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Abstract

The ubiquitin-like domain-containing C-terminal domain phosphatase 1 (UBLCP1) has been 

implicated as a negative regulator of the proteasome, a key mediator in the ubiquitin-dependent 

protein degradation. Small molecule inhibitors that block UBLCP1 activity would be valuable as 

research tools and potential therapeutics for human diseases caused by the cellular accumulation 

of misfold/damaged proteins. We report a salicylic acid fragment-based library approach aimed at 

targeting both the phosphatase active site and its adjacent binding pocket for enhanced affinity and 

selectivity. Screening of the focused libraries led to the identification of the first potent and 

selective UBLCP1 inhibitor 13. Compound 13 exhibits an IC50 of 1.0 μM for UBLCP1 and 

greater than 5-fold selectivity against a large panel of protein phosphatases from several distinct 

families. Importantly, the inhibitor possesses efficacious cellular activity and is capable of 

inhibiting UBLCP1 function in cells, which in turn up-regulates nuclear proteasome activity. 

These studies set the groundwork for further developing compound 13 into chemical probes or 

potential therapeutic agents targeting the UBLCP1 phosphatase.
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1. Introduction

The proteasome is responsible for ubiquitin-dependent protein degradation, which is 

essential for cellular homeostasis.1,2 Proper operation of the proteasome is central to diverse 

pathways regulating cell cycle progression, DNA repair, transcription and inflammation. 

Accordingly, proteasome activity is under intricate and dynamic control whereas its 

deregulation is widely associated with many human diseases.3,4 A great number of 

proteasome interacting proteins have been identified that play crucial roles in modulating 

proteasome function. Among these are a group of ubiquitin-like (UBL) domain-containing 

proteins, including substrate shuttle proteins, E3 ubiquitin ligases, and deubiquitinating 

enzymes.5,6 Reversible protein phosphorylation, catalyzed by the opposing activities of 

protein kinases and phosphatases, represents one of the most common post-translational 

modifications of proteins. Not surprisingly, proteasome activity is also regulated by 

phosphorylation. Although many kinases have been documented to phosphorylate the 

proteasome,7–13 much less is known about the identity of protein phosphatases that 

dephosphorylate the proteasome.

Recently it was discovered that the ubiquitin-like domain-containing C-terminal domain 

phosphatase 1 (UBLCP1) binds the 19S regulatory particle via the UBL domain and 

dephosphorylates the 26S proteasome, leading to inhibition of proteasome activity.14 

UBLCP1 is a member of a growing family of novel phosphatases belonging to the haloacid 

dehalogenase (HAD) superfamily of hydrolases.15 Other notable members of the HAD 

phosphatases include the C-terminal domain (CTD) phosphatases Fcp1/Scp1 that serve as 

key regulators of gene transcription by controlling the level of phosphorylation in the C-

terminal domain of RNA polymerase II,16,17 and the Eyes absent (Eya) family of 

transcription factors, which possess intrinsic phosphatase activity that are vital for organ 

formation.18–20 Though UBLCP1 has been identified as a proteasome phosphatase, its 

physiological role is still poorly understood. Given the dynamic nature of protein 

phosphorylation, pharmacological manipulation of the UBLCP1 phosphatase activity may 

afford a powerful approach to investigate the mechanisms by which UBLCP1 regulates the 

diverse proteasome-mediated cellular processes. Moreover, since UBLCP1 knockdown 

enhances nuclear proteasome activity,14 inhibition of UBLCP1 should promote activation of 

proteasome activity, which may be beneficial for alleviating pathological conditions caused 

by increased misfolded/damaged proteins in the cell. We describe here a salicylic acid 

fragment-based library approach, which led to the identification of the first potent and 

selective UBLCP1 inhibitor. Importantly, the inhibitor possesses highly efficacious cellular 

activity and is capable of inhibiting UBLCP1 function in cells, which in turn upregulates 

nuclear proteasome activity.

2. Results and discussion

While all protein kinases share a common three-dimensional core structure and catalyze the 

phosphoryl transfer reaction with the same chemical mechanism,21 nature has evolved 

multiple strategies for enzyme-mediated phosphate monoester hydrolysis, with distinct 

families of protein phosphatases. Unlike the more established Cys-dependent protein 

tyrosine phosphatases (PTPs)22 and metallo Ser/Thr protein phosphatases (the PPP and PPM 
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families),23 the HAD phosphatases employ an active site nucleophilic Asp residue for 

covalent catalysis.24,25 Despite the differences in structure, substrate specificity, and 

mechanism of catalysis, the unifying feature for all protein phosphatases is their ability to 

bind the phosphoryl group from various substrates. Consequently, the development of small-

molecule inhibitors for all protein phosphatases faces two major challenges: (i) the active 

sites of protein phosphatases are positively charged, which favors negatively charged 

molecules with limited cell permeability, and (ii) the active sites are highly conserved 

among each distinct family of protein phosphatases, so it is not trivial to develop inhibitors 

that can selectively differentiate one phosphatase from the others in the same family.

2.1. Identification of a potent and selective UBLCP1 inhibitor from a salicylic acid-based 
focused library approach

We previously reported that salicylic acid derivatives can function as nonhydrolyzable 

phosphotyrosine (pTyr) mimetics and possess PTP inhibitory activity.26,27 We subsequently 

found that bicyclic benzofuran and indole-based salicylic acids show enhanced affinity for 

the PTPs and are sufficiently polar to bind the PTP active site, yet still capable of cell 

membrane penetration. 28–34 The excellent bioavailability associated with these PTP 

inhibitors is not surprising given the fact that salicylic acid, and various natural and synthetic 

benzofuran and indole derivatives are widely found in clinic drugs. Interestingly, salicylic 

acid derivatives have also subsequently been found as pTyr mimetics for SHP2 domain 

proteins.35–37 Importantly, we demonstrated that PTP inhibitor potency and selectivity can 

be achieved by tethering molecular fragments to an appropriate bicyclic salicylic acid core 

to engage both the active site and an adjacent binding pocket.28,30–33 Given the success with 

the PTPs, we initially set out to discover UBLCP1 inhibitors by screening the benzofuran 

and indole-based salicylic acid libraries already prepared in the laboratory. Library 

compounds were screened against UBLCP1 at 25 °C and pH 6.0 using a phosphatase 

activity-based assay with para-nitrophenyl phosphate (pNPP) as a substrate. Unfortunately, 

no compounds showed significant inhibitory activity against UBLCP1 at 3 μM compound 

concentration.

Examination of the crystal structure of the Drosophila UBLCP114 revealed that the active 

site of the enzyme may be too small to accommodate the bicyclic salicylic acid-containing 

substituted benzofuran and indole derivatives. Nonetheless, previous structural analyses of 

PTP-bicyclic salicylic acid-based inhibitor complexes indicated that the hydroxyl group and 

the carboxylic acid within the inhibitors serve as an effective phosphate mimetic.28,30,32,33 

We reasoned that single ring salicylic acids may better suit the UBLCP1 active site, and 

diversity elements attached to the salicylic acid core may increase inhibitor potency and 

selectivity through engagement of binding pockets in the vicinity of the active site.38,39

Figure 1 depicts our salicylic acid based focused library approach for potent and selective 

UBLCP1 inhibitors that are capable of bridging both the active site and an adjacent 

peripheral site. The active site directed single ring salicylic acid cores were generated 

through size reduction of the bicyclic substituted benzofuran. To identify an optimal 

salicylic acid core for UBLCP1, we initially prepared compounds 4a–e (Scheme 1) with R3 

being methoxy, thiophenyl, cyclopentyl, cyclohexyl, and phenyl group. Cores 4a–e were 
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synthesized in four steps from the starting compound 1.31 Compound 1 was converted into 2 
via a SN2 substitution reaction using methyl 2-bromohexanoate in DMSO in the presence of 

potassium carbonate at room temperature. Compounds 3a–e were obtained at room 

temperature via standard Sonogashira reaction conditions with appropriate alkyne. 

Hydrolysis of 3a–e in MeOH with lithium hydroxide yielded cores 4a–e, which were then 

purified by HPLC. To capture additional interactions with adjacent pockets surrounding the 

active site, we build into the salicylic acid cores a substituted acetic acid, which serves as an 

easily functionizable synthetic handle to introduce diverse elements through amide 

chemistry. Thus a structurally diverse and commercially available set of 192 amines (Fig. 2) 

were condensed with hexanoic acid in 4a–e to generate five focused libraries (Scheme 1) 

aimed at capturing additional interactions with adjacent pockets surrounding the active site. 

The amide libraries 5a–c were assembled in 96 well plates in the presence of HBTU, HOBt, 

and DIPEA in DMF. Representative wells from each plate were monitored by LC–MS, 

which indicated that the reactions went well affording products in 60–80% conversions.

The ability of the library compounds to inhibit the UBLCP1-catalyzed hydrolysis of pNPP 

was assessed in situ at pH 6.0 and 25 °C. Out of five 192-member libraries, 4 compounds (6, 

7, 8, and 9, Table 1) displayed measurable inhibitory activity at ~3 μM concentration. They 

were re-synthesized, purified, and their IC50 values for UBLCP1 were determined. As 

shown in Table 1, although the affinity of salicylic acid for UBLCP1 is weak (IC50 = 66 

mM), compounds 6 to 9 exhibited IC50 values of 4.4, 13.5, 4.2, and 8.3 μM respectively, 

which are 4400–15,700 fold more potent than that of salicylic acid alone. The results 

indicate that functionalities attached to salicylic acid contribute significantly to UBLCP1 

inhibition. Encouraged by these results, we proceeded to further optimize compound 4e with 

variations in the R4 substituent on the phenyl ring. For this purpose, 13 new cores were 

synthesized with various electron withdrawing/donating substituent’s at the ortho-, meta-, or 

para-position of the benzene ring. The synthesis of cores 4f–r and libraries 5f–r employed 

the same procedures described above (Scheme 1). High throughput screening of the 13 new 

libraries revealed that compounds with R4 groups at the ortho-position of the benzene ring 

are consistently better inhibitors than those with R4 at the meta- and para-positions. 

Resynthesis of the top hits 10, 11, 12, and 13 confirmed that they were genuine UBLCP1 

inhibitors with IC50 values of 4.2, 5.4, 3.0, and 0.5 μM, respectively, (Table 1). Thus 

compound 13 appeared to be the most potent for UBLCP1, and was selected for further 

characterization.

We then evaluated the selectivity of compound 13 at pH 7.0 and room temperature against a 

large panel of protein phosphatases, including the PTPs: LAR, PTPε, PTPγ, PTP1B, TC-

PTP, SHP1, SHP2, STEP, PTPH1, HePTP, PEZ, VHR, VHZ, CDC14A, MKP5, and low 

molecular weight PTP; and Ser/Thr protein phosphatase 5, and the HAD family CTD 

phosphatase Scp1. IC50 determination for all phosphatases was performed under the same 

conditions except that the pNPP concentrations used for each enzyme corresponded to the 

Km value of the phosphatase under study. As shown in Table 2, compound 13 exhibits 

greater than 5-fold selectivity for UBLCP1 over all phosphatases examined. Of particular 

note, compound 13 exhibits no inhibition of HAD-like phosphatase Scp1 even at 50 μM 

concentration. Lineweaver–Burk plot analysis revealed that the mode of UBLCP1 inhibition 
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by compound 13 is competitive with respect to the substrate pNPP with a Ki of 1.0 ± 0.1 μM 

(Fig. 3). Most importantly, compound 13 displays excellent cellular activity as shown 

below.

2.2. Molecular basis of potent and specific inhibition of UBLCP1 by compound 13

To understand the molecular basis of the potency and selectivity of compound 13 toward 

UBLCP1, we carried out molecular modeling studies and analyzed the most likely binding 

mode of compound 13 with UBLCP1. Since the crystal structure of the human UBLCP1 has 

not been reported, we generated a three-dimensional structure of the phosphatase domain of 

human UBLCP1 by homology modeling40 based on the crystal structure of the Drosophila 

UBLCP1 (PDBID: 3SHQ).14 This homology structure was then used for molecular docking 

calculations in AutoDock4.2.6.41 The binding mode for compound 13 was determined by 

free energy comparisons and conformation cluster analyses of 800 docking runs. As shown 

in Figure 4A and B, the salicylic acid moiety of compound 13 binds into UBLCP1 

phosphatase active site and has a number of Van der Waals contacts with nearby residues, 

mainly including D143, D145, S183, A184, D252, D253, I254 and N257. Moreover, the 

carboxyl oxygen form H-bonds with the backbone amide of A184 and ζ-amine of K230, and 

the hydroxyl group makes a polar interaction with the carboxylate of D252. These 

interactions anchor compound 13 in the active site and provide the essential driving force for 

binding. The trifluoromethoxy benzene group is positioned by the rigid alkyne to a 

positively charged surface primarily constituted by Y146, H151 and R152, and the fluorine 

atoms are in the right place for polar interactions with the imidazole in H151 and guanidine 

in R152. The other branch attached to the salicylic acid core extends from the ridge of the 

active site pocket to a peripheral hydrophobic cavity. The butane forms hydrophobic 

interactions with the aliphatic carbon atoms of I254 and R256, the amide nitrogen is 

hydrogen bonded to the side chain carboxyl of D253, and terminal cyclohexane 

hydrophobically interacts with P270 and M272. Collectively, the abundant interactions 

observed in the model can account for the potency of compound 13 for UBLCP1.

Since the HAD family phosphatases are unrelated to the classical PTPs and the PPP and 

PPM Ser/Thr protein phosphatases, it is not surprising that compound 13 exhibits selectivity 

for UBLCP1 over those tested protein phosphatases (Table 2). A more impressive 

observation is the fact that the IC50 of compound 13 for UBLCP1 is >50 fold lower than that 

for Scp1, which has the same DXDXT catalytic motif as UBLCP1. Through sequence and 

structure alignment of Scp1 with UBLCP1, we found that only 4 out of 17 interacting 

residues are conserved in both enzymes (Fig. 4C). Moreover, the 11-residues fragment right 

after the catalytic loop is highly divergent, and a 16-residues insertion forms two additional 

β-sheets in Scp1 (Fig. 4C and D). These structural differences cause significantly different 

active site pocket for Scp1. As shown in Figure 4E, the electropositive surface interacting 

with trifluoromethoxy benzene in UBLCP1 is changed to an electronegative and more flat 

surface in Scp1; the long insertion largely broadens the active pocket of Scp1; the peripheral 

hydrophobic cavity interacting with cyclohexane in UBLCP1 is converted to a shallow 

groove, all of which are predicted to diminish the interaction between compound 13 and 

Scp1. Together, although Scp1 has the same DXDXT catalytic motif and overall similar 

folds with UBLCP1, the divergent fragment and insertion right after the catalytic loop 
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significantly alter the peripheral portion of the active pocket, make it impossible or much 

less effective to compound 13.

2.3. Cellular activity of compound 13

Given the potency and selectivity of 13 toward UBLCP1, we proceeded to evaluate its 

ability to inhibit UBLCP1-dependent activity inside the cell. UBLCP1 is a novel 

proteasome-associated phosphatase that negatively controls proteasome activity in the 

nucleus.14 Therefore, inhibition of UBLCP1 by compound 13 is expected to result in an 

increase of nuclear proteasome activity in cells. To test this hypothesis, we first directly 

measured proteasome activity from nuclear extracts of HaCaT cells (human keratinocytes) 

pretreated with vehicle control (DMSO) or compound 13. Cleavage of the fluorogenic 

peptide substrate (Suc-LLVY-AMC) by nuclear proteasomes was significantly increased by 

50–60% following compound 13 treatment (Fig. 5A). This level of proteasome activation 

was comparable to that observed in the same cell type expressing UBLCP1 shRNA, which 

enhanced nuclear proteasome activity by 30–40% under the same assay conditions.14 We 

then determined whether this activating effect of compound 13 also holds true for folded 

protein substrates of the proteasome. To this end, we expressed in 293T cells a nuclear 

proteasome activity reporter, which is a modified version of UbG76V-GFP42 that has a 

nuclear localization signal (NLS) fused to its C-terminus (UbG76V-GFP-NLS). Pre-treatment 

of cells with compound 13 markedly accelerated the degradation of this reporter protein, 

again arguing for an enhancement of nuclear proteasome activity (Fig. 5B). These data 

suggest that compound 13 is cell-permeable and also inhibits UBLCP1 function in cells, 

which in turn upregulates nuclear proteasome activity.

3. Conclusion

Small molecule inhibitors are useful tools for probing the biological function and therapeutic 

potential of individual phosphatases, but achieving selectivity is challenging when the target 

phosphatase shares similar catalytic domains with other family members. The novel HAD 

family of protein phosphatases have attracted wide interest because of their emerging roles 

in transcriptional control, epigenetics, neuronal silencing and proteasome regulation. To 

date, only a few compounds targeting Scp143 and Eya244,45 have been reported owing to the 

challenges associated with protein phosphatase inhibitor development. We describe here a 

salicylic acid fragment-based library approach designed to target both the UBLCP1 active 

site and its adjacent binding pocket for enhanced affinity and selectivity. High throughput 

screening of the libraries led to the identification of the first potent (IC50 = 1.0 μM) and 

selective (>5 fold against a large panel of protein phosphatases from three distinct families) 

inhibitor 13 for UBLCP1. Of particular note, compound 13 exhibits greater than 50-fold 

selectivity for UBLCP1 against its HAD phosphatase family member Scp1, despite the 

similar fold of their phosphatase domains with almost identical catalytic site structure.14,24 

Molecular modeling studies revealed the molecular basis of the observed potency and 

specificity of compound 13 for UBLCP1. More importantly, compound 13 possesses 

efficacious cellular activity and is capable of inhibiting UBLCP1 function in cells, which in 

turn up-regulates nuclear proteasome activity. Given the level of specificity and cellular 
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activity, we expect that compound 13 will serve as a useful probe for in vivo interrogation of 

UBLCP1 function.

In addition to basic science application, small molecule UBLCP1 inhibitors may also have 

potential therapeutic applications. Although tremendous efforts have been dedicated to the 

development of therapeutic proteasome inhibitors, agents that activate the proteasome, 

which would have significant clinical utilities for treating human diseases, such as lysosomal 

storage disease, cancer, cystic fibrosis, Alzheimer, Parkinson’s and Huntington’s 

diseases46–52 that are caused by the cellular accumulation of ‘gain-of-function’ misfold/

damaged protein, are scarce. Recently, small-molecule inhibitors of USP14, a proteasome-

interacting deubiquitinating enzyme that antagonizes the degradation of ubiquitinated 

substrates, have been shown to enhance proteasome activity and facilitate the clearance of 

misfolded/aggregated proteins in cells.53 In fact, UBLCP1 and USP14 both bind to similar 

areas on the proteasome and inhibit proteasomal degradation. Therefore, it is anticipated that 

UBLCP1 inhibitors such as compound 13 may produce similar protective effects on cells 

with nuclear protein aggregates (e.g., mutant Huntingtin) and deregulated proteasome 

phosphorylation. Our studies set the foundation for further developing compound 13 into 

chemical probes or potential therapeutic agents targeting the UBLCP1 phosphatase. Given 

the ease and versatility of the salicylic acid fragment-based chemistry described herein, we 

expect that the strategy can be employed to develop cell permeable, potent and selective 

inhibitors for other members of the HAD family of phosphatases.

4. Experimental section

4.1. Materials

Polyethylene glycol (PEG3350) and buffers for crystallization were purchased from 

Hampton Research Co. p-nitrophenyl phosphate (pNPP) was purchased from Fluke Co. 

Dithiothreitol (DTT) was provided by Fisher (Fair Lawn, NJ).

4.2. Chemistry
1H NMR spectra were obtained on a Bruker 500 MHz and 300 MHz NMR instrument. 13C 

NMR spectra were obtained on a Bruker 125 MHz and 75 MHz NMR instrument. The 

chemical shifts were reported as δ ppm relative to TMS, using the residual solvent peak as 

the reference unless otherwise noted. The following abbreviations were used to express the 

multiplicities: s = singlet; d = doublet; t = triplet; q = quartet; m = multiplet; br = broad. 

High-performance liquid chromatography (HPLC) purification was carried out on a Waters 

Delta 600 equipped with a Sunfire Prep C18 OBD column (30 × 150 mm, 5 mM) with 

methanol-water (both containing 0.1% TFA) as the mobile phase (gradient: 30–100% 

methanol, flow 10 mL/min). All the final compounds were obtained in a highly pure form 

(>95%). Resolution mass spectra were obtained on an Agilent Technologies 6130 

Quadrupole LC/MS. High-resolution mass spectra (HRMS) were obtained using 

electrospray ionization (ESI) on a time of flight (TOF) mass spectrometer at the Department 

of Chemistry, Indiana University as a technical service. All reactions were monitored by thin 

layer chromatography (TLC) carried out on Dynamic Adsorbents silica gel plates (0.25 mm 

thick, 60F254), visualized by using UV (254 nm). All compounds used for biological assays 
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were purified by HPLC and are at least of 95% purity based on HPLC analytical results 

monitored with 254 nm wavelengths. All reagents and solvents were purchased from 

commercially available sources (FisherSci, Aldrich, Acros, Alfa Aesar, TCI).

4.3. Synthesis of methyl 2-((6-iodo-2,2-dimethyl-4-oxo-4Hbenzo[ d][1,3]dioxin-7-
yl)oxy)hexanoate (2)

A mixture of 7-hydroxy-6-iodo-2,2-dimethyl-4H-benzo[d][1,3]-dioxin-4-one (1) (10.00 g, 

31.2 mmol), methyl 2-bromohexanoate (6.1 mL, 37.4 mmol), K2CO3 (8.64 g, 62.5 mmol), 

and DMSO (100 mL) was stirred at room temperature for overnight. The mixture was then 

diluted with water and extracted with EtOAc. The combined organic phase was dried over 

Na2SO4 and evaporated under reduced pressure. The product was purified by 

chromatography on a column of silica gel with EtOAc/Hexanes. Yield 13.43 g, 96%. 1H 

NMR (500 MHz, CDCl3) δ 8.32 (s, 1H), 6.22 (s, 1H), 4.72 (m, 1H), 3.78 (s, 3H), 2.05 (m, 

2H), 1.72 (s, 3H), 1.71 (s, 3H), 1.58 (m, 2H), 1.40 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H). 13C 

NMR (125 MHz, CDCl3) δ 170.34, 162.41, 159.31, 157.81, 140.05, 108.44, 106.72, 100.37, 

78.26, 77.77, 52.51, 32.06, 27.15, 25.76, 25.57, 22.14, 13.85. Mass spectra (ESI): m/e 449 

(M+H)+.

4.4. General procedures for the preparation of compounds 4a–r

A Schlenk flask was charged with methyl 2-((6-iodo-2,2-dimethyl-4-oxo-4H-benzo[d]

[1,3]dioxin-7-yl)oxy)hexanoate (1 mmol), Pd(PPh3)Cl2 (0.03 mmol), iPr2NEt (4 mmol), 

alkyne (1.5 mmol). The DMF (4 mL) was added and the flask was evacuated and backfilled 

with N2 three times. After stirring 12 h at room temperature, the reaction was then diluted 

with water, extracted with EtOAc, washed with water and brine. The combined ethyl acetate 

layers were dried over anhydrous Na2SO4, filtered, concentrated to give compounds 3a–r, 

which was directly used in the next step without further purification. To a suspension of 3a–

r (0.5 mmol) in MeOH (3 mL) was added 10% LiOH (3 mL). The obtained mixture was 

refluxed for 2 h, then poured into water, acidified with 3 M HCl aq and extracted with ethyl 

acetate. The organic layers were washed with brine, dried over anhydrous Na2SO4, filtered, 

and concentrated under reduced pressure. The residue was purified by HPLC to furnish the 

corresponding products 4a–r. Protocol for the Prep-HPLC purification method: reverse 

phase HPLC was carried out on Sunfire Prep C18 OBD column (30 ×150 mm, 5 μm). 

Solvent A: water with 0.1% trifluoroacetic acid: Solvent B: methanol with 0.1% 

trifluoroacetic acid. Gradient: After 5 min at the initial condition of 90% A and 10% B, 

solvent B was increased to 100% within 45 min, then maintained at 100% B for 10 min. 

Flow rate was 50 mL/min, UV detector at 254 nm.

4.4.1. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-(3-hydroxyprop-1-yn-1-yl)benzoic 
acid (4a)—Compound 4a was synthesized from methyl 2-((6-iodo-2, 2-dimethyl-4-

oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and prop-2-yn-1-ol following the 

general procedure for the preparation of compounds 4a–r. Yield 63.4% from compound 

2. 1H NMR (300 MHz, Acetone-d6) δ 7.87 (s, 1H), 6.38 (s, 1H), 4.89 (t, J = 6.1 Hz, 1H), 

4.40 (s, 2H), 2.01 (m, 2H), 1.58 (m, 2H), 1.42 (m, 2H), 0.93 (t, J = 7.3 Hz, 3H); 13C NMR 

(75 MHz, Acetone-d6) δ 171.70, 171.63, 164.76, 164.60, 136.00, 106.16, 105.72, 101.24, 

91.99, 79.67, 77.13, 50.95, 32.60, 27.70, 22.76, 14.04. Mass spectra (ESI): m/e 321 (M−H)−.
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4.4.2. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-(thiophen-3-ylethynyl)benzoic 
acid (4b)—Compound 4b was synthesized from methyl 2-((6-iodo-2,2-dimethyl-4-oxo-4H-

benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 3-ethynylthiophene following the general 

procedure for the preparation of compounds 4a–r. Yield 69.8% from compound 2. 1H NMR 

(300 MHz, DMSO-d6) δ 7.84 (s, 1H), 7.76 (dd, J = 2.9, 1.2 Hz, 1H), 7.64 (dd, J = 5.0, 2.9 

Hz, 1H), 7.17 (dd, J = 5.0, 1.2 Hz, 1H), 6.37 (s, 1H), 4.91 (t, J = 5.9 Hz, 1H), 1.93 (q, J = 

7.1 Hz, 2H), 1.45 (m, 4H), 0.85 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) δ 

171.72, 171.09, 163.31, 163.16, 134.59, 129.40, 129.00, 126.95, 121.77, 106.23, 104.10, 

100.72, 87.14, 84.18, 76.05, 31.52, 26.69, 21.86, 13.94. Mass spectra (ESI): m/e 373 (M

−H)−.

4.4.3. 4-((1-Carboxypentyl)oxy)-5-(cyclopentylethynyl)-2-hydroxybenzoic acid 
(4c)—Compound 4c was synthesized from methyl 2-((6-iodo-2,2-dimethyl-4-oxo-4H-

benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and ethynylcyclopentane following the general 

procedure for the preparation of compounds 4a–r. Yield 82.3% from compound 2. 1H NMR 

(500 MHz, DMSO-d6) δ 13.30 (br, 1H), 11.60 (br, 1H), 7.67 (s, 1H), 6.27 (s, 1H), 4.82 (m, 

1H), 2.86 (m, 1H), 2.09 (s, 1H), 1.97–1.87 (m, 4H), 1.72–1.67 (m, 2H), 1.65–1.42 (m, 6H), 

1.38–1.32 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 172.15, 

163.77, 162.93, 134.68, 105.51, 100.91, 97.26, 76.35, 75.48, 33.99, 33.97, 32.13, 31.12, 

30.70, 27.10, 24.97, 22.35, 14.29. Mass spectra (ESI): m/e 359 (M−H)−.

4.4.4. 4-((1-Carboxypentyl)oxy)-5-(cyclohexylethynyl)-2-hydroxybenzoic acid 
(4d)—Compound 4d was synthesized from methyl 2-((6-iodo-2,2-dimethyl-4-oxo-4H-

benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and ethynylcyclohexane following the general 

procedure for the preparation of compounds 4a–r. Yield 79.5% from compound 2. 1H NMR 

(300 MHz, Acetone-d6) δ 7.82 (s, 1H), 6.35 (s, 1H), 4.87 (t, J = 6.0 Hz, 1H), 2.66 (m, 1H), 

1.80 (m, 4H), 1.60 (m, 6H), 1.41 (m, 6H), 0.94 (t, J = 7.3 Hz, 3H); 13C NMR (75 MHz, 

Acetone-d6) δ 171.88, 165.00, 164.29, 135.51, 106.96, 106.09, 101.28, 97.25, 77.18, 76.28, 

33.42, 33.06, 27.99, 26.69, 25.21, 23.11, 14.27. Mass spectra (ESI): m/e 373 (M−H)−.

4.4.5. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-(phenylethynyl) benzoic acid (4e)
—Compound 4e was synthesized from methyl 2-((6-iodo-2,2-dimethyl-4-oxo-4H-benzo[d]

[1,3]dioxin-7-yl)oxy)hexanoate (2) and ethynylbenzene following the general procedure for 

the preparation of compounds 4a–r. Yield 86.7% from compound 2. 1H NMR (300 MHz, 

Acetone-d6) δ 11.50 (s, 1H), 8.00 (s, 1H), 7.54 (m, 2H), 7.40 (m, 3H), 6.44 (s, 1H), 4.97 (t, J 

= 5.9 Hz, 1H), 2.11 (m, 2H), 1.65 (m, 2H), 1.46 (m, 2H), 0.93 (t, J = 7.3 Hz, 3H); 13C NMR 

(75 MHz, Acetone-d6) δ 171.82, 171.74, 165.02, 164.91, 135.81, 131.99, 129.36, 129.00, 

124.54, 106.46, 105.94, 101.48, 92.63, 85.51, 77.24, 32.88, 27.88, 23.03, 14.25. Mass 

spectra (ESI): m/e 367 (M−H)−.

4.4.6. 4-((1-Carboxypentyl)oxy)-5-((2-chlorophenyl)ethynyl)-2-hydroxybenzoic 
acid (4f)—Compound 4f was synthesized from methyl 2-((6-iodo-2,2-dimethyl-4-oxo-4H-

benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1-chloro-2-ethynylbenzene following the 

general procedure for the preparation of compounds 4a–r. Yield 65.3% from compound 

2. 1H NMR (300 MHz, Acetone-d6) δ 8.04 (s, 1H), 7.64 (m, 1H), 7.52 (m, 1H), 7.38 (m, 
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2H), 6.45 (s, 1H), 4.91 (t, J = 6.0 Hz, 1H), 2.11 (m, 2H), 1.65 (m, 2H), 1.43 (m, 2H), 0.91 (t, 

J = 7.3 Hz, 3H); 13C NMR (75 MHz, Acetone-d6) δ 171.80, 165.36, 164.99, 136.30, 135.72, 

134.06, 130.39, 130.18, 127.83, 124.30, 106.66, 105.47, 101.47, 90.96, 89.30, 77.38, 33.01, 

28.03, 23.07, 14.25. Mass spectra (ESI): m/e 401 (M−H)−.

4.4.7. 4-((1-Carboxypentyl)oxy)-5-((3-chlorophenyl)ethynyl)-2-hydroxybenzoic 
acid (4g)—Compound 4g was synthesized from methyl 2-((6-iodo-2,2-dimethyl-4-oxo-4H-

benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1-chloro-3-ethynylbenzene following the 

general procedure for the preparation of compounds 4a–r. Yield 67.2% from compound 

2. 1H NMR (300 MHz, Acetone-d6) δ 8.01 (s, 1H), 7.54 (m, 1H), 7.48 (m, 1H), 7.43 (m, 

2H), 6.44 (s, 1H), 4.98 (t, J = 5.9 Hz, 1H), 2.11 (m, 2H), 1.66 (m, 2H), 1.46 (m, 2H), 0.94 (t, 

J = 7.3 Hz, 3H); 13C NMR (75 MHz, Acetone-d6) δ 170.93, 170.84, 164.46, 164.16, 135.25, 

133.83, 130.65, 130.26, 129.56, 128.26, 125.62, 105.74, 104.51, 100.67, 90.27, 86.21, 

76.42, 32.03, 27.06, 22.23, 13.45. Mass spectra (ESI): m/e 401 (M−H)−.

4.4.8. 4-((1-Carboxypentyl)oxy)-5-((4-chlorophenyl)ethynyl)-2-hydroxybenzoic 
acid (4h)—Compound 4h was synthesized from methyl 2-((6-iodo-2,2-dimethyl-4-oxo-4H-

benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1-chloro-4-ethynylbenzene following the 

general procedure for the preparation of compounds 4a–r. Yield 62.3% from compound 

2. 1H NMR (300 MHz, Acetone-d6) δ 8.00 (s, 1H), 7.54 (dt, J = 8.7, 2.1 Hz, 2H), 7.44 (dt, J 

= 8.7, 2.1 Hz, 2H), 6.44 (s, 1H), 4.97 (t, J = 5.9 Hz, 1H), 2.10 (m, 2H), 1.64 (m, 2H), 1.45 

(m, 2H), 0.92 (t, J = 7.3 Hz, 3H); 13C NMR (75 MHz, Acetone-d6) δ 169.91, 163.41, 

163.17, 134.20, 132.62, 131.76, 127.85, 121.57, 104.79, 103.81, 99.74, 89.66, 84.95, 75.50, 

31.07, 26.12, 21.24, 12.50. Mass spectra (ESI): m/e 401 (M−H)−.

4.4.9. 4-((1-Carboxypentyl)oxy)-5-((3,4-dichlorophenyl) ethynyl)-2-
hydroxybenzoic acid (4i)—Compound 4i was synthesized from methyl 2-((6-iodo-2,2-

dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1,2-dichloro-4-

ethynylbenzene following the general procedure for the preparation of compounds 4a–r. 

Yield 58.6% from compound 2. 1H NMR (300 MHz, Acetone-d6) δ 8.01 (s, 1H), 7.69 (d, J 

= 1.9 Hz, 1H), 7.62 (dd, J = 8.3 Hz, 1H), 7.48 (dd, J = 8.3, 1.9 Hz, 1H), 6.44 (s, 1H), 4.99 (t, 

J = 5.9 Hz, 1H), 2.12 (m, 2H), 1.64 (m, 2H), 1.46 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). 13C 

NMR (75 MHz, Acetone-d6) δ 171.76, 171.67, 165.45, 165.04, 136.21, 133.46, 132.90, 

132.55, 131.73, 131.68, 125.01, 106.65, 105.14, 101.56, 90.23, 88.01, 77.30, 32.85, 27.93, 

23.07, 14.33. Mass spectra (ESI): m/e 435 (M−H)−.

4.4.10. 4-((1-Carboxypentyl)oxy)-5-((3,5-difluorophenyl) ethynyl)-2-
hydroxybenzoic acid (4j)—Compound 4j was synthesized from methyl 2-((6-iodo-2,2-

dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1-ethynyl-3,5-

difluorobenzene following the general procedure for the preparation of compounds 4a–r. 

Yield 61.9% from compound 2. 1H NMR (300 MHz, Acetone-d6) δ 8.02 (s, 1H), 7.11 (m, 

3H), 6.45 (s, 1H), 5.00 (t, J = 5.6 Hz, 1H), 2.11 (m, 2H), 1.64 (m, 2H), 1.46 (m, 2H), 0.94 (t, 

J = 7.4 Hz, 3H). Mass spectra (ESI): m/e 403 (M−H)−.
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4.4.11. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-((2-methoxyphenyl) 
ethynyl)benzoic acid (4k)—Compound 4k was synthesized from methyl 2-((6-iodo-2,2-

dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1-ethynyl-2-

methoxybenzene following the general procedure for the preparation of compounds 4a–r. 

Yield 71.1% from compound 2. 1H NMR (300 MHz, Acetone-d6) δ 7.99 (s, 1H), 7.48 (dd, J 

= 7.6, 1.6 Hz, 1H), 7.36 (ddd, J = 8.4, 7.4, 1.7 Hz, 1H), 7.06 (d, J = 8.0 Hz, 1H), 6.97 (td, J 

= 7.5, 1.0 Hz, 1H), 6.44 (s, 1H), 4.97 (t, J = 6.0 Hz, 1H), 3.91 (s, 3H), 2.10 (m, 2H), 1.67 

(m, 2H), 1.45 (m, 2H), 0.93 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, Acetone-d6) δ 171.85, 

164.81, 160.87, 135.76, 133.93, 130.57, 121.17, 113.71, 111.95, 106.58, 106.45, 101.56, 

89.45, 89.14, 77.33, 56.09, 32.92, 27.84, 23.01, 14.23. Mass spectra (ESI): m/e 397 (M−H)−.

4.4.12. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-((3-methoxyphenyl) 
ethynyl)benzoic acid (4l)—Compound 4l was synthesized from methyl 2-((6-iodo-2,2-

dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1-ethynyl-3-

methoxybenzene following the general procedure for the preparation of compounds 4a–r. 

Yield 76.3% from compound 2. 1H NMR (300 MHz, Acetone-d6) δ 8.00 (s, 1H), 7.31 (t, J = 

7.8 Hz, 1H), 7.11 (dt, J = 7.6, 1.3 Hz, 1H), 7.07 (m, 1H), 6.95 (m, 1H), 6.43 (s, 1H), 4.97 (t, 

J = 5.9 Hz, 1H), 3.83 (s, 3H), 2.10 (m, 2H), 1.66 (m, 2H), 1.46 (m, 2H), 0.93 (t, J = 7.3 Hz, 

3H). 13C NMR (75 MHz, Acetone-d6) δ 171.77, 164.04, 164.94, 160.55, 135.89, 130.45, 

125.57, 124.42, 116.90, 115.35, 106.51, 105.91, 101.51, 92.66, 85.32, 77.28, 55.58, 32.88, 

27.91, 23.05, 14.28. Mass spectra (ESI): m/e 397 (M−H)−.

4.4.13. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-((4-methoxy-
phenyl)ethynyl)benzoic acid (4m)—Compound 4m was synthesized from methyl 2-

((6-iodo-2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1-

ethynyl-4-methoxybenzene following the general procedure for the preparation of 

compounds 4a–r. Yield 71.9% from compound 2. 1H NMR (300 MHz, Acetone-d6) δ 7.97 

(s, 1H), 7.48 (d, J = 8.0 Hz, 1H), 6.97 (d, J = 8.0 Hz, 1H), 6.43 (s, 1H), 4.96 (t, J = 5.8 Hz, 

1H), 3.84 (s, 3H), 2.09 (m, 2H), 1.67 (m, 2H), 1.45 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). 13C 

NMR (75 MHz, Acetone-d6) δ 171.83, 164.78, 164.73, 160.64, 135.52, 133.50, 116.52, 

114.98, 106.43, 101.47, 92.72, 83.99, 77.27, 55.66, 32.91, 27.91, 23.05, 14.29. Mass spectra 

(ESI): m/e 397 (M−H)−.

4.4.14. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-((3-(trifluoromethyl) 
phenyl)ethynyl)benzoic acid (4n)—Compound 4n was synthesized from methyl 2-((6-

iodo-2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1-ethynyl-3-

(trifluoromethyl)benzene following the general procedure for the preparation of compounds 

4a–r. Yield 63.4% from compound 2. 1H NMR (500 MHz, DMSO-d6) δ 7.93 (s, 1H), 7.76 

(m, 3H), 7.65 (t, J = 7.8 Hz, 1H), 6.39 (s, 1H), 4.95 (t, J = 5.8 Hz, 1H), 1.95 (q, J = 7.1 Hz, 

2H), 1.74 (m, 4H), 0.84 (t, J = 7.1 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) δ 171.61, 

171.04, 163.67, 163.51, 135.11, 134.71, 130.07, 129.71 (q, J = 31.8 Hz), 127.25, 124.07, 

123.77 (q, J = 3.8 Hz), 124.07, 123.77 (q, J = 270.9 Hz), 103.35, 100.79, 90.14, 86.93, 

76.05, 31.56, 26.73, 21.92, 13.82. Mass spectra (ESI): m/e 435 (M−H)−.
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4.4.15. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-((2-(trifluoromethoxy) 
phenyl)ethynyl)benzoic acid (4o)—Compound 4o was synthesized from methyl 2-((6-

iodo-2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1-ethynyl-2-

(trifluoromethoxy)benzene following the general procedure for the preparation of 

compounds 4a–r. Yield 59.2% from compound 2. 1H NMR (500 MHz, DMSO-d6) δ 7.87 (s, 

1H), 7.65 (dd, J = 7.4, 1.3 Hz, 1H), 7.48 (m, 3H), 6.42 (s, 1H), 4.93 (t, J = 5.8 Hz, 1H), 1.92 

(q, J = 7.2 Hz, 2H), 1.47 (m, 2H), 1.33 (m, 2H), 0.84 (t, J = 7.2 Hz, 3H). Mass spectra (ESI): 

m/e 451 (M−H)−.

4.4.16. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-((4-(trifluoromethoxy) 
phenyl)ethynyl)benzoic acid (4p)—Compound 4p was synthesized from methyl 2-((6-

iodo-2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and 1-ethynyl-4-

(trifluoromethoxy)benzene following the general procedure for the preparation of 

compounds 4a–r. Yield 58.6% from compound 2. 1H NMR (300 MHz, Acetone-d6) δ 11.52 

(s, 1H), 8.01 (s, 1H), 7.66 (dt, J = 8.9, 2.2 Hz, 2H), 7.38 (m, 2H), 6.45 (s, 1H), 4.98 (t, J = 

5.9 Hz, 1H), 2.10 (m, 2H), 1.65 (m, 2H), 1.45 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H). 13C NMR 

(75 MHz, Acetoned6) δ 170.93, 170.86, 164.41, 164.13, 148.52, 148.50, 135.18, 132.97, 

122.97, 121.28, 120.46 (q, J = 254.4 Hz), 105.70, 104.64, 100.69, 90.27, 85.80, 76.43, 

31.99, 27.05, 22.15, 13.39. Mass spectra (ESI): m/e 451 (M−H)−.

4.4.17. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-((4-(hydroxymethyl) 
phenyl)ethynyl)benzoic acid (4q)—Compound 4q was synthesized from methyl 2-((6-

iodo-2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and (4-

ethynylphenyl)methanol following the general procedure for the preparation of compounds 

4a–r. Yield 73.7% from compound 2. 1H NMR (500 MHz, DMSO-d6) δ 13.40 (br, 1H), 

11.80 (br, 1H), 7.87 (s, 1H), 7.45 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 8.2 Hz, 2H), 6.38 (s, 1H), 

4.93 (t, J = 5.9 Hz, 1H), 4.53 (s, 2H), 1.96 (m, 2H), 1.57 (m, 1H), 1.49 (m, 1H), 1.37 (m, 

2H), 0.88 (t, J = 7.3 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 172.10, 171.50, 163.77, 

163.63, 143.54, 135.04, 131.18, 127.06, 121.55, 106.71, 104.60, 101.14, 92.32, 84.99, 

76.47, 62.98, 32.02, 31.13, 27.10, 22.33, 14.34. Mass spectra (ESI): m/e 397 (M−H)−.

4.4.18. 4-((1-Carboxypentyl)oxy)-2-hydroxy-5-((4-(phenoxymethyl) 
phenyl)ethynyl)benzoic acid (4r)—Compound 4r was synthesized from methyl 2-((6-

iodo-2,2-dimethyl-4-oxo-4H-benzo[d][1,3]dioxin-7-yl)oxy)hexanoate (2) and (prop-2-yn-1-

yloxy)benzene following the general procedure for the preparation of compounds 4a–r. 

Yield 81.3% from compound 2. 1H NMR (300 MHz, Acetone-d6) δ 7.90 (s, 1H), 7.31 (m, 

2H), 7.08 (m, 2H), 6.96 (m, 2H), 6.40 (s, 1H), 5.01 (s, 2H), 4.90 (t, J = 6.2 Hz, 1H), 2.01 (m, 

2H), 1.56 (m, 2H), 1.40 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, Acetone-d6) 

δ 171.76, 165.17, 158.95, 136.49, 130.24, 121.91, 115.73, 106.47, 105.11, 101.43, 87.88, 

82.65, 77.34, 57.03, 33.77, 27.94, 22.93, 14.26. Mass spectra (ESI): m/e 473 (M−H)−.

4.5. General procedure for the preparation of compounds 6–13

For resynthesis of hits in large scale, the 4-carboxymethoxy in 4-(carboxymethoxy)-2-

hydroxybenzoic acid (0.1 mmol, 1.0 equiv) was activated by 1-O-benzotriazole-N,N,N′,N′-

tetramethyluronium hexafluoro-phosphate (HBTU) (0.1 mmol, 1.0 equiv) in DMF for 5 min, 
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then 1-hydroxybenzotriazole (HOBt) (0.1 mmol, 1.0 equiv) and N,N-diisopropylethylamine 

(0.4 mmol, 4.0 equiv) and amine (0.12 mmol, 1.2 equiv) was added. After stirring at room 

temperature for 2 h, the reaction liquids were directly sent to HPLC purification. Protocol 

for the Prep-HPLC purification method: reverse phase HPLC was carried out on Sunfire 

Prep C18 OBD column (30 × 150 mm, 5 μm). Solvent A: water with 0.1% trifluoroacetic 

acid: Solvent B: Methanol with 0.1% trifluoroacetic acid. Gradient: After 5 min at the initial 

condition of 90% A and 10% B, solvent B was increased to 100% within 45 min, then 

maintained at 100% B for 10 min. Flow rate was 50 mL/min, UV detector at 254 nm.

4.5.1. 4-((1-(Cyclooctylamino)-1-oxohexan-2-yl)oxy)-2-hydroxy-5-(thiophen-3-
ylethynyl)benzoic acid (6)—4-((1-Carboxypentyl)oxy)-2-hydroxy-5-(thiophen-3-

ylethynyl)-benzoic acid (4b) was reacted with cyclooctanamine according to the general 

procedure for the preparation of compounds 6–13 and the product was purified by reverse 

phase HPLC to provide compound 6. Yield 81.6%. 1H NMR (500 MHz, DMSO-d6) δ 8.01 

(d, J = 8.0 Hz, 1H), 7.83 (s, 1H), 7.77 (dd, J = 2.9, 1.1 Hz, 1H), 7.64 (dd, J = 5.0, 2.9 Hz, 

1H), 7.18 (dd, J = 5.0, 1.1 Hz, 1H), 6.41 (s, 1H), 4.66 (m, 1H), 3.80 (m, 1H), 1.83 (m, 2H), 

1.66–1.35 (m, 19H), 0.85 (t, J = 7.3 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 170.98, 

168.03, 163.26, 163.21, 134.56, 129.37, 129.01, 126.86, 121.68, 104.20, 101.05, 87.07, 

84.22, 78.23, 48.54, 32.01, 31.19, 31.14, 26.86, 26.81, 26.62, 24.83, 23.12, 23.10, 21.82, 

13.87. Mass spectra (ESI): m/e 482 (M−H)−.

4.5.2. 5-(Cyclopentylethynyl)-4-((1-((2,3-dihydrobenzo[b][1,4] dioxin-6-
yl)amino)-1-oxohexan-2-yl)oxy)-2-hydroxybenzoic acid (7)—4-((1-

Carboxypentyl)oxy)-5-(cyclopentylethynyl)-2-hydroxybenzoic acid (4c) was reacted with 

2,3-dihydrobenzo[b][1,4]-dioxin-6-amine according to the general procedure for the 

preparation of compounds 6–13 and the product was purified by reverse phase HPLC to 

provide compound 7. Yield 88.2%. 1H NMR (500 MHz, DMSO-d6) δ 11.60 (br, 1H), 10.05 

(s, 1H), 7.68 (s, 1H), 7.22 (d, J = 2.5 Hz, 1H), 6.99 (dd, J = 8.7, 2.5 Hz, 1H), 6.79 (d, J = 8.7 

Hz, 1H), 6.32 (s, 1H), 4.73 (m, 1H), 4.20 (m, 5H), 2.86 (m, 1H), 1.93 (m, 4H), 1.71 (m, 2H), 

1.64–1.45 (m, 7H), 1.34 (m, 3H), 0.89 (m, 3H). 13C NMR (125 MHz, DMSO-d6) δ 167.95, 

163.25, 162.44, 142.98, 139.77, 134.36, 131.88, 116.85, 112.79, 108.70, 105.31, 100.73, 

96.94, 78.17, 75.10, 64.18, 63.94, 33.52, 33.49, 32.31, 32.06, 30.25, 26.79, 24.52, 21.91, 

13.86. Mass spectra (ESI): m/e 492 (M−H)−.

4.5.3. 4-((1-(Cyclooctylamino)-1-oxohexan-2-yl)oxy)-5-(cyclopentylethynyl)-2-
hydroxybenzoic acid (8)—4-((1-Carboxypentyl)oxy)-5-(cyclopentylethynyl)-2-hydroxy-

benzoic acid (4c) was reacted with cyclooctanamine according to the general procedure for 

the preparation of compounds 6–13 and the product was purified by reverse phase HPLC to 

provide compound 8. Yield 75.1%. 1H NMR (500 MHz, DMSO-d6) δ 11.50 (br, 1H), 7.96 

(d, J = 8.1 Hz, 1H), 7.66 (s, 1H), 6.33 (s, 1H), 4.60 (m, 1H), 3.81 (m, 1H), 2.86 (m, 1H), 

1.94 (m, 2H), 1.79 (m, 2H), 1.71–1.39 (m, 22H), 1.33 (m, 3H), 0.88 (t, J = 7.2 Hz, 3H). 13C 

NMR (125 MHz, DMSO-d6) δ 168.12, 163.28, 162.57, 134.24, 105.22, 100.84, 96.79, 

77.96, 75.13, 48.51, 33.53, 33.51, 32.20, 31.25, 31.17, 30.24, 26.88, 26.82, 26.67, 24.87, 

24.51, 23.16, 23.11, 21.89, 13.85. Mass spectra (ESI): m/e 468 (M−H)−.
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4.5.4. 4-((1-(Cyclooctylamino)-1-oxohexan-2-yl)oxy)-2-hydroxy-5-
(phenylethynyl)benzoic acid (9)—4-((1-Carboxypentyl)oxy)-2-hydroxy-5-

(phenylethynyl)benzoic acid (4e) was reacted with cyclooctanamine according to the general 

procedure for the preparation of compounds 6–13 and the product was purified by reverse 

phase HPLC to provide compound 9. Yield 86.3%. 1H NMR (300 MHz, DMSO-d6) δ 8.08 

(d, J = 8.0 Hz, 1H), 7.86 (s, 1H), 7.49 (m, 2H), 7.41 (m, 3H), 6.40 (s, 1H), 4.68 (m, 1H), 

1.86 (m, 2H), 1.46 (m, 19H), 0.85 (t, J = 7.0 Hz, 3H). 13C NMR (75 MHz, DMSO-d6) δ 

171.54, 168.50, 163.82, 163.78, 135.12, 131.44, 129.19, 128.93, 123.29, 106.68, 104.59, 

101.43, 92.15, 85.54, 78.57, 49.02, 32.57, 31.62, 31.56, 27.34, 27.29, 27.14, 25.56, 22.35, 

14.38. Mass spectra (ESI): m/e 476 (M−H)−.

4.5.5. 4-((1-(Benzhydrylamino)-1-oxohexan-2-yl)oxy)-2-hydroxy-5-((4-
(hydroxymethyl)phenyl)ethynyl)benzoic acid (10)—4-((1-Carboxypentyl)oxy)-2-

hydroxy-5-((4-(hydroxymethyl) phenyl)ethynyl)benzoic acid (4q) was reacted with 

diphenyl-methanamine according to the general procedure for the preparation of compounds 

6–13 and the product was purified by reverse phase HPLC to provide compound 10. Yield 

89.3%. 1H NMR (500 MHz, DMSO-d6) δ 12.80 (br, 1H), 9.15 (d, J = 8.3 Hz, 1H), 7.86 (s, 

1H), 7.42 (d, J = 8.2 Hz, 2H), 7.35–7.29 (m, 8H), 7.26 (m, 4H), 6.51 (s, 1H), 6.15 (d, J = 8.3 

Hz, 1H), 4.91 (m, 1H), 4.52 (s, 2H), 1.91 (m, 2H), 1.34 (m, 2H), 0.84 (t, J = 7.3 Hz, 

3H). 13C NMR (125 MHz, DMSO-d6) δ 171.00, 168.80, 163.34, 163.19, 143.07, 141.96, 

134.62, 130.75, 128.43, 128.41, 127.30, 127.17, 127.07, 126.57, 121.02, 106.20, 104.27, 

101.05, 91.88, 84.55, 77.67, 62.51, 56.01, 32.18, 26.72, 21.84, 13.89. Mass spectra (ESI): 

m/e 562 (M−H)−.

4.5.6. 4-((1-(((2,3-Dihydrobenzo[b][1,4]dioxin-2-yl)methyl) amino)-1-
oxohexan-2-yl)oxy)-2-hydroxy-5-((3-(trifluoromethyl) phenyl)ethynyl)benzoic 
acid (11)—4-((1-Carboxypentyl)oxy)-2-hydroxy-5-((3-(trifluoromethyl) 

phenyl)ethynyl)benzoic acid (4n) was reacted with (2,3-dihydrobenzo[b][1,4]dioxin-2-

yl)methanamine according to the general procedure for the preparation of compounds 6–13 
and the product was purified by reverse phase HPLC to provide compound 11. Yield 

79.4%. 1H NMR (500 MHz, DMSO-d6) δ 8.47 (m, 1H), 7.93 (d, J = 7.7 Hz, 1H), 7.78 (m, 

2H), 7.74 (d, J = 7.9 Hz, 1H), 6.82 (m, 4H), 6.41 (d, J = 1.4 Hz, 1H), 4.76 (m, 1H), 4.22 (m, 

2H), 3.88 (m, 1H), 3.51–3.37 (m, 3H), 1.89 (m, 2H), 1.49 (m, 2H), 1.35 (m, 2H), 0.83 (m, 

3H). 13C NMR (125 MHz, DMSO-d6) δ 170.84, 170.00, 169.95, 163.59, 142.74, 142.73, 

142.61, 142.59, 134.97, 134.56, 129.90, 129.56 (q, J = 31.7 Hz), 127.14 (q, J = 3.5 Hz), 

124.70, 123.94, 123.62 (q, J = 270.8 Hz), 121.25, 121.09, 116.93, 116.73, 106.53, 103.47, 

101.01, 90.06, 86.89, 78.37, 78.27, 71.29, 71.25, 65.30, 65.25, 38.69, 38.65, 32.09, 32.06, 

29.47, 26.61, 21.77, 13.66. Mass spectra (ESI): m/e 582 (M−H)−.

4.5.7. 4-((1-(Cyclooctylamino)-1-oxohexan-2-yl)oxy)-2-hydroxy-5-((2-
methoxyphenyl)ethynyl)benzoic acid (12)—4-((1-Carboxypentyl)oxy)-2-hydroxy-5-

((2-methoxyphenyl) ethynyl)benzoic acid (4k) was reacted with cyclooctanamine according 

to the general procedure for the preparation of compounds 6–13 and the product was 

purified by reverse phase HPLC to provide compound 12. Yield 73.1%. 1H NMR (500 

MHz, DMSO-d6) δ 7.96 (d, J = 8.1 Hz, 1H), 7.82 (s, 1H), 7.42 (dd, J = 7.6, 1.7 Hz, 1H), 
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7.36 (m, 1H), 7.08 (d, J = 8.15 Hz, 1H), 6.97 (m, 1H), 6.45 (s, 1H), 4.70 (m, 1H), 3.85 (s, 

3H), 3.80 (m, 1H), 1.83 (m, 2H), 1.58 (m, 4H), 1.45 (m, 12H), 1.33 (m, 2H), 0.86 (t, J = 7.3 

Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 171.03, 168.06, 163.18, 163.11, 159.44, 

134.47, 132.78, 130.02, 120.42, 111.83, 111.38, 106.24, 104.73, 101.12, 88.50, 88.45, 

78.22, 55.62, 48.53, 32.04, 31.15, 31.09, 26.85, 26.80, 26.48, 24.78, 23.11, 23.04, 21.85, 

13.82. Mass spectra (ESI): m/e 506 (M−H)−.

4.5.8. 4-((1-(Cyclohexylamino)-1-oxohexan-2-yl)oxy)-2-hydroxy-5-((2-
(trifluoromethoxy)phenyl)ethynyl)benzoic acid (13)—4-((1-Carboxypentyl)oxy)-2-

hydroxy-5-((2-(trifluoromethoxy) phenyl)ethynyl)benzoic acid (4o) was reacted with 

cyclohexanamine according to the general procedure for the preparation of compounds 6–13 
and the product was purified by reverse phase HPLC to provide compound 13. Yield 

69.8%. 1H NMR (500 MHz, DMSO-d6) δ 7.97 (d, J = 8.1 Hz, 1H), 7.87 (s, 1H), 7.67 (dd, J 

= 7.6, 1.7 Hz, 1H), 7.54 (m, 1H), 7.47 (m, 2H), 6.45 (s, 1H), 4.69 (m, 1H), 3.58 (m, 1H), 

1.84 (m, 2H), 1.68 (m, 4H), 1.54 (m, 1H), 1.44 (m, 2H), 1.32 (m, 2H), 1.27–1.08 (m, 5H), 

0.85 (t, J = 7.3 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 171.37, 168.75, 164.20, 163.74, 

148.32, 135.68, 133.94, 130.72, 128.32, 122.23, 120.67(q, J = 255.9 Hz), 117.92, 106.92, 

103.99, 101.52, 90.83, 86.01, 78.70, 47.82, 32.61, 32.56, 32.49, 27.05, 25.56, 24.81, 22.28, 

14.21. Mass spectra (ESI): m/e 532 (M−H)−. HRMS (ESI) calcd for C28H30F3NO6H+: 

534.2098. Found: [M+H]+: 534.2103.

4.6. Expression and purification of UBLCP1

Overnight cultures from Escherichia coli BL21 cells transformed with the pET21a-UBL/

DUBL expression vector were grown at 37 °C, with Amp (100 μg/ml). Protein expression 

was induced with 400 μM IPTG for 15 h at 25 °C. Cell pellets were lysed by French-Press at 

0 °C in lysis buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 5 mM MgCl2, 5 mM 2-

mercaptoethanol, protease inhibitors and 20 mM imidazole). Cell debris was removed by 

high speed centrifugation and the supernatant was loaded onto a Ni-NTA column (Qiagen). 

The (His)6-tagged protein was eluted with 200 mM imidazole in the lysis buffer, 

concentrated and buffer-exchanged into 50 mM Tris, pH 8.0, 50 mM NaCl, 10 mM MgCl2 

and 1 mM DTT. UBLCP1 protein was stored at −80 °C in 30% glycerol.

4.7. Kinetic analysis of UBLCP1 inhibition

UBLCP1 phosphatase activity was assayed using pNPP as a substrate at 25 °C in a pH 6.0 

buffer (50 mM succinate, 100 mM NaCl, 2 mM MgCl2). The assays were performed in 96-

well plates in a total reaction volume of 200 μL. The reaction was initiated by the addition of 

enzyme to a reaction mixture containing pNPP and the isolated. The reaction was quenched 

by the addition of 5 M NaOH. The nonenzymatic hydrolysis of pNPP was corrected by 

measuring the control without the addition of enzyme. The amount of product p-nitrophenol 

was determined from the absorbance at 405 nm detected by a Spectra MAX340 microplate 

spectrophotometer (Molecular Devices) using a molar extinction coefficient of 18,000 M−1 

cm−1. The kcat and Km values were determined by fitting the data using the Enzyme Kinetics 

module in Sigma Plot. For compound screening, the same assay buffer was used and the 

assays were carried out at 25 °C. The salicylic acid based library was screened in a 96-well 
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format at 10 μM compound concentration. The IC50 values for hit compounds were 

determined at 10 mM pNPP concentration.

For selectivity studies, a large panel of phosphatases including members in the PTP family, 

Cdc14A, PTPH1, PEZ, LAR, LMWPTP, PTP1B, STEP, TC-PTP, Laforin, VHR, MKP5, 

VHZ, SHP1, SHP2, HePTP, PTPε, and PTPγ; the Ser/Thr protein phosphatase family 

member PP5, and the HAD phosphatase family member Scp1. IC50 determination for all 

phosphatases was performed under the same conditions except that the pNPP concentrations 

used for each enzyme corresponded to the Km value of the phosphatase under study. Kinetic 

measurements for other phosphatases were conducted at pH 7 and 25 °C in a buffer 

containing 50 mM 3, 3-dimethylglutarate and 1 mM EDTA with an ionic strength of 0.15 M 

adjusted by addition of NaCl. The Inhibitor concentrations used for IC50 measurements 

cover the range from 0.2 to 5× of the IC50 value.

4.8. Molecular modeling study

The three dimensional structure of the phosphatase domain of human UBLCP1 was 

generated by homology modeling in MODELLER 9.14.40 The crystal structure of the 

Drosophila UBLCP1 (PDBID: 3SHQ) was used as a template, and the sequence alignment 

was performed in ClusterX2.54 During homology modeling, the default values were used for 

most parameters except for setting up the following parameters for thorough VTFM and MD 

optimizations: library_schedule = autosched.slow; max_var_iterations = 1000; md_level = 

refine.very_slow; repeat_optimization = 2. In total, 800 homology models were generated 

and the qualities were evaluated by the DOPE-HR method, the model with the lowest 

DOPE-HR score was used for subsequent docking study. The 3D-structure of compound 13 
was generated and energy-minimized using the Chem3D program. Both compound 13 and 

UBLCP1 were introduced into the AutoDockTools1.4.655 for predocking processing, such 

as merging non-polar hydrogens, adding Gasteiger charges, setting rotatable bond for ligand, 

and adding solvation parameter for the receptor. The docking space was visually set around 

the UBLCP1 phosphatase active site, the energy grid size was set to 40 × 44 × 44 points 

with 0.375 Å spacing on each axis, and the energy grid maps for each atom type (i.e., A, C, 

HD, N, OA, SA and Mg), as well as the electrostatics and de-solvation maps were calculated 

using the AutoGrid4. The molecular dockings were carried out in AutoDock4.2.641 using 

LGALS (Lamarckian Genetic Algorithm with Local Search) algorithm. 800 separate 

docking runs were performed and the resulted 800 binding conformations were classified 

into different clusters and ranked according to the calculated binding free energy. Finally, 

binding mode analyses were performed in AutoDockTools1.4.6 by visual inspections and 

energy comparisons.

4.9. Cell culture and measurement of proteasome activity

HaCaT and HEK293T cells were cultured in Dulbecco modified Eagle medium (DMEM) 

with 10% fetal bovine serum and penicillin/streptomycin. HaCaT cells were plated in 

triplicates in a black 96-well plate (2.0 × 104 cells/well). DMSO or compound 13 was added 

the next day and cells were treated for 24 h. In-well fractionation of cells and measurement 

of nuclear proteasome activity using Suc-LLVY-AMC (Enzo Life Sciences) were done as 

previously described.14 To measure UbG76V-GFP-NLS turnover, the reporter was 
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transfected into 293T cells using X-tremeGENE 9 (Roche). Seven hours later, cells were 

pre-treated with DMSO or 13 (10 μM) for 3 h before cycloheximide (CHX, 50 μg/ml) was 

added. GFP signal from cell lysates was measured at the indicated time points after CHX 

treatment using a Tecan Infinite M200 PRO plate reader.
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Figure 1. 
Synthesis strategy for single ring salicylic-based UBLCP1 inhibitors.
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Figure 2. 
Chemical structures of the 192 amines used for library construction.
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Figure 3. 
Lineweaver–Burk plot for SHP2 inhibition by compound 13. Compound 13 is a competitive 

inhibitor of SHP2 with Ki at 1.0 μM. Compound 13 concentrations were 0 (●), 0.5 (○), 1.0 

(◆), and 1.5 (▽) μM, respectively.
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Figure 4. 
The binding mode of compound 13 with UBLCP1, based on homology modeling and 

docking analysis. (A) The salicylic acid of compound 13 binds into the phosphatase active 

site of UBLCP1, while the two attached branches bind to the edge of the active site pocket 

and a peripheral hydrophobic cavity respectively. Compound 13 is shown as stick; UBLCP1 

is represented in surface with electrostatic potential mapped, and the key residues 

constituting the interacting surface are labeled. (B) The interaction details of compound 13 
with UBLCP1. Compound 13 is shown as stick (yellow carbon); residues within 5 Å 

distance of compound 13 are also shown in stick (gray carbon) with names labeled. H-bond 

and/or polar interactions are highlighted by dash lines. (C) Sequence alignment of UBLCP1 

with Scp1. Residue numbers are shown at upper for UBLCP1 and bottom for Scp1. 

Interaction residues shown in (B) are marked with *, and the 4 conserved and 13 divergent 

residues are respectively highlighted in red and yellow. (D) Structure alignment of UBLCP1 

(gray with black residue name) with Scp1 (green with blue residue name). The catalytic 

loop, the highly divergent fragment and subsequent insertion are indicated by arrows. (E) 

The active site pocket of Scp1 with electrostatic potential mapped, the color scale is same as 

that in (A). The binding conformation of compound 13 in UBLCP1 was mapped to show the 

much less efficient interactions with Scp1.
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Figure 5. 
Compound 13 inhibits UBLCP1 activity in cells. (A) HaCaT cells (human keratinocytes) 

were treated with DMSO or the indicated concentrations of 13 for 24 h. Cells were 

fractionated and nuclear proteasome activity was measured by incubating with the 

fluorogenic peptide substrate Suc-LLVY-AMC. (B) 293T cells were transfected with the 

nuclear-targeted proteasome reporter, UbG76V-GFP-NLS. Cells were pre-treated with 

DMSO or 13 (10 μM) before cycloheximide (CHX) was added. GFP signal was measured at 

the indicated time points after CHX treatment.
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Scheme 1. 
Synthesis of salicylic acid-based UBLCP1 inhibitors. Reaction conditions: (a) Methyl 2-

bromohexanoate, K2CO3, DMSO, rt, 96%; (b) R3CCH, pd(pph3)2Cl2, Cul, DMF, rt, 

overnight, 75–89%; (c) LiOH, MeOH/H2O, reflux 90–95%; (d) R1R2NH, HBTU, HOBt, 

DIPEA, DMF, 70–80%.
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Table 1

Structures and IC50 values (μM) of top hits from libraries 5a–r at pH 6.0

Compd# Compound structure IC50

6 4.4 ± 0.2

7 13.5 ± 0.6

8 4.2 ± 0.2

9 8.3 ± 0.4

10 4.2 ± 0.3
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Compd# Compound structure IC50

11 5.4 ± 0.2

12 3.0 ± 0.2

13 0.5 ± 0.1
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Table 2

Selectivity of compound 13 against a large panel of protein phosphatases

PTPs IC50 (μM) for 13

UBLCP1 1.0 ± 0.05

CDC14A 7.2 ± 0.04

PTPH1 13.9 ± 1.3

PEZ 8.3 ± 0.5

LAR >50

LMWPTP >50

PTP1B 12.8 ± 0.7

STEP >50

TC-PTP 10.1 ± 0.4

Laforin 10.3 ± 0.4

VHR 6.0 ± 0.5

MKP5 5.7 ± 0.5

VHZ 11.4 ± 0.93

SHP1 8.0 ± 0.12

SHP2 5.4 ± 0.18

HePTP 8.7 ± 0.48

PTPε >50

PTPγ >50

PP5 >50

Scp1 >50
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