 6.72 – 6.64 (m, 2H), 4.47 (s, 2H), 1.48 

(s, 9H). 13C NMR (101 MHz, CDCl3) δ 167.8, 158.0, 138.4, 117.1, 83.9, 82.7, 65.8, 28.2.

methyl 3-(4-(2-(tert-butoxy)-2-oxoethoxy)phenoxy)benzoate (S2b)
1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 7.7 Hz, 1H), 7.62 – 7.56 (m, 1H), 7.36 (dd, J = 

8.2, 7.7 Hz, 1H), 7.15 (dd, J = 8.2, 2.6 Hz, 1H), 7.02 – 6.94 (m, 2H), 6.93 – 6.86 (m, 2H), 

4.51 (s, 2H), 3.88 (s, 3H), 1.49 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 168.2, 166.7, 158.5, 

154.6, 150.6, 131.9, 129.8, 123.9, 122.5, 120.9, 118.6, 116.1, 82.6, 66.4, 52.3, 28.2.

3-(4-(2-methoxy-2-oxoethoxy)phenoxy)benzoic acid (S2c)
1H NMR (400 MHz, DMSO-d6) δ 7.64 (d, J = 7.7 Hz, 1H), 7.48 (dd, J = 8.1, 7.7 Hz, 1H), 

7.38 – 7.30 (m, 1H), 7.23 (dd, J = 8.1, 2.7 Hz, 1H), 7.08 – 7.02 (m, 2H), 7.02 – 6.95 (m, 

2H), 4.80 (s, 2H), 3.71 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 169.3, 166.8, 158.2, 

154.4, 149.4, 132.5, 130.3, 123.5, 121.9, 121.2, 117.0, 116.1, 65.0, 51.9.

3-(4-(methoxycarbonyl)phenoxy)benzoic acid (S3a)
1H NMR (400 MHz, CDCl3) δ 8.08 – 8.00 (m, 2H), 7.93 (d, J = 7.8 Hz, 1H), 7.80 – 7.75 (m, 

1H), 7.49 (dd, J = 8.1, 7.8 Hz, 1H), 7.32 (dd, J = 8.1, 2.6 Hz, 1H), 7.05 – 6.98 (m, 2H), 3.91 
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(s, 3H). 13C NMR (101 MHz, CDCl3) δ 171.4, 166.7, 161.2, 156.2, 132.0, 131.5, 130.4, 

126.2, 125.4, 125.3, 121.4, 117.8, 52.2.

methyl 3-(4-(2-ethoxy-2-oxoacetyl)phenoxy)benzoate (S4a)
1H NMR (400 MHz, CDCl3) δ 8.05 – 7.99 (m, 2H), 7.91 (ddd, J = 7.8, 2.6, 1.1 Hz, 1H), 

7.74 (dd, J = 2.5, 1.5 Hz, 1H), 7.49 (dd, J = 8.1, 7.8 Hz, 1H), 7.29 (ddd, J = 8.1, 2.5, 1.1 Hz, 

1H), 7.05 – 7.01 (m, 2H), 4.43 (q, J = 7.2 Hz, 2H), 3.91 (s, 3H), 1.42 (t, J = 7.1 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 184.9, 166.2, 163.9, 163.2, 155.2, 132.8, 132.5, 130.4, 127.6, 

126.3, 125.1, 121.5, 117.7, 62.5, 52.5, 14.2.

3-(4-(carboxymethyl)phenoxy)benzoic acid (S4b)
1H NMR (400 MHz, DMSO-d6) δ 7.72 – 7.67 (m, 1H), 7.53 – 7.46 (m, 1H), 7.45 – 7.41 

(m, 1H), 7.35 – 7.24 (m, 3H), 7.07 – 6.96 (m, 2H), 3.58 (s, 2H). 13C NMR (101 MHz, 

DMSO-d6) δ 172.8, 166.8, 157.4, 154.7, 132.7, 131.3, 131.0, 130.5, 124.1, 122.8, 119.3, 

118.1, 40.0.

3-(4-(2-methoxy-2-oxoethyl)phenoxy)benzoic acid (S4c)
1H NMR (400 MHz, CDCl3) δ 7.91 – 7.84 (m, 1H), 7.74 (dd, J = 2.6, 1.5 Hz, 1H), 7.45 

(dd, J = 8.1, 7.9 Hz, 1H), 7.33 – 7.25 (m, 3H), 7.05 – 6.97 (m, 2H), 3.74 (s, 3H), 3.65 (s, 

2H). 13C NMR (101 MHz, CDCl3) δ 172.2, 171.7, 157.6, 155.8, 131.2, 131.0, 130.0, 129.6, 

125.1, 124.3, 120.1, 119.4, 52.3, 40.5.

methyl 3-(4-formylphenoxy)benzoate (S5a)
1H NMR (400 MHz, CDCl3) δ 9.93 (s, 1H), 7.98 – 7.81 (m, 3H), 7.73 (dd, J = 2.5, 1.5 Hz, 

1H), 7.48 (dd, J = 8.1, 7.9 Hz, 1H), 7.28 (ddd, J = 8.1, 2.5, 1.1 Hz, 1H), 7.12 – 7.02 (m, 

2H), 3.91 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 190.9, 166.3, 162.7, 155.5, 132.5, 132.2, 

131.8, 130.3, 126.1, 125.0, 121.3, 118.0, 52.5.

(E)-3-(4-(3-(methoxycarbonyl)phenoxy)phenyl)acrylic acid (S5b)
1H NMR (400 MHz, DMSO-d6) δ 7.79 – 7.72 (m, 3H), 7.63 – 7.55 (m, 2H), 7.50 (dd, J = 

2.6, 1.5 Hz, 1H), 7.38 (ddd, J = 8.2, 2.6, 1.1 Hz, 1H), 7.11 – 7.02 (m, 2H), 6.47 (d, J = 16.0 

Hz, 1H), 3.83 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 167.6, 165.5, 157.8, 156.3, 143.1, 

131.6, 130.8, 130.4, 130.0, 124.6, 124.0, 119.0, 118.9, 118.5, 52.4.

3-(4-(3-methoxy-3-oxopropyl)phenoxy)benzoic acid (S5c)
1H NMR (400 MHz, CDCl3) δ 7.88 – 7.82 (m, 1H), 7.75 – 7.69 (m, 1H), 7.44 (dd, J = 8.2, 

7.9 Hz, 1H), 7.26 (dd, J = 8.2, 2.6 Hz, 1H), 7.24 – 7.18 (m, 2H), 7.02 – 6.95 (m, 2H), 3.71 

(s, 3H), 2.98 (t, J = 7.7 Hz, 2H), 2.67 (t, J = 7.7 Hz, 2H). 13C NMR (101 MHz, CDCl3) 

δ 173.5, 171.7, 157.9, 154.9, 136.3, 131.1, 130.0, 129.9, 124.8, 124.0, 119.7, 119.5, 51.8, 

35.9, 30.3.
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methyl 2-(4-(3-(((2-(1-(2-((tert-butoxycarbonyl)(methyl)amino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)(methyl)carbamoyl)phenoxy)phenoxy)acetate (S2)

1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 5.1 Hz, 1H), 7.42 – 7.27 (m, 1H), 7.15 – 6.77 (m, 

9H), 4.76 – 4.36 (m, 4H), 3.81 (s, 3H), 3.54 – 3.31 (m, 2H), 3.31 – 2.83 (m, 8H), 2.82 – 2.50 

(m, 3H), 2.49 – 1.65 (m, 6H), 1.45 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 171.2, 169.4, 

158.6, 155.9, 154.5, 150.6, 149.7, 146.5, 137.3, 130.1, 121.1, 120.6, 119.9, 119.1, 118.5, 

116.4, 116.1, 115.4, 79.6, 65.9, 56.2, 54.1, 52.4, 50.3, 46.4, 44.0, 37.6, 35.0, 31.6, 28.6.

methyl 4-(3-(((2-(1-(2-((tert-butoxycarbonyl)(methyl)amino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)(methyl)carbamoyl)phenoxy)benzoate (S3)

1H NMR (400 MHz, CDCl3) δ 8.49 (d, J = 5.1 Hz, 1H), 8.07 – 7.90 (m, 2H), 7.50 – 7.32 

(m, 1H), 7.25 – 6.81 (m, 7H), 4.76 – 4.41 (m, 2H), 3.89 (s, 3H), 3.51 – 3.30 (m, 2H), 3.26 

– 2.99 (m, 3H), 2.96 – 2.81 (m, 5H), 2.79 – 2.47 (m, 3H), 2.39 – 2.11 (m, 2H), 2.06 – 1.71 

(m, 4H), 1.45 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 170.8, 166.5, 161.1, 156.0, 149.7, 

146.4, 137.7, 131.9, 130.5, 125.3, 123.0, 122.3, 121.3, 120.6, 119.9, 119.3, 118.6, 117.9, 

79.6, 56.3, 54.2, 52.2, 50.4, 46.4, 44.1, 37.6, 34.9, 31.7, 28.5.

methyl 2-(4-(3-(((2-(1-(2-((tert-butoxycarbonyl)(methyl)amino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)(methyl)carbamoyl)phenoxy)phenyl)acetate (S4)

1H NMR (400 MHz, CDCl3) δ 8.49 (d, J = 5.2 Hz, 1H), 7.44 – 7.15 (m, 3H), 7.13 – 6.70 

(m, 7H), 4.77 – 4.38 (m, 2H), 3.70 (s, 3H), 3.60 (s, 2H), 3.43 – 3.28 (m, 2H), 3.13 – 2.85 

(m, 8H), 2.76 – 2.65 (m, 1H), 2.63 – 2.42 (m, 2H), 2.27 – 2.05 (m, 2H), 2.02 – 1.70 (m, 

4H), 1.45 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 172.1, 171.1, 157.5, 155.8, 149.7, 146.4, 

137.4, 130.9, 130.2, 129.6, 121.8, 121.0, 120.4, 120.0, 119.4, 118.6, 117.3, 116.4, 79.5, 

56.4, 54.3, 52.2, 50.4, 46.6, 44.3, 40.5, 37.6, 34.8, 31.9, 28.6.

methyl 3-(4-(3-(((2-(1-(2-((tert-butoxycarbonyl)(methyl)amino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)(methyl)carbamoyl)phenoxy)phenyl)propanoate (S5)

1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 5.0 Hz, 1H), 7.40 – 7.27 (m, 1H), 7.20 – 6.85 (m, 

9H), 4.79 – 4.38 (m, 2H), 3.67 (s, 3H), 3.44 – 3.27 (m, 2H), 3.13 – 2.98 (m, 3H), 2.97 – 2.82 

(m, 7H), 2.76 – 2.66 (m, 1H), 2.62 (t, J = 7.8 Hz, 2H), 2.58 – 2.40 (m, 2H), 2.24 – 2.08 (m, 

2H), 2.02 – 1.69 (m, 4H), 1.45 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 173.3, 171.2, 157.8, 

155.8, 149.7, 146.4, 137.4, 136.3, 130.1, 129.8, 121.6, 120.8, 120.4, 119.8, 119.5, 118.6, 

117.1, 116.2, 79.5, 56.5, 54.3, 51.8, 50.4, 46.6, 44.3, 37.6, 35.8, 34.8, 31.9, 30.3, 28.6.

methyl 2-(4-(3-(((2-(1-(2-methoxyethyl)piperidin-4-yl)pyridin-4-yl)methyl)
(methyl)carbamoyl)phenoxy)phenoxy)acetate (S6)

1H NMR (400 MHz, CDCl3) δ 8.47 (d, J = 5.1 Hz, 1H), 7.40 – 7.28 (m, 1H), 7.12 – 6.83 

(m, 9H), 4.62 (s, 4H), 3.81 (s, 3H), 3.53 (t, J = 5.7 Hz, 2H), 3.35 (s, 3H), 3.16 – 3.04 (m, 

2H), 3.03 – 2.86 (m, 3H), 2.79 – 2.49 (m, 3H), 2.24 – 2.04 (m, 2H), 2.10 – 1.70 (m, 4H). 13C 

NMR (101 MHz, CDCl3) δ 171.1, 169.4, 158.5, 154.5, 150.6, 149.7, 146.4, 137.3, 130.1, 

121.1, 120.4, 119.6, 119.1, 118.4, 116.4, 116.1, 115.4, 70.3, 65.9, 59.0, 58.2, 54.4, 52.4, 

50.3, 44.2, 37.5, 31.7.
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methyl 4-(4-(((tert-butoxycarbonyl)amino)methyl)phenoxy)butanoate (AL1+3)
1H NMR (400 MHz, CDCl3) δ 7.24 – 7.08 (m, 2H), 6.90 – 6.78 (m, 2H), 4.83 (s, 1H), 4.22 

(d, J = 5.9 Hz, 2H), 3.97 (t, J = 6.1 Hz, 2H), 3.67 (s, 3H), 2.51 (t, J = 7.3 Hz, 2H), 2.09 (tt, J 
= 7.3, 6.1 Hz, 2H), 1.44 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 173.7, 158.2, 155.9, 131.3, 

128.9, 114.6, 79.4, 66.8, 51.7, 44.2, 30.6, 28.5, 24.7.

methyl 4-(4-(2-((tert-butoxycarbonyl)amino)ethyl)phenoxy)butanoate (AL2+3)
1H NMR (400 MHz, CDCl3) δ 7.16 – 7.00 (m, 2H), 6.88 – 6.73 (m, 2H), 4.57 (s, 1H), 3.97 

(t, J = 6.1 Hz, 2H), 3.67 (s, 3H), 3.41 – 3.16 (m, 2H), 2.71 (t, J = 7.1 Hz, 2H), 2.51 (t, J = 

7.3 Hz, 2H), 2.21 – 2.01 (m, 2H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 173.7, 157.5, 

156.0, 131.2, 129.8, 114.7, 79.2, 66.8, 51.7, 42.0, 35.4, 30.6, 28.5, 24.7.

methyl 5-(4-(2-((tert-butoxycarbonyl)amino)ethyl)phenoxy)pentanoate (AL2+4)
1H NMR (400 MHz, CDCl3) δ 7.15 – 6.98 (m, 2H), 6.89 – 6.71 (m, 2H), 4.57 (s, 1H), 4.01 

– 3.87 (m, 2H), 3.66 (s, 3H), 3.44 – 3.16 (m, 2H), 2.71 (t, J = 7.1 Hz, 2H), 2.46 – 2.31 (m, 

2H), 1.86 – 1.74 (m, 4H), 1.42 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 174.0, 157.7, 156.0, 

131.1, 129.8, 114.6, 79.2, 67.4, 51.6, 42.1, 35.4, 33.8, 28.8, 28.5, 21.7.

methyl 6-(4-(2-((tert-butoxycarbonyl)amino)ethyl)phenoxy)hexanoate (AL2+5)
1H NMR (400 MHz, CDCl3) δ 7.15 – 7.01 (m, 2H), 6.85 – 6.74 (m, 2H), 4.59 (s, 1H), 3.91 

(t, J = 6.4 Hz, 2H), 3.65 (s, 3H), 3.40 – 3.21 (m, 2H), 2.70 (t, J = 7.0 Hz, 2H), 2.33 (t, J = 7.5 

Hz, 2H), 1.82 – 1.73 (m, 2H), 1.73 – 1.63 (m, 2H), 1.53 – 1.45 (m, 2H), 1.42 (s, 9H). 13C 

NMR (101 MHz, CDCl3) δ 174.0, 157.7, 155.9, 130.9, 129.7, 114.6, 79.1, 67.6, 51.5, 42.0, 

35.3, 34.0, 29.0, 28.4, 25.7, 24.7.

methyl 7-(4-(2-((tert-butoxycarbonyl)amino)ethyl)phenoxy)heptanoate (AL2+6)
1H NMR (400 MHz, CDCl3) δ 7.13 – 7.00 (m, 2H), 6.89 – 6.74 (m, 2H), 4.59 (s, 1H), 3.91 

(t, J = 6.4 Hz, 2H), 3.65 (s, 3H), 3.39 – 3.17 (m, 2H), 2.71 (t, J = 7.1 Hz, 2H), 2.30 (t, J = 

7.5 Hz, 2H), 1.81 – 1.71 (m, 2H), 1.69 – 1.60 (m, 2H), 1.51 – 1.33 (m, 13H). 13C NMR (101 

MHz, CDCl3) δ 174.2, 157.8, 155.9, 130.9, 129.7, 114.6, 79.1, 67.8, 51.5, 42.0, 35.3, 34.0, 

29.2, 28.9, 28.5, 25.8, 24.9.

tert-butyl 4-((4-(2-methoxy-2-oxoethyl)piperazin-1-yl)methyl)piperidine-1-carboxylate (RL1)
1H NMR (400 MHz, CDCl3) δ 3.71 (s, 3H), 3.20 (s, 2H), 2.73 – 2.34 (m, 10H), 2.18 (d, J = 

7.0 Hz, 2H), 1.75 – 1.66 (m, 2H), 1.66 – 1.58 (m, 1H), 1.46 – 1.41 (m, 11H), 1.11 – 0.99 (m, 

2H). 13C NMR (101 MHz, CDCl3) δ 170.8, 155.0, 79.3, 64.4, 59.5, 53.4, 53.1, 51.8, 43.9, 

33.6, 30.8, 28.5.

(2S,4R)-1-((S)-3,3-dimethyl-2-(4-(4-((2-(4-(3-(methyl((2-(1-(2-(methylamino)ethyl)piperidin-4-
yl)pyridin-4-
yl)methyl)carbamoyl)phenoxy)phenoxy)acetamido)methyl)phenoxy)butanamido)butanoyl)-
4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (2a)

1H NMR (400 MHz, MeOD) δ 9.67 (s, 1H), 8.73 (d, J = 6.3 Hz, 1H), 8.01 – 7.73 (m, 2H), 

7.58 – 7.37 (m, 5H), 7.34 – 6.82 (m, 11H), 5.05 – 4.95 (m, 3H), 4.69 – 4.51 (m, 4H), 4.50 
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– 4.32 (m, 3H), 4.08 – 3.81 (m, 5H), 3.74 (dd, J = 11.0, 4.0 Hz, 1H), 3.66 – 3.49 (m, 5H), 

3.45 – 3.36 (m, 2H), 3.14 (s, 3H), 2.83 (s, 3H), 2.57 (s, 3H), 2.53 – 2.28 (m, 6H), 2.25 – 2.15 

(m, 1H), 2.10 – 2.00 (m, 2H), 1.99 – 1.87 (m, 1H), 1.59 – 1.48 (m, 3H), 1.03 (s, 9H). HRMS 

(ESI/[M+H]+) Calcd for [C64H79N9O9S+H]+: 1150.5794, found: 1150.5804. HPLC purity: 

99.1%.

(2S,4R)-1-((S)-3,3-dimethyl-2-(4-(4-(2-(2-(4-(3-
(methyl((2-(1-(2-(methylamino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)carbamoyl)phenoxy)phenoxy)acetamido)ethyl)phenoxy)butanamido)butanoyl)-4-
hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (2b)

1H NMR (400 MHz, MeOD) δ 9.81 (s, 1H), 8.74 (d, J = 6.1 Hz, 1H), 8.06 – 7.77 (m, 2H), 

7.61 – 7.37 (m, 5H), 7.35 – 6.79 (m, 11H), 5.08 – 4.94 (m, 3H), 4.66 – 4.31 (m, 5H), 4.05 – 

3.81 (m, 5H), 3.74 (dd, J = 11.1, 4.0 Hz, 1H), 3.65 – 3.36 (m, 9H), 3.14 (s, 3H), 2.83 (s, 3H), 

2.77 (t, J = 7.4 Hz, 2H), 2.59 (s, 3H), 2.54 – 2.32 (m, 6H), 2.26 – 2.15 (m, 1H), 2.08 – 2.00 

(m, 2H), 1.98 – 1.88 (m, 1H), 1.60 – 1.46 (m, 3H), 1.03 (s, 9H). HRMS (ESI/[M+H]+) Calcd 

for [C65H81N9O9S+H]+: 1164.5951, found: 1164.5938. HPLC purity: 99.6%.

(2S,4R)-1-((S)-3,3-dimethyl-2-(5-(4-(2-(2-(4-(3-(methyl((2-(1-(2-
(methylamino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)carbamoyl)phenoxy)phenoxy)acetamido)ethyl)phenoxy)pentanamido)butanoyl)-4
-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (2c)

1H NMR (400 MHz, MeOD) δ 9.50 (s, 1H), 8.73 (d, J = 6.1 Hz, 1H), 8.01 – 7.70 (m, 2H), 

7.61 – 7.36 (m, 5H), 7.35 – 6.78 (m, 11H), 5.05 – 4.95 (m, 3H), 4.65 – 4.33 (m, 5H), 4.13 – 

3.80 (m, 5H), 3.75 (dd, J = 11.0, 4.0 Hz, 1H), 3.65 – 3.36 (m, 9H), 3.13 (s, 3H), 2.83 (s, 3H), 

2.78 (t, J = 7.0 Hz, 2H), 2.55 (s, 3H), 2.48 – 2.26 (m, 6H), 2.24 – 2.14 (m, 1H), 1.99 – 1.90 

(m, 1H), 1.87 – 1.70 (m, 4H), 1.59 – 1.47 (m, 3H), 1.04 (s, 9H). HRMS (ESI/[M+H]+) Calcd 

for [C66H83N9O9S+H]+: 1178.6107, found: 1178.6109. HPLC purity: 99.0%.

(2S,4R)-1-((S)-3,3-dimethyl-2-(6-(4-(2-(2-(4-(3-
(methyl((2-(1-(2-(methylamino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)carbamoyl)phenoxy)phenoxy)acetamido)ethyl)phenoxy)hexanamido)butanoyl)-4-
hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (2d)

1H NMR (400 MHz, MeOD) δ 9.73 (s, 1H), 8.74 (d, J = 6.0 Hz, 1H), 8.07 – 7.72 (m, 2H), 

7.59 – 7.39 (m, 5H), 7.35 – 6.78 (m, 11H), 5.07 – 4.93 (m, 3H), 4.64 – 4.33 (m, 5H), 4.03 

– 3.80 (m, 5H), 3.74 (dd, J = 11.0, 3.9 Hz, 1H), 3.66 – 3.36 (m, 9H), 3.14 (s, 3H), 2.83 (s, 

3H), 2.77 (t, J = 7.4 Hz, 2H), 2.58 (s, 3H), 2.49 – 2.16 (m, 7H), 1.98 – 1.89 (m, 1H), 1.83 

– 1.61 (m, 4H), 1.60 – 1.43 (m, 5H), 1.04 (s, 9H). 13C NMR (126 MHz, MeOD) δ 175.9, 

173.7, 173.3, 172.3, 171.0, 161.4, 160.0, 159.2, 158.3, 155.9, 155.6, 151.8, 147.4, 144.2, 

143.1, 137.8, 136.4, 132.1, 131.4, 130.8, 130.6, 128.9, 128.1, 127.8, 125.0, 124.8, 122.5, 

122.2, 120.5, 117.3, 115.6, 71.0, 69.1, 68.8, 60.6, 59.1, 58.0, 53.7, 53.6, 52.3, 50.2, 44.3, 

41.8, 39.2, 38.8, 37.6, 36.5, 36.4, 35.6, 33.9, 30.1, 29.2, 27.1, 26.8, 26.8, 22.4, 13.8. HRMS 

(ESI/[M+H]+) Calcd for [C67H85N9O9S+H]+: 1192.6264, found: 1192.6290. HPLC purity: 

99.5%.
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(2S,4R)-1-((S)-3,3-dimethyl-2-(7-(4-(2-(2-(4-(3-(methyl((2-(1-(2-
(methylamino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)carbamoyl)phenoxy)phenoxy)acetamido)ethyl)phenoxy)heptanamido)butanoyl)-4
-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (2e)

1H NMR (400 MHz, MeOD) δ 9.89 (s, 1H), 8.81 – 8.62 (m, 1H), 8.07 – 7.73 (m, 2H), 

7.65 – 7.43 (m, 5H), 7.39 – 6.67 (m, 11H), 5.06 – 4.96 (m, 3H), 4.65 – 4.33 (m, 5H), 4.05 

– 3.83 (m, 5H), 3.74 (dd, J = 10.9, 3.9 Hz, 1H), 3.64 – 3.38 (m, 9H), 3.14 (s, 3H), 2.83 

(s, 3H), 2.78 (t, J = 7.4 Hz, 2H), 2.60 (s, 3H), 2.46 – 2.16 (m, 7H), 1.98 – 1.86 (m, 1H), 

1.81 – 1.60 (m, 4H), 1.54 – 1.36 (m, 7H), 1.04 (s, 9H). HRMS (ESI/[M+H]+) Calcd for 

[C68H87N9O9S+H]+: 1206.6420, found: 1206.6421. HPLC purity: 99.9%.

(2S,4R)-1-((S)-3,3-dimethyl-2-(2-(4-((1-(2-(4-(3-
(methyl((2-(1-(2-(methylamino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)carbamoyl)phenoxy)phenoxy)acetyl)piperidin-4-yl)methyl)piperazin-1-
yl)acetamido)butanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-
yl)phenyl)ethyl)pyrrolidine-2-carboxamide (3a)

1H NMR (400 MHz, MeOD) δ 9.39 (s, 1H), 8.79 – 8.66 (m, 1H), 7.98 – 7.64 (m, 2H), 7.59 

– 7.35 (m, 5H), 7.31 – 6.66 (m, 7H), 5.04 – 4.97 (m, 3H), 4.66 – 4.43 (m, 4H), 4.07 – 3.71 

(m, 6H), 3.71 – 3.35 (m, 16H), 3.24 – 3.02 (m, 8H), 2.91 – 2.73 (m, 4H), 2.53 (s, 3H), 2.50 

– 2.11 (m, 6H), 2.09 – 1.83 (m, 3H), 1.62 – 1.49 (m, 3H), 1.47 – 1.33 (m, 2H), 1.07 (s, 9H). 

HRMS (ESI/[M+H]+) Calcd for [C65H87N11O8S+H]+: 1182.6533, found: 1182.6534. HPLC 

purity: 99.3%.

(2S,4R)-1-((S)-3,3-dimethyl-2-(2-(4-((1-((1-(2-(4-(3-
(methyl((2-(1-(2-(methylamino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)carbamoyl)phenoxy)phenoxy)acetyl)piperidin-4-yl)methyl)piperidin-4-
yl)methyl)piperazin-1-yl)acetamido)butanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-
yl)phenyl)ethyl)pyrrolidine-2-carboxamide (3b)

1H NMR (400 MHz, MeOD) δ 9.76 (s, 1H), 8.75 (d, J = 6.3 Hz, 1H), 8.05 – 7.70 (m, 2H), 

7.62 – 7.39 (m, 5H), 7.35 – 6.61 (m, 7H), 5.09 – 4.95 (m, 3H), 4.67 – 4.35 (m, 4H), 4.10 – 

3.34 (m, 26H), 3.29 – 2.95 (m, 10H), 2.84 (s, 4H), 2.59 (s, 3H), 2.50 – 2.09 (m, 9H), 1.99 – 

1.70 (m, 5H), 1.64 – 1.49 (m, 3H), 1.44 – 1.28 (m, 2H), 1.07 (s, 9H). 13C NMR (126 MHz, 

MeOD) δ 173.8, 173.2, 171.6, 168.7, 161.5, 160.1, 158.3, 156.3, 155.8, 147.5, 143.9, 143.1, 

137.7, 136.6, 131.4, 130.7, 130.6, 128.7, 128.1, 127.9, 125.1, 124.8, 122.3, 122.1, 120.5, 

117.3, 117.2, 71.0, 68.1, 63.4, 62.1, 60.5, 59.4, 58.0, 53.7, 52.3, 51.1, 50.6, 50.2, 45.5, 44.3, 

42.6, 39.3, 39.0, 38.8, 36.6, 34.0, 32.4, 31.5, 30.7, 30.3, 29.2, 28.5, 27.0, 26.9, 22.4, 13.6. 

HRMS (ESI/[M+H]+) Calcd for [C71H98N12O8S+H]+: 1279.7424, found: 1279.7440. HPLC 

purity: 99.4%.

(2S,4R)-4-hydroxy-1-((S)-2-(2-(4-((1-((1-(2-(4-(3-(((2-(1-(2-methoxyethyl)piperidin-4-
yl)pyridin-4-yl)methyl)(methyl)carbamoyl)phenoxy)phenoxy)acetyl)piperidin-4-
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yl)methyl)piperidin-4-yl)methyl)piperazin-1-yl)acetamido)-3,3-dimethylbutanoyl)-N-
((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide (3bN)

1H NMR (400 MHz, MeOD) δ 9.85 (s, 1H), 8.75 (d, J = 5.9 Hz, 1H), 8.12 – 7.71 (m, 2H), 

7.64 – 7.38 (m, 5H), 7.30 – 6.64 (m, 7H), 5.10 – 4.97 (m, 3H), 4.67 – 4.35 (m, 4H), 4.14 – 

3.34 (m, 29H), 3.30 – 3.02 (m, 10H), 2.90 – 2.75 (m, 1H), 2.60 (s, 3H), 2.46 – 2.16 (m, 9H), 

2.02 – 1.88 (m, 3H), 1.87 – 1.68 (m, 2H), 1.63 – 1.49 (m, 3H), 1.45 – 1.31 (m, 2H), 1.08 (s, 

9H). HRMS (ESI/[M+H]+) Calcd for [C71H97N11O9S+H]+: 1280.7264, found: 1280.7287. 

HPLC purity: 99.4%.

(2S,4R)-1-((S)-3,3-dimethyl-2-(2-(4-((1-((1-(4-(3-
(methyl((2-(1-(2-(methylamino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)carbamoyl)phenoxy)benzoyl)piperidin-4-yl)methyl)piperidin-4-
yl)methyl)piperazin-1-yl)acetamido)butanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-
yl)phenyl)ethyl)pyrrolidine-2-carboxamide (3c)

1H NMR (400 MHz, MeOD) δ 9.73 – 9.46 (m, 1H), 8.75 (d, J = 6.1 Hz, 1H), 8.15 – 7.73 

(m, 2H), 7.63 – 6.89 (m, 12H), 5.08 – 4.96 (m, 3H), 4.70 – 4.34 (m, 4H), 3.97 – 3.81 (m, 

5H), 3.79 – 3.36 (m, 19H), 3.27 – 2.87 (m, 11H), 2.83 (s, 3H), 2.57 (s, 3H), 2.49 – 2.11 (m, 

9H), 2.00 – 1.67 (m, 5H), 1.63 – 1.49 (m, 3H), 1.45 – 1.31 (m, 2H), 1.07 (s, 9H). HRMS 

(ESI/[M+H]+) Calcd for [C70H96N12O7S+H]+: 1249.7318, found: 1249.7345. HPLC purity: 

99.6%.

(2S,4R)-1-((S)-3,3-dimethyl-2-(2-(4-((1-((1-(2-(4-(3-
(methyl((2-(1-(2-(methylamino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)carbamoyl)phenoxy)phenyl)acetyl)piperidin-4-yl)methyl)piperidin-4-
yl)methyl)piperazin-1-yl)acetamido)butanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-
yl)phenyl)ethyl)pyrrolidine-2-carboxamide (3d)

1H NMR (400 MHz, MeOD) δ 9.77 (s, 1H), 8.75 (d, J = 6.1 Hz, 1H), 8.13 – 7.74 (m, 2H), 

7.65 – 7.40 (m, 5H), 7.39 – 6.78 (m, 7H), 5.11 – 4.95 (m, 3H), 4.69 – 4.35 (m, 4H), 4.15 – 

3.86 (m, 6H), 3.85 – 3.36 (m, 21H), 3.27 – 3.02 (m, 9H), 2.83 (s, 3H), 2.80 – 2.67 (m, 1H), 

2.59 (s, 3H), 2.52 – 2.10 (m, 9H), 1.99 – 1.67 (m, 5H), 1.64 – 1.49 (m, 3H), 1.26 – 1.02 (m, 

11H). HRMS (ESI/[M+H]+) Calcd for [C71H98N12O7S+H]+: 1263.7475, found: 1263.7491. 

HPLC purity: 99.1%.

(2S,4R)-1-((S)-3,3-dimethyl-2-(2-(4-((1-((1-(3-(4-(3-
(methyl((2-(1-(2-(methylamino)ethyl)piperidin-4-yl)pyridin-4-
yl)methyl)carbamoyl)phenoxy)phenyl)propanoyl)piperidin-4-yl)methyl)piperidin-4-
yl)methyl)piperazin-1-yl)acetamido)butanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-
yl)phenyl)ethyl)pyrrolidine-2-carboxamide (3e)

1H NMR (400 MHz, MeOD) δ 9.76 (s, 1H), 8.76 (d, J = 5.4 Hz, 1H), 8.11 – 7.77 (m, 2H), 

7.67 – 7.43 (m, 5H), 7.38 – 6.82 (m, 7H), 5.09 – 4.97 (m, 3H), 4.70 – 4.34 (m, 4H), 4.11 – 

3.85 (m, 6H), 3.82 – 3.36 (m, 19H), 3.28 – 3.00 (m, 9H), 2.93 (t, J = 7.2 Hz, 2H), 2.83 (s, 

3H), 2.79 – 2.64 (m, 3H), 2.59 (s, 3H), 2.52 – 2.08 (m, 9H), 1.98 – 1.68 (m, 5H), 1.64 – 1.49 

(m, 3H), 1.26 – 1.01 (m, 11H). 13C NMR (126 MHz, MeOD) δ 173.7, 173.2, 173.0, 171.6, 

161.5, 159.5, 156.1, 155.8, 147.5, 143.9, 143.1, 138.3, 137.8, 136.6, 131.4, 131.3, 130.7, 
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130.6, 128.7, 128.1, 127.9, 125.0, 124.9, 122.8, 121.1, 120.6, 117.9, 71.0, 63.5, 62.1, 60.5, 

59.4, 58.0, 53.8, 52.4, 51.0, 50.6, 50.2, 46.4, 44.3, 42.4, 39.3, 39.0, 38.8, 36.6, 35.6, 34.0, 

32.3, 31.9, 31.6, 30.8, 30.2, 29.3, 28.5, 27.0, 26.9, 22.4, 13.7. HRMS (ESI/[M+H]+) Calcd 

for [C72H100N12O7S+H]+: 1277.7631, found: 1277.7608. HPLC purity: 98.1%.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

ADMA asymmetric dimethylarginine

BAF155 BRG1-associated factor 155

CARM1 coactivator-associated Arginine Methyltransferase 1

CRBN cereblon

PABP1 polyadenylate-binding protein 1

PRMT protein arginine methyltransferases

PROTAC proteolysis targeting chimera

SAM S-adenosyl-L-methionine

SAR structure activity relationship

SDMA symmetric dimethylarginine

TLC thin-layer chromatography

TPD target protein degradation

VHL von hippel–lindau
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Figure 1. 
Quick identification of the linker length and E3 ubiquitin ligase for CARM1 PROTAC. (A) 

Crystal structure of CARM1 (gray) in complex with TP-064 (multicolor) (PDB: 5U4X). The 

highlighted phenyl ring of TP-064 is solvent-exposed. (B) The initial PROTAC library was 

derived from the coupling of the CARM1 ligand with a hydrazide functional group and a 

partial PROTAC library with a benzaldehyde functional group.
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Figure 2. 
Structural activity relationship of CARM1 degraders. (A) Chemical structures of CARM1 

degraders, 2a-2e bearing a flexible alkyl linker, 3a-3e bearing a rigid linker that contains 

the combination of piperidine and piperazine rings. (B) and (C) MCF7 cells were treated 

with the compounds at the indicated concentrations for 24 h. Cell lysates were collected and 

the CARM1 levels were detected by western blots. The results are representative of three 

independent experiments. (D) MCF7 cells were treated with DMSO and 0.5 μM of 3b, 3c, 

3d, and 3e for 24 h.
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Figure 3. 
Degradation activities of compounds 3b and 3e. (A) Chemical structure of 3b, 3e and 3bN. 

(B) MCF7 cells were treated with the compounds at 0.5 μM for indicated time. (C) and (D) 

MCF7 cells were treated with the compounds at the indicated concentrations for 24 h. Cell 

lysates were collected and the CARM1 levels were detected by western blots. The results are 

representative of three independent experiments. (E) and (F) DC50 and Dmax were plotted 

and calculated based on three independent biological triplicate western blot assays.
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Figure 4. 
Mechanism and selectivity of degrader 3b. (A) MCF7 cells were co-treated with 0.5 μM of 

3b and DMSO, 7.5 μM of MG132, 20 μM of VH-032, 2 μM of MLN4924, and 10 μM of 

TP-064 for 24 h. Cell lysates were collected and CARM1 levels were detected by Western 

blot. (B) MCF7 cells were treated with DMSO, 3b, or 3bN. Cell lysates were collected 

and CARM1 levels detected by Western blot. (C,D) MCF7 cells were treated with the 

indicated concentration of 3b for 24 h. Cell lysates were collected and PRMT1, PRMT6 and 

PRMT5 levels were detected by Western blot. (E) Volcano plots showed protein expression 

level changes for 3b versus DMSO group. Log2 protein fold changes are plotted against 

the negative log10 p-values. Proteins exhibiting significant alterations (p-value < 0.05, 

Student’s t-test) are represented by points above the non-axial horizontal line. Significantly 

down-regulated proteins are depicted in blue, while up-regulated proteins are depicted in red 

(protein |fold change| > 2).
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Figure 5. 
Biological effect comparison of inhibitor and degrader 3b in cell lines. (A) MCF7 cells were 

treated with indicated concentrations of TP-064 or 3b for 24 h. Cell lysates were collected 

and CARM1, methyl-BAF155, total BAF155, methyl-PABP1, and total PABP1 levels were 

detected by Western blot. (B) BT474 and (C) MDA-MB-231 cells were treated with DMSO, 

10 μM of TP-064, and 0.5 μM of 3b for the indicated times. Cell lysates were collected 

and CARM1, methyl-BAF155, total BAF155 levels were detected by Western blot. (D) 

MDA-MB-231 cells were treated with DMSO, 0.5 μM of 3b, or 10 μM of TP-064 for 7 

days. Cell proliferation rate normalized to day 0 was plotted. (E) and (F) Transwell cell 

migration assays after MDA-MB-231 cells were treated with DMSO, 0.5 μM 3b, or 10 μM 

TP-064. Migrated cells were stained with 1% crystal violet and the percentage of migrated 

cells were plotted. Data mean ± s.d. ***. P ≤ 0.001.
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Scheme 1. 
Synthesis of the functionalized CARM1 binder

Reagents and conditions: (a) Pd(dppf)Cl2, Na2CO3, DME/H2O (5/1), 80 °C, yield 59%; 

(b) MeNH2, Pd/C, H2 (1.0 atm), MeOH, rt; (c) tert-Butyl bromoacetate, K2CO3, KI, 

Acetone, 60 °C; (d) Methyl 3-hydroxybenzoic acid, CuI, dimethylglycine, Cs2CO3, dioxane, 

90 °C, yield 56%; (e) NaOH, THF/MeOH/H2O, rt; (f) Amberlyst-15, MeOH, rt; (g) 3-

Hydroxybenzoic acid, NaH (2.1 equiv), DMSO, 70 °C; (h) K2CO3 (2.1 equiv), DMSO, 70 

°C; (i) Hydrazine hydrate, NaOH, Ethylene glycol, 160 °C; (j) Methyl 3-hydroxybenzoate, 

K2CO3 (2.1 equiv), DMSO, 130 °C; (k) Malonic acid, piperidine (10%), pyridine, reflux; 

(l) Pd/C, H2 (1.0 atm), MeOH, rt; (m) HATU, DIPEA, DMF, rt; (n) TFA/DCM, rt; (o) 

N-Boc-(methylamino)acetaldehyde, Pd/C, H2 (1.0 atm), MeOH, rt; (p) 2-Bromoethyl methyl 

ether, Cs2CO3, acetonitrile, rt.
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Scheme 2. 
Synthesis of CARM1 PROTAC 2a (All other PROTACs were prepared similarly.)

Reagents and conditions: (a) Boc2O, Et3N, DCM, rt; (b) K2CO3, acetonitrile, 80 °C; (c) 

Methyl bromoacetate, DIPEA, acetonitrile, rt; (d) TFA/DCM, rt; (e) 1-Boc-piperidine-4-

carboxaldehyde, Pd/C, DIPEA, H2 (1.0 atm), MeOH, rt; (f) NaOH, MeOH/THF/H2O, rt; (g) 

TFA/DCM, rt; (h) PyAOP, DIPEA, DMF, rt.
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