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Abstract

Tuberculosis is an infectious disease caused by the bacterium Mycobacterium tuberculosis (Mtb). 

Mtb protein tyrosine phosphatase B (mPTPB) is a virulence factor required for Mtb survival in 

host macrophages. Consequently, mPTPB represents an exciting target for tuberculosis treatment. 

Here, we identified N-phenyl oxamic acid as a highly potent and selective monoacid-based 

phosphotyrosine mimetic for mPTPB inhibition. SAR studies on the initial hit, compound 4 (IC50 

= 257 nM), resulted in several highly potent inhibitors with IC50 values lower than 20 nM for 

mPTPB. Among them, compound 4t showed a Ki of 2.7 nM for mPTPB with over 4500-fold 

preference over 25 mammalian PTPs. Kinetic, molecular docking, and site-directed mutagenesis 

analyses confirmed these compounds as active site-directed reversible inhibitors of mPTPB. These 

inhibitors can reverse the altered host cell immune responses induced by the bacterial phosphatase. 

Furthermore, the inhibitors possess molecular weights <400 Da, log D7.4 < 2.5, topological polar 

surface area < 75, ligand efficiency > 0.43, and good aqueous solubility and metabolic stability, 

thus offering excellent starting points for further therapeutic development.

Graphical Abstract

INTRODUCTION

Protein tyrosine phosphatases (PTPs) counterbalance the activity of protein tyrosine kinases, 

and consequently, these two enzyme families have a central role in determining the status of 

protein tyrosine phosphorylation inside the cell.1 The phosphorylation of a protein can alter 

its enzymatic activity, subcellular localization, macromolecular interactions, stability, and 

ultimately control normal cellular homeostasis and disease processes.2 Dysregulation of 

PTPs is associated with a multitude of diseases, and many members of the PTP family have 

been recognized as potential therapeutic targets.3 Potent and selective inhibitors of PTPs are 

essential for interrogating the biological function of the PTPs and they may ultimately be 

developed into valuable therapeutics in the treatment of several pathological human 

conditions, including cancer, autoimmune disorders, and infectious diseases.4-7

Tuberculosis (TB), an infectious disease caused by the bacteria called Mycobacterium 
tuberculosis (Mtb),8 is one of the top 10 causes of human death worldwide.9 In 2017, an 

estimated 10 million people became ill with TB and 1.6 million people died of TB 

(including 0.3 million people with HIV-associated TB). It is also estimated that about one-
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quarter of the world’s population has latent TB (people have been infected by TB but are not 

ill (yet) with the disease). The major obstacle in the treatment of TB is antibiotic resistance. 

Some of the common causes of drug resistance are lack of compliance from patients, 

inadequate diagnosis and/or drug regimen, mutation/gene transfer, irregular drug supply, and 

poor drug quality with low bioavailability.10 The rapid emergence of multidrug-resistant 

(MDR) and extensively drug-resistant (XDR) TB demands the development of new 

therapeutic agents with novel molecular targets and mechanisms of actions.11 Antivirulence 

strategies are now emerging as an alternative therapeutic approach to combat antibiotic 

resistance in a number of microbial infections including TB.12-14 Mtb protein tyrosine 

phosphatase B (mPTPB) is a virulence factor that is secreted into the host macrophages.15 

mPTPB is critical for the survival of Mtb and persistence of the infection inside the 

macrophages of animal models. Deletion of mPTPB has no effect on the growth of the 

pathogen itself but reduces the intracellular survival of Mtb in infected macrophages and 

reduces the bacterial load in a guinea pig model of TB infection.16,17 As mPTPB is secreted 

by Mtb into the cytoplasm of macrophages, we previously elucidated the role of mPTPB in 

host cell biology using Raw264.7 mouse macrophages stably expressing mPTPB.18 

Treatment of the Raw264.7 cells with IFN-γ induces the activation of the MAP kinases 

ERK1/2, p38, and JNK. Moreover, IFN-γ stimulation also leads to increased production of 

interleukin-6 (IL-6), a proinflammatory cytokine secreted by the macrophage that is 

involved in upregulating microbicidal activity and initiates the immune response to Mtb. 

Expression of mPTPB in activated macrophages subverts the innate immune responses by 

blocking the ERK1/2 and p38 kinase-mediated IL-6 production and prevents macrophage 

cell death through activation of the AKT pathway, both of which are essential for Mtb to 

overcome the host defense mechanisms.18 Inhibition of mPTPB with small-molecule 

inhibitors can reverse the altered host immune responses induced by the bacterial 

phosphatase and impair the survival of MDR-TB in human macrophages and reduce 

infection burden in guinea pig models.18-23 Selective inhibition of mPTPB also increases the 

intracellular killing efficacy of first-line antibiotics rifampicin and isoniazid, indicating their 

suitability for combination therapies.19,20 These results provide important proof-of-concept 

for the notion that specific inhibitors of mPTPB may serve as effective anti-TB agents. 

Targeting the virulent mPTPB is expected to specifically undermine pathogen–host 

interactions without adverse effects on bacterial growth, therefore exerting less selective 

pressure for drug resistance.24 More importantly, the lack of a human orthologue (minimal 

side effects on the host) makes mPTPB an attractive drug target for specific treatment of TB. 

Moreover, mPTPB inhibitors function within the host macrophage cytosol and 

mechanistically do not overlap with the existing anti-TB agents. Consequently, mPTPB 

inhibitors, when used together with the current anti-TB agents, may reduce the lengthy 

treatment of >6 months. Finally, because mPTPB acts outside of the bacterium, mPTPB 

inhibitors are not required to cross the thick, hydrophobic, and waxy mycobacterial cell wall, 

which presents a significant challenge for the efficient delivery of traditional antibacterial 

agents.25,26

The design and synthesis of inhibitors for PTPs with optimal potency, selectivity, and 

pharmacological properties remain a challenging endeavor mostly because of the highly 

conserved and positively charged nature of PTP active sites. To enable the engagement with 
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the positively charged active-site pockets, numerous negatively charged functional group-

containing compounds such as carboxylic acids, salicylic acids, sulfamic acids, α-

sulfophenylacetic amide (SPAA), and 2-oxalylamino benzoic acid (OBA) have been 

reported as nonhydrolyzable phosphotyrosine (pTyr) mimetics for the inhibition of various 

members of the PTP family.5,27,28 OBA was reported as a competitive, reversible inhibitor 

of protein-tyrosine phosphatase 1B (PTP1B) and cocrystal structures of this chemical class 

were also described (Figure 1).29 OBA was further optimized by structure-based design to 

generate several highly potent PTP1B inhibitors, such as compounds II, III, and IV (Figure 

1).30-32 Although potent (Ki values in the nM range), the high polar surface area (PSA), 

molecular mass, and charge of these compounds make further optimization difficult.33,34 

Hartshorn and co-workers identified compound V as a PTP1B inhibitor using a high-

throughput X-ray crystallography technique.35 This compound showed an IC50 of 86 μM 

against PTP1B, and no selectivity studies or further modifications of V were reported by the 

authors. Grundner et al. reported (oxalylamino methylene)-thiophene sulfonamide (OMTS, 

VI), as a competitive inhibitor for mPTPB. Compound VI showed an IC50 of 440 ± 50 nM 

and over 60-fold selectivity for mPTPB over six human PTPs, although no cellular activity 

data were provided for VI.36

We envisioned that selective and cell-permeable PTP active site-directed inhibitors should 

possess smaller molecular weight (<400 Da) and no more than one negative charge. To this 

end, we designed singly charged N-aryl oxamic acid derivatives as pTyr mimetics for active 

site-directed inhibition of mPTPB. This research led to the development of several highly 

potent and selective N-aryl oxamic acid analogues for mPTPB inhibition. Among them, 

inhibitor 4t exhibited a Ki of 2.7 nM for mPTPB and over 4500-fold selectivity over a panel 

of 25 mammalian PTPs. Importantly, the inhibitors reported here show molecular weights < 

400 Da, log D7.4 < 2.5, ligand efficiency (LE) > 0.43, and good aqueous solubility and 

microsomal stability. In addition, the inhibitor efficiently blocks mPTPB-mediated signaling 

in mouse macrophages, further validating the concept that small-molecule mPTPB inhibitors 

may be developed to treat tuberculosis. The work further demonstrates that it is feasible to 

obtain active site-directed, polar, but cell-permeable PTP inhibitors.

RESULTS AND DISCUSSION

Design and Synthesis of mPTPB Inhibitors.

To identify the best N-aryl oxamic acid-based pTyr mimetics for mPTPB, we first prepared 

phenyl-, biphenyl-, phenylethynyl-, alkynyl phenyl-, and quinoline-containing oxamic acids 

(Figure 2). Compounds 1–8 were prepared by a reaction between the corresponding aryl 

amine and methyl chlorooxoacetate in a DIPEA/tetrahydrofuran (THF) reaction followed by 

mild hydrolysis using 1 N KOH/THF (1:1 v/v) solution. Our efforts to synthesize other 

bicyclic (naphthyl, benzoxazole, and benzothiazole)-based oxamic acids resulted in 

compounds with poor solubility profiles likely because of a higher degree of molecular 

planarity.37 Half-inhibitory concentration values (IC50) of 1–8 were measured in a p-

nitrophenyl phosphate (pNPP) assay against mPTPB, PTP1B, and SHP2 phosphatases.

As shown in Figure 2, the phenylethynyl-containing analogues (4 and 5) demonstrated 

superior inhibition and selectivity for mPTPB in comparison with the biphenyl, alkyl, or 
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bicyclic analogues (2, 3, 6, 7, and 8). Importantly, para derivative 4 showed twofold more 

potency compared to the meta derivative 5, and a similar trend was observed in the case of 

compounds 6 and 7. These results suggest the preference for para substitution over meta for 

mPTPB inhibition. Consequently, we prepared several analogues of compound 4 to further 

improve its activity against mPTPB. Based on the commercial availability of the starting 

materials (aryl halides and aryl alkynes), we used two different synthetic strategies to 

prepare analogues of 4. In the first strategy, we treated 4-ethynyl or 3-ethynyl aniline with 

methyl chlorooxoacetate in a DIPEA/THF reaction to yield the corresponding oxamate ester. 

Subsequently, the oxamate ester was treated with various aryl halides in a Sonogashira 

coupling reaction using Pd(PPh3)Cl2, CuI, Na2CO3, and N,N-dimethylformamide (DMF) to 

provide phenylethynyl oxamate esters in good yields.38 A mild hydrolysis of these esters 

using 1 N KOH/THF furnished the final compounds in excellent yields (Scheme 1A). In the 

second strategy, we treated 4-iodoaniline with methyl chlorooxoacetate in a DIPEA/THF 

reaction to yield methyl 2-((4-iodophenyl)amino)-2-oxoacetate (Scheme 1B). The 

Sonogashira coupling reaction of the ester with alkynes followed by mild hydrolysis 

provided final compounds in excellent yields.

We first introduced several substituents that vary in size and polarity on the distal phenyl 

ring of 4, to improve the binding interactions with mPTPB active-site residues. As shown in 

Table 1, the introduction of substituents such as COOMe, OH, and NMe2 (4a–4d) provided 

inhibitors with over 10-fold improved binding affinity compared to the parent compound 4. 

The double- and triple-substituted compounds showed similar or less activity against 

mPTPB compared to the single-substituted analogues. Importantly, compounds 4f and 4g 
with an ionizable functional group COOH demonstrated ~three-fold decrease in mPTPB 

binding affinity compared to 4d and 4e with nonionizable functional groups. Compounds 4e 
and 4g with aryl alkyne substitution meta to the oxalamide group showed approximately 

twofold less activity compared to their para counterparts, 4d and 4f, respectively. This is 

consistent with the results observed in the case of compounds 4 and 5 (Figure 2). 

Interestingly, changing the position of CF3 from meta (4j) to para (4k) improved the IC50 by 

3.5-fold. In addition, 4p with two CF3 groups showed no improvement in affinity compared 

to 4j with only one CF3. Thus, we evaluated several substituents only at the para position. 

Replacing the CF3 group with tBu, OCF3, or NHBoc resulted in twofold less-potent 

inhibitors (4h, 4i, and 4s). Inhibitors with polar functional groups such as OH, COOH, 

SO2NH2, and CN (4f, 4l, 4m, 4n, and 4o) showed weak activity against mPTPB (Table 1). 

Compounds with naphthalene (4q) or benzyloxybenzene (4r) in place of the distal phenyl 

ring in 4 displayed poor solubility and selectivity (Table 1).

After obtaining the potent inhibitor 4k with an IC50 of 15 nM for mPTPB, we next sought to 

further improve its activity through the installation of additional substituents in the distal 

phenyl ring. Halogens, mainly the lighter ones fluorine and chlorine, are widely used in 

medicinal chemistry.39 Compounds containing chlorine, bromine, or iodine can form 

interactions of the type R─X⋯Y─R (halogen bond), where X is the halogen (acts as a 

Lewis acid) and Y can be any electron-donor moiety. In protein–ligand environments, 

halogen bonds can be formed between a halogen atom in the ligand and any nearby Lewis 

base in the protein, such as backbone carbonyl oxygen.40 Additionally, halogen bonds can 
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be formed with groups present in the side chains, such as −OH (Ser, Thr, and Tyr), −COOH 

(Asp and Glu), sulfur (Cys and Met), nitrogen (His), and the π surfaces (Tyr, Phe, Try, and 

His).41 Moreover, halogens such as fluorine are known to alter the physicochemical 

properties of compounds and increase the metabolic stability of drug molecules.42,43 To this 

end, we synthesized 4t, 4u, and 4v with chlorine, bromine, and fluorine atoms meta to the 

CF3 in 4k, respectively. This resulted in compounds with improved affinity (Table 2). 

Analogues 4t and 4u demonstrated ~twofold improvement in binding compared to 4k, 

which also represents a 44-fold increase in activity compared to parent compound 4 (Table 

1). Although both 4t and 4u showed similar affinity toward mPTPB, 4t showed superior 

aqueous solubility, Log D, c Log P, and selectivity (Table 7). On the other hand, nitrile-

containing analogue, 4w demonstrated a decrease in potency compared to 4k.

Finally, to evaluate the importance of the triple bond, we prepared compounds with a double 

bond or a single bond using the hydrogenation reaction (Table 3). To synthesize compounds 

9 and 10, we used the Lindlar catalyst (5% Pd/BaSO4, quinoline, and H2 gas). On the other 

hand, we used 10% Pd/C, methanol, and H2 gas to synthesize the single bond-containing 

analogues 11 and 12 (Scheme 2). As expected, the potency of the double bond- or single 

bond-containing derivatives dramatically decreased. Compounds 9 and 10 showed 3- and 

45-fold less potency compared to their corresponding alkyne analogues 4 and 4k, 

respectively. Similarly, compounds 11 and 12 showed 5- and 13-fold less activity compared 

to 4 and 4k, respectively. These observations indicate the importance of rigidity and 

directionality of the triple-bonded substitutions at the para position of the N-aryloxamic acid 

core for optimal interaction with mPTPB.

Inhibitor Selectivity Studies.

In order to enable pharmacological assessment of mPTPB as a novel anti-TB target, the 

specificity of the mPTPB inhibitor is of utmost importance. Compounds 4g, 4k, and 4t were 

subjected to specificity profiling for mPTPB versus a large panel of PTPs, including the 

bacterial PTPs, mycobacterium protein tyrosine phosphatase A (mPTPA) (the only other 

PTP in the Mtb genome)8 and YopH from Yersinia; the nonreceptor PTPs, SHP1, SHP2, 

PTP1B, TC-PTP, MEG2, HePTP, STEP, FAP1, and LYP; the receptor-like PTPs, CD45, 

PTPσ, PTPα, PTPμ, PTPγ, and PTPε; and the dual-specificity phosphatases Laforin, VHR, 

MKP3, MKP5, and Cdc14A. Compound 4g was subjected to specificity profiling for 

mPTPB versus a panel of over 25 PTPs. This compound showed no inhibition against the 

majority of PTPs even at 50 μM, except SHP1, SHP2, PTP1B, LMWPTP, and PTPβ (Table 

4). On the other hand, when screened at 30 μM, compounds 4k and 4t showed no inhibition 

against PTPs tested, suggesting selectivity greater than 2000- and 4500-fold for mPTPB over 

other PTPs, respectively.

The mode of mPTPB inhibition by these compounds was determined by steady-state kinetic 

analyses, varying the substrate pNPP and inhibitor concentrations. Lineweaver–Burk plots of 

these inhibitors revealed them as classic competitive inhibitors, affecting the apparent Km 

value, while Vmax was unchanged (Figure 3). This observation is consistent with the 

expectation that these compounds bind to the active site of mPTPB because of the pTyr 

mimetic properties of the N-aryl oxamic acid moiety. Compounds 4t, 4u, and 4v showed 
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inhibition constant (Ki) values of 2.7 ± 0.2, 1.2 ± 0.1, and 4.9 ± 0.6 nM, respectively. To rule 

out the possibility of promiscuous inhibition, we conducted IC50 experiments for 4p and 4v 
with and without 0.01% (v/v) of Triton X-100 in the buffer and time-dependent inhibition 

(enzyme and inhibitor were preincubated for 30 min prior to IC50 determination).44,45 These 

experiments showed no significant difference in the IC50 values of the inhibitors tested, 

suggesting them as valid active site-directed inhibitors for mPTPB.

Molecular Docking Studies.

To understand the potential interactions between these inhibitors and mPTPB, we conducted 

molecular docking studies using Glide.46 The active site structures of PTPs are positively 

charged, which facilitates their interaction with negatively charged molecules, such as pTyr 

mimetics with high affinity (Figure 4A). All PTPs share a conserved active-site signature 

motif of HCX5R, in the catalytic domain of about 240 amino acids. The phosphate-binding 

loop (P-loop) harbors the catalytic cysteine (Cys160 in mPTPB) within the HCX5R motif. 

The P-loop sequence of HCFAGKDR is unique to mPTPB and differentiates this enzyme 

from other members of the PTP family. A comparison of P-loop residues of mPTPB with 

various members of the PTP superfamily is shown in Figure 4B,C.

Compared to its mammalian PTP counterparts, mPTPB has a relatively deeper and broader 

active site, which is consistent with its additional phosphoinositide activity.47 Based on the 

docking model, the polar oxamic acid head group occupies the P-loop region (blue, Figure 

5A) with various polar interactions and the hydrophobic distal phenyl ring bearing CF3 fills 

the hydrophobic region (red, Figure 5A). As predicted by the modeling work, inhibitor 4t 
binds to the active-site pocket of mPTPB and makes key hydrogen-bonding interactions with 

P-loop residues, Phe161, Ala162, Lys164, Asp165, and Arg166 (Figure 5B). The oxalamide 

group forms an intricate network of hydrogen bonds to Asp165, Arg166, and the backbone 

of Phe161, Gly-163, and Asp165. In mPTPB, Phe161 is adjacent to the catalytic cysteine 

making hydrophobic contacts with the phenyl ring in 4t, whereas the human PTPs such as 

PTP1B, SHP1, SHP2, TC-PTP, and HePTP have a Ser in this position. Most importantly, 

three of the P-loop amino acids Phe161, Lys164, and Asp165 that make H-bonding 

interactions with 4t are not present in other mammalian PTPs (Figure 4B).36 The internal 

alkyne provides the required space between the two aromatic rings, which allows the distal 

benzene ring to make hydrophobic interactions with Phe98. In addition, the fluorine atoms 

in CF3 of 4t are making favorable interactions with a hydrophobic pocket formed by 

residues Ile203, Met206, and Ile207. Hence, the high affinity of 4k, 4t, 4u, and 4v for 

mPTPB is likely attributed to the proposed hydrophobic interactions of the fluorine atoms in 

CF3 with the hydrophobic pocket in addition to the polar interactions between the oxamic 

acid moiety and the P-loop residues. Thus, these molecules achieve their high potency and 

selectivity by exploiting the nonconserved regions in both hydrophilic and hydrophobic 

regions in the mPTPB active site. The abovementioned findings suggest that these 

compounds are expected to show specificity toward mPTPB over other PTPs in addition to 

the ones screened here (Table 4).
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Mutagenesis of Key Binding Residues in mPTPB.

To further validate the binding mode, we mutated residues that are predicted to make 

interactions with 4t (Figure 5B). Molecular docking studies predicted the hydrogen bonding 

interactions between the oxamic acid moiety and the Phe161, Lys164, and Asp165 residues, 

which are unique to mPTPB (Figure 4B). On the other hand, the PhCF3 group is suggested 

to form hydrophobic interactions with the side chains of residues Ile203, Met206, and 

Ile207. To ascertain the importance of the unique P-loop residues in binding 4t, we 

substituted residues Phe161, K164, and Asp165 to their mammalian PTP counterparts, 

namely, Ser, Gly, and Ile, respectively. To increase the distance between the PhCF3 and the 

sec-butyl side chain of Ile203 and Ile207 in order to disrupt this hydrophobic interaction, we 

mutated both residues to alanine (methyl side chain). To further disrupt this pocket, we also 

replaced Ile207 by a lysine, which represents a hydrophobic to hydrophilic residue 

conversion. The wild-type and all of the mutant mPTPB were expressed in Escherichia coli 
and purified to homogeneity. As shown in Table 5, the kinetic parameters of kcat and Km for 

I203A, I207A, and I207K are comparable to those of the wild-type mPTPB, indicating that 

these mutations do not perturb the overall enzyme structure and function. Consistent with 

the importance of the P-loop in PTP catalysis, the K164I and D165G mutants exhibit no 

measurable phosphatase activity. Interestingly, although the kcat for F161S is 14.6-fold lower 

than that of the wild-type enzyme, the Km values are similar for both the wild-type mPTPB 

and F161S.

We then determined the impact of altering mPTPB residues Ile203, Ile207, and Phe161 on 

the IC50 values of compounds 4k, 4t, 4u, and 4v. Mutant I203A showed a 3–6-fold decrease 

in binding affinity, while I207A demonstrated 13–18-fold decrease in inhibition for 

compounds 4k, 4t, 4u, and 4v as compared to the wild type (Table 6). The decrease in 

affinity was in the expected range as we have shown that addition of the CF3 group 

increased the affinity of our core compound by 18-fold (compound 4 vs 4k). This indicates 

that the CF3 group likely fits in the abovementioned hydrophobic pocket and hence increases 

the binding affinity of the inhibitor series derived from 4k. Not to our surprise for mutant 

I207K, the loss in affinity was even higher, around 41–166-fold for compounds 4k, 4t, 4u, 

and 4v, which is in line with the extent of the structural perturbation at this position. 

Consistent with the importance of P-loop residues in binding the oxamic acid moiety, the 

IC50 values of F161S for compounds 4k, 4t, 4u, and 4v are 570–1800-fold higher than those 

of the wild-type mPTPB. Taken together, these observations support the proposed binding 

mode for compound 4t and its close analogues and indicate that compounds 4k, 4t, 4u, and 

4v indeed bind to the mPTPB active site.

Physicochemical Properties.

Given the excellent potency and selectivity of these inhibitors, we next set out to measure or 

calculate the physicochemical properties for selected compounds. Physicochemical 

properties such as topological PSA (tPSA), c Log P, Log D, and aqueous solubility of 4b, 

4h, 4k, 4t, 4u, and 4v are shown in Table 7. All these compounds showed moderate aqueous 

solubility in the range of 18–68 μM [pH = 7.4 in phosphate-buffered saline (PBS) buffer]. 

Hopkins et al. proposed LE as a method for comparing molecules according to their average 

binding energy per heavy atom.48 It is a powerful tool for assessing the quality of ligand 
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molecules, as larger molecules tend to show better potency because of the larger number of 

interactions but may not necessarily be the most efficient. Hence, smaller but more efficient 

molecules are needed as they have a higher probability of successfully advancing in the lead 

optimization process. Lipophilic LE (LLE) is an estimate of the specificity of a molecule in 

binding to the target relative to partitioning into n-octanol.49 The proposed acceptable values 

of LE and LLE for drug candidates are LE > 0.3 and LLE > 5.50 All the compounds shown 

in Table 7 show LE values of >0.42 and LLE values of >5.3. Importantly, these compounds 

also follow the GSK 4/400 rule (higher risks of off-target interactions and toxicity, if MW > 

400 and c Log P > 4), suggesting that they could serve as potential candidates for drug 

development.

An ideal compound for the mouse in vivo studies should be soluble, have good absorption, 

and must exhibit metabolic stability. A sufficient oral dosage must survive first-pass 

clearance through the liver before reaching its biological target. The majority of drugs/

xenobiotics undergo phase I metabolism, mediated by the cytochrome P450 (CYP450) 

family of heme-thiolate proteins predominantly in the liver. Although mouse liver 

microsomal (MLM) stability studies are not a perfect substitute for in vivo metabolic 

clearance studies, they serve as an initial cell-based model system that can correlate well 

with human liver microsomal (HLM) stability and in vivo activity in mice.51,52 To this end, 

compounds 4h, 4k, 4t, 4u, and 4v were allowed to react with mouse liver microsomes and 

the fraction of the remaining parent compound over time was determined. Compound 4h 
with a tert-butyl was the least stable as measured by the half-life compared to all other 

compounds with CF3. Incorporation of fluorine into drug candidates generally improves 

their potency, bioavailability, and metabolic stability. In addition, fluorinated molecules are, 

in general, nontoxic and mimic the corresponding nonfluorinated analogues in their 

stereoelectronic properties, so the drug’s affinity for the receptor either remains the same or, 

in some cases, increases. The improved metabolic stability of CF3-containing 4k, 4t, 4u, and 

4v compared to 4h, partly because of the stronger C─F bond compared to C─H (116 and 

99 kcal mol−1, respectively), makes the C─F bond less sensitive to metabolic degradation. 

Importantly, the analysis of cofactor-absent microsome reactions suggests that all these 

analogues are stable at 37 °C for 2 h. Therefore, the loss of compounds tested here is 

attributed only to oxidative phase I metabolism. The high microsomal stability of these 

compounds could be exploited pharmacologically.

Cell Cytotoxicity and Permeability Studies.

Before conducting the cell permeability and cellular activity studies, we first tested the 

cytotoxicity of our best compounds 4t and 4s against mouse embryonic fibroblasts (MEF 

cells). Cell viability was measured using tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide cell proliferation assay. Compounds 4s and 4t did not exhibit 

any significant cytotoxicity when treated against MEF cells even at as high as 25 μM 

concentration. Cell permeability is the major hurdle in the development of active site-

directed PTP inhibitors. The majority of the pTyr mimetics reported, carrying one or more 

negative charges for binding with the positively charged PTP active site, are deficient in cell 

membrane permeability, which limits further advancement of such compounds as drug 

candidates. We treated Raw264.7 cells with compounds 4k, 4t, 4u, and 4v and determined 
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the cell permeability potential of our compounds using a previously described LC─MS-

based method.53,54 The cellular bioavailability studies indicated that these compounds can 

easily be taken up by Raw264.7 cells (Supporting Information).

Cellular Activity of Compound 4t in Blocking mPTPB-Mediated Signaling.

After evaluating the cell permeability of these compounds in Raw264.7 cells, we proceeded 

to investigate compound 4t’s cellular efficacy. We have previously demonstrated that once 

inside the host macrophage, mPTPB activates Akt signaling and blocks ERK1/2 and p38 

activation to prevent macrophage apoptosis and attenuate IFN-γ stimulation-mediated IL-6 

production.18,21 Because mPTPB functions within the macrophage, Raw264.7 mouse 

macrophage cell lines stably expressing mPTPB (pcN-HA-mPTPB) or vector (pcN-HA) 

control were used to investigate the role of mPTPB in host cell biology.18 Using these 

systems, we previously established that mPTPB decreases ERK1/2 (T202/Y204) and p38 

(T180/Y182) phosphorylation and enhances AKT (S473) phosphorylation. Phosphorylation 

of these sites directly correlates with kinase activation which is a surrogate for kinase 

activity measurement. Therefore, mPTPB inhibitors are expected to increase ERK1/2 and 

p38 phosphorylation and reduce AKT phosphorylation.

We showed that in the vector control Raw 264.7 cells, INF-γ stimulation led to an increase 

in pAKT, pERK1/2, and pp38 levels by 4.3-, 4.1-, and 3.4-fold, respectively (Figure 6, lane 

1 vs lane 2). Compared to the vector control cells, the level of INF-γ-stimulated pAKT (7.2-

fold over basal) was further elevated in Raw 264.7 cells expressing mPTPB, while the 

pERK1/2 and pp38 levels (1.5- and 2.4-fold over basal) were suppressed upon INF-γ 
stimulation (Figure 6, lane 7 and lane 8). These findings are consistent with previous 

observations18,21-23 that mPTPB promotes AKT activation and attenuates ERK1/2 and p38 

activity.

As expected, treatment of compound 4t to the Raw 264.7 vector cells upon IFN-γ 
stimulation (Figure 6, lanes 3–6) elicited no significant change in the pAKT, pERK1/2, and 

pp38 levels compared to the vehicle-treated cells (Figure 6, lane 2). This indicates that 

compound 4t does not interfere with these signaling pathways inside the cells. In contrast, 

treatment of IFN-γ-stimulated mPTPB expressing Raw 264.7 cells with 5–40 nM compound 

4t resulted in a dose-dependent reduction of pAKT and the corresponding increase in 

pERK1/2 and pp38 (Figure 6, lanes 9–12). These results are similar to those described in 

previous studies with several structurally unrelated small-molecule mPTPB inhibitors in 

cell-based assays18,21-23,55 and strongly suggest that the observed cellular effects of 4t in 

macrophages are indeed from specific inhibition of mPTPB. Importantly, the finding that 

4t’s cellular activity tracked very well with its IC50 value measured with purified 

recombinant mPTPB in biochemical assays further supports the excellent cell permeability 

of compound 4t. Together, these results indicate that 4t is highly specific and efficient in 

blocking mPTPB activity inside the cell.

CONCLUSIONS

Given the importance of PTPs in regulating cellular signaling and homeostasis, there is 

increasing interest in developing PTP-based therapeutics for a wide range of diseases 
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including cancer, diabetes, autoimmune disorders, and infectious diseases.3 As a key 

virulence factor for Mtb survival within host macrophages, mPTPB has garnered substantial 

attention as a novel anti-TB target. Importantly, the absence of a human orthologue for 

mPTPB makes it a highly attractive target for the development of novel anti-TB candidates. 

However, the acquisition of highly potent, specific, and efficacious PTP inhibitors with 

properties suitable for in vivo experiments and clinical translation has proven to be difficult 

primarily because of the highly conserved and positively charged nature of the PTP active 

sites. We have shown that through fragment-based approaches, we can transform negatively 

charged pTyr mimetics such as salicylic acids and α-sulfophenylacetic amide into highly 

potent and selective active site-directed PTP inhibitors with robust in vivo efficacy.5 

Nevertheless, the design of the minimally charged, stable, and high-affinity nonhydrolyzable 

pTyr surrogate has generally met with limited success and this presents a major challenge to 

the development of novel therapeutics based on the PTPs.

Here, we identified N-phenyl oxamic acid as a highly potent and selective monoacid-based 

pTyr mimetic for mPTPB inhibition. We then conducted SAR studies by varying the 

substituents on the phenyl ring and discovered the 4-phenylethynyl-containing analogue 

(compound 4) as the best core structure for further modification. Several mono-, di-, and 

trisubstituted analogues of compound 4 were synthesized; among them, compound 4t 
showed a Ki of 2.7 nM for mPTPB with >4500-fold preference over 25 PTPs. Kinetic, 

molecular docking, and site-directed mutagenesis analyses confirmed these compounds as 

active site-directed reversible inhibitors of mPTPB. Importantly, these N-phenyl oxamic acid 

inhibitors penetrate cell membranes and inhibit mPTPB inside the cells. Additionally, these 

oxamic acid-based inhibitors are capable of reversing the altered host cell immune responses 

induced by the bacterial phosphatase. Furthermore, the reported mPTPB inhibitors possess 

highly compact structures with molecular weights <400 Da, c Log P < 4, Log D7.4 < 2.5, 

and LE > 0.42 and with favorable drug-like properties.56-58 Collectively, the results indicate 

that the N-phenyl oxamic acid pharmacophore is sufficiently polar to bind the PTP active 

site yet remains capable of efficiently crossing cell membranes, offering PTP inhibitors with 

both high affinity and selectivity and excellent cellular efficacy. The results also provide 

another example of developing minimally charged, highly potent, and selective active site-

directed PTP inhibitors by exploiting the specific structural features of the active sites of 

different PTPs. Our work not only offers further opportunities to evaluate mPTPB inhibition 

as a tuberculosis treatment but also stimulates interest in targeting other mPTPB 

orthologues, which are present in over 50 human pathogens, including Listeria 
monocytogenes.59,60 Finally, among the compounds identified in this study, 4t merits further 

therapeutic development by virtue of its low nanomolar mPTPB inhibitory potency, 

outstanding selectivity over other PTPs, low molecular weight, good aqueous solubility, 

superior metabolic stability, and efficacious cellular activity. Furthermore, 4t can also serve 

as a molecular probe in unraveling the role of mPTPB in normal physiology and in diseases, 

in addition to the potential therapeutic value.
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EXPERIMENTAL SECTION

General Synthetic Procedures and Reagents.

Unless otherwise noted, all reagents were purchased from commercial suppliers and used 

without further purification. Thin-layer chromatography was performed using glass 

precoated Merck silica gel 60 F254 plates. Column chromatography was performed using 

KP-SIL silica gel (Biotage, USA), and flash column chromatography was performed on 

Biotage prepacked columns using the automated flash chromatography system Biotage 

Isolera One. Organic solvents were evaporated using rotary evaporation at 40–45 °C. The 
1H- and 13C NMR spectra were recorded on a Bruker AVANCE 500 MHz spectrometer 

using CDCl3 or dimethyl sulfoxide (DMSO) (d6) as the solvent. Chemical shifts are 

expressed in ppm (δ scale) and referenced to the residual protonated solvent. Peak 

multiplicities are reported using the following abbreviations: s (singlet), d (doublet), t 

(triplet), q (quartet), m (multiplet), or br (broad singlet). Low-resolution mass spectra and 

purity data were obtained using an Agilent Technologies 6470 series, triple quadrupole 

LC─MS. The purity of all final tested compounds was determined to be >95% (UV, λ = 

254 nm). High-resolution mass analysis was performed on an Agilent 6550 iFunnel Q-TOF 

mass LC─MS. Recombinant mouse IFN-γ was purchased from PeproTech Inc. Anti-

ERK1/2 (catalog#4696), antiphospho-ERK1/2 (catalog#9101), anti-p38 (catalog#9212), 

antiphospho-p38 (catalog#9211s), anti-AKT (catalog#2920s), and antiphospho Akt473 

(catalog#9271s) antibodies were purchased from Cell Signaling. Anti-HA 

(catalog#SC-7392) and anti-GAPDH (catalog#SC-59541) antibodies were purchased from 

Santa Cruz. pNPP was purchased from Thermo Scientific (catalog#PI34045).

Synthesis of Oxanilic Acid (1).

To a stirred solution of aniline (300 mg, 3.22 mmol) and N,N-diisopropyl ethylamine (1.11 

mL, 6.44 mmol) in 15 mL of anhydrous CH2Cl2, methyl chlorooxoacetate (327 μL, 3.54 

mmol) was added dropwise. The resulting solution was stirred at room temperature under N2 

gas for 30 min. The reaction mixture was washed with 15 mL of DI water and 15 mL of 

brine. The organic layer was dried over anhydrous Na2SO4 and evaporated in vacuo. Crude 

ester was subjected to hydrolysis using 12 mL of 1 N KOH/THF (1:1 v/v) at room 

temperature for 1 h. After completion, THF was evaporated, the aqueous layer was acidified 

to pH ~2 using 3 N HCL, and the resulting solid was filtered. Column chromatographic 

purification of the residue using silica and 10% methanol in dichloromethane (DCM) as an 

eluent afforded the product as a white solid (490 mg, 92% yield). 1H NMR (DMSO-d6, 500 

MHz): δ 10.68 (s, 1H), δ 7.74 (d, J = 7.5 Hz, 2H), δ 7.33 (t, J = 7.5 Hz, 2H), δ 7.11 (t, J = 

7.5 Hz, 1H); 13C NMR (DMSO-d6, 125 MHz): δ 162.6, 157.3, 138.1, 129.2, 125.0, 120.8; 

mass spectra (ESI) m/z: 164 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for 

C8H6NO3, 164.0348; found, 164.0354.

Synthesis of Methyl 2-((4-ethynylphenyl)amino)-2-oxoacetate (Core 1).

To an ice-cold solution of 4-ethynylphenylamine (4.0 g, 34.14 mmol) and N,N-diisopropyl 

ethylamine (11.82 mL, 68.29 mmol) in 100 mL of anhydrous CH2Cl2, methyl 

chlorooxoacetate (3.46 mL, 37.56 mmol) was added dropwise under a N2 atmosphere. The 

resulting solution was stirred at room temperature for 1 h. The reaction mixture was washed 
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with 100 mL of DI water and 100 mL of brine. The organic layer was dried over anhydrous 

Na2SO4 and evaporated in vacuo. The product was then purified by column chromatography 

on silica gel using a mixture of 2:8 ethylacetate/hexanes as an eluent. White powder; (6.2 g, 

96% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.94 (s, 1H), δ 7.77 (d, J = 9.0 Hz, 2H), δ 
7.45 (d, J = 9.0 Hz, 2H), δ 4.11 (s, 1H), δ 3.84 (s, 3H); 13C NMR (DMSO-d6, 125 MHz): δ 
161.3, 155.7, 138.5, 132.8, 120.8, 118.2, 83.7, 80.9, 53.7. Mass spectra (ESI) m/z: 202 (M − 

H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C11H9NO3, 202.0504; found, 202.0510.

Synthesis of Methyl 2-((3-ethynylphenyl)amino)-2-oxoacetate (Core 2).

To an ice-cold solution of 3-ethynylphenylamine (2.0 g, 17.07 mmol) and N,N-diisopropyl 

ethylamine (5.91 mL, 34.14 mmol) in 50 mL of anhydrous CH2Cl2, methyl 

chlorooxoacetate (1.73 mL, 18.78 mmol) was added dropwise under a N2 atmosphere. The 

resulting solution was stirred at room temperature for 1 h. The reaction mixture was washed 

with 50 mL of DI water and 50 mL of brine. The organic layer was dried over anhydrous 

Na2SO4 and evaporated in vacuo. The product was then purified by column chromatography 

on silica gel eluted with a mixture of 3:7 ethylacetate/hexanes. Off-white powder; (3.0 g, 

93% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.88 (s, 1H), δ 7.90 (s, 1H), δ 7.75–7.77 

(m, 1H) δ 7.35 (t, J = 8.0 Hz, 1H), δ 7.24 (d, J = 7.5 Hz, 1H), δ 4.18 (s, 1H), δ 3.84 (s, 3H); 
13C NMR (DMSO-d6, 125 MHz): δ 161.3, 155.8, 138.2, 129.7, 128.4, 123.7, 122.5, 121.6, 

83.6, 81.3, 53.7. Mass spectra (ESI) m/z: 202 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: 

calcd for C11H9NO3, 202.0504; found, 202.0510.

Synthesis of Methyl 2-((4-iodophenyl)amino)-2-oxoacetate (Core 3).

To an ice-cold solution of 4-iodoaniline (3.0 g, 13.7 mmol) and N,N-diisopropyl ethylamine 

(3.0 mL, 20.55 mmol) in 60 mL of anhydrous CH2Cl2, methyl chlorooxoacetate (1.5 mL, 

16.44 mmol) was added dropwise under a N2 atmosphere. The resulting solution was stirred 

at room temperature for 1 h. The reaction mixture was washed with 60 mL of DI water and 

60 mL of brine. The organic layer was dried over anhydrous Na2SO4 and evaporated in 
vacuo. The product was then purified by column chromatography on silica gel eluted with a 

mixture of 3:7 ethylacetate/hexanes. White powder; (4.0 g, 96% yield). 1H NMR (DMSO-

d6, 500 MHz): δ 10.88 (s, 1H), δ 7.68 (d, J = 8.5 Hz, 2H), δ 7.57 (d, J = 8.5 Hz, 2H), δ 3.83 

(s, 3H); 13C NMR (DMSO-d6, 125 MHz): δ 161.3, 155.7, 137.9, 137.8, 123.0, 89.4, 53.7. 

Mass spectra (ESI) m/z: 304 (M − H)−.

Synthesis of 2-((4-Ethynylphenyl)amino)-2-oxoacetic Acid (2).

A stirred solution of core 1 (100 mg) in 8 mL of 1 N KOH/THF (1:1 v/v) was stirred at room 

temperature for 1 h. After completion, THF was completely evaporated, the aqueous layer 

was acidified to pH ~2 using 3 N HCL, and the resulting solid was filtered to yield pure 

compound 2 as an off-white solid (90 mg, 95% yield). 1H NMR (DMSO-d6, 500 MHz): δ 
10.85 (s, 1H), δ 7.78 (d, J = 8.5 Hz, 2H), δ 7.44 (d, J = 8.5 Hz, 2H), δ 4.11 (s, 1H); 13C 

NMR (DMSO-d6, 125 MHz): δ 162.4, 157.5, 138.7, 132.8, 120.6, 117.9, 83.8, 80.9. Mass 

spectra (ESI) m/z: 188 (M − H)−.
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Synthesis of 2-((4-(3-((tert-Butoxycarbonyl)amino)prop-1-yn-1-yl)phenyl)amino)-2-
oxoacetic Acid (3).

To a stirred solution of methyl 2-((4-iodophenyl)amino)-2-oxoacetate (400 mg, 1.0 equiv) in 

5 mL of anhydrous DMF, tert-butyl prop-2-yn-1-ylcarbamate (224 mg, 1.1 equiv), sodium 

carbonate (278 mg, 2.0 equiv), Pd(PPh3)2Cl2 (5 mol %), and copper iodide (5 mol %) were 

added sequentially. The resulting mixture was stirred at room temperature under a N2 

atmosphere. Reactions were monitored by LC─MS. After completion of the reaction, DMF 

was completely removed using high-vac. The residue was dissolved in 70 mL of ethyl 

acetate and washed with 50 mL of DI water. The organic layer was dried over anhydrous 

Na2SO4 and the solvent was evaporated. Crude ester was subjected to hydrolysis using 1 N 

KOH/THF (1:1 v/v) at room temperature for 1 h. After completion, THF was evaporated, the 

aqueous layer was acidified to pH ~3 using cold 1 N HCL, and the resulting solid was 

filtered. Compound 3 was purified by column chromatography using a mixture of 1:9 

methanol/DCM as an eluent on silica gel (stationary phase) as an off-white powder (351 mg, 

84% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.59 (s, 1H), δ 7.76 (d, J = 8.5 Hz, 2H), 

7.33 (d, J = 8.5 Hz, 2H), 3.94 (d, J = 5.5 Hz, 2H), δ 1.38 (s, 9H); 13C NMR (DMSO-d6, 125 

MHz): δ 162.8, 160.4, 155.8, 138.8, 132.3, 120.2, 117.9, 87.4, 81.9, 78.7, 30.6, 28.7; mass 

spectra (ESI) m/z: 317 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C16H17N2O5, 

317.1132; found, 317.1134.

General Procedure for the Synthesis of Compounds 4, 4a–4x, and 5.

To a stirred solution of methyl 2-((4-ethynylphenyl)-amino)-2-oxoacetate (200 mg, 1.0 

equiv) in 3 mL of anhydrous DMF, aryl iodides (1.1 equiv), sodium carbonate (2.0 equiv), 

Pd(PPh3)2Cl2 (5 mol %), and copper iodide (5 mol %) were added sequentially. The 

resulting mixture was stirred at room temperature under a N2 atmosphere. Reactions were 

monitored by LC─MS. After completion of the reaction, DMF was completely removed 

using high-vac. The residue was dissolved in 50 mL of ethyl acetate and washed with 40 mL 

of DI water. The organic layer was dried over anhydrous Na2SO4 and the solvent was 

evaporated. Crude ester was subjected to hydrolysis using 1 N KOH/THF (1:1 v/v) at room 

temperature for 1 h. After completion, THF was evaporated, the aqueous layer was acidified 

to pH ~2 using 3 N HCL, and the resulting solid was filtered. Products were then purified by 

column chromatography on silica gel eluted with a mixture of 1:9 methanol/DCM.

General Procedure for Preparation of Compounds 9 and 10.

To a stirred solution of 4 or 4k (50 mg) in 4 mL of THF/methanol (1:1 v/v) were added 5 mg 

of 5% Pd/BaSO4 and 50 μL of quinoline and then the mixture was allowed to stir for 12 h at 

room temperature under a H2 atmosphere. After completion of the reaction (monitored by 

LC─MS), the mixture was filtered through Celite pad, and the filtrate was concentrated 

under reduced pressure. The residue was purified by column chromatography using the 1:9 

methanol/DCM mixture as an eluent to furnish compounds 9 and 10 in >70% yields.

General Procedure for Preparation of Compounds 11 and 12.

To a stirred solution of 4 or 4k (50 mg) in ethanol (4 mL), 5 mg of 10% Pd/C was added, 

and the mixture was allowed to stir for 4 h at room temperature under a H2 atmosphere. 
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After completion of the reaction (monitored by LC─MS), the mixture was filtered through 

Celite pad, and the filtrate was concentrated under reduced pressure. The residue was 

purified by column chromatography using the 1:9 methanol/DCM mixture as an eluent to 

furnish compounds 11 and 12 in >90% yields.

2-Oxo-2-((4-(phenylethynyl)phenyl)amino)acetic Acid (4).

White solid; (235 mg, 90% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.62 (s, 1H), δ 7.82 

(d, J = 8.5 Hz, 2H), δ 7.48–7.53 (m, 4H), δ 7.38–7.41 (m, 3H); 13C NMR (DMSO-d6, 125 

MHz): δ 160.7, 139.2, 132.2, 131.7, 129.2, 129.1, 122.9, 120.2, 117.7, 89.9, 89.2. Mass 

spectra (ESI) m/z: 264 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C16H10NO3, 

264.0661; found, 264.0670.

2-((4-((4-(Methoxycarbonyl)phenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4a).

White powder; (249 mg, 78% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.58 (s, 1H), δ 
7.95 (d, J = 8.5 Hz, 2H), δ 7.86 (d, J = 9.0 Hz, 2H), δ 7.65 (d, J = 8.5 Hz, 2H), δ 7.52 (d, J = 

8.5 Hz, 2H); 13C NMR (DMSO-d6, 125 MHz): δ 166.1, 163.8, 162.7, 139.8, 132.6, 131.9, 

129.9, 129.5, 127.8, 120.1, 116.9, 93.2, 88.4, 52.8. Mass spectra (ESI) m/z: 322 (M − H)−. 

HRMS (ESI-TOF, [M − H]−) m/z: calcd for C18H12NO5, 322.0715; found, 322.0712.

2-((4-((4-Hydroxy-3-(methoxycarbonyl)phenyl)ethynyl)-phenyl)amino)-2-oxoacetic Acid (4b).

Pale-yellow solid; (238 mg, 71% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.79 (s, 1H), δ 
10.70 (s, 1H), δ 7.87 (d, J = 2.0 Hz, 1H), δ 7.81 (d, J = 7.0 Hz, 2H), δ 7.62 (d, J = 8.5 Hz, 

1H), δ 7.49 (d, J = 9.0 Hz, 2H), δ 7.01 (d, J = 8.5 Hz, 1H), 3.87 (s, 3H); 13C NMR (DMSO-

d6, 125 MHz): δ 168.4, 162.5, 160.1, 158.3, 138.6, 138.2, 133.7, 132.3, 120.5, 118.7, 118.3, 

114.7, 113.8, 88.7, 88.4. Mass spectra (ESI) m/z: 338 (M − H)−. HRMS (ESI-TOF, [M + H]
+) m/z: calcd for C18H14NO6, 340.0815; found, 340.0815.

2-((4-((3-Hydroxy-4-(methoxycarbonyl)phenyl)ethynyl)-phenyl)amino)-2-oxoacetic Acid (4c).

Pale-yellow solid; (240 mg, 72% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.87 (s, 1H), δ 
10.57 (s, 1H), δ 7.87 (br, 2H), δ 7.76 (d, J = 8.5 Hz, 1H), δ 7.55 (d, J = 6.5 Hz, 2H), δ 7.10 

(s, 1H), δ 7.06 (d, J = 8.5 Hz, 1H), δ 3.87 (s, 3H); 13C NMR (DMSO-d6, 125 MHz): δ 
168.8, 159.9, 132.8, 130.9, 129.5, 122.7, 120.6, 120.0, 117.6, 113.9, 92.7, 88.4, 53.0. Mass 

spectra (ESI) m/z: 338 (M − H)−. HRMS (ESI-TOF, [M + H]+) m/z: calcd for C18H14NO6, 

340.0815; found, 340.0815.

2-((4-((2-(Dimethylamino)-4-hydroxy-5-(methoxycarbonyl)-phenyl)ethynyl)phenyl)amino)-2-
oxoacetic Acid (4d).

Pale-yellow solid; (264 mg, 70% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.71 (s, 1H), δ 
7.85 (br, 1H), δ 7.78 (s, 1H), δ 7.59 (s, 1H), δ 7.48 (s, 1H), δ 6.29 (s, 1H), δ 3.84 (s, 3H), δ 
3.08 (s, 6H); 13C NMR (DMSO-d6, 125 MHz): δ 169.0, 161.9, 158.9, 137.2, 133.7, 131.7, 

120.8, 119.3, 103.9, 103.5, 103.0, 92.7, 88.8, 52.6. Mass spectra (ESI) m/z: 381 (M − H)−. 

HRMS (ESI-TOF, [M + H]+) m/z: calcd for C20H19N2O6, 383.1237; found, 383.1236.

Ruddraraju et al. Page 15

J Med Chem. Author manuscript; available in PMC 2020 November 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2-((3-((2-(Dimethylamino)-4-hydroxy-5-(methoxycarbonyl)-phenyl)ethynyl)phenyl)amino)-2-
oxoacetic Acid (4e).

White powder; (259 mg, 69% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.72 (s, 1H), δ 
7.94 (s, 1H), δ 7.93 (s, 1H), δ 7.75 (d, J = 8.5 Hz, 1H), δ 7.35 (t, J = 8.0 Hz, 1H), δ 7.23 (d, J 
= 10.0 Hz, 1H), δ 6.30 (s, 1H), δ 3.84 (s, 3H), δ 3.09 (s, 6H); 13C NMR (DMSO-d6, 125 

MHz): δ 168.9, 162.5, 162.1, 158.9, 158.2, 138.6, 137.4, 129.7, 126.9, 123.7, 122.4, 120.5, 

104.0, 103.2, 103.0, 92.5, 89.2, 52.5; mass spectra (ESI) m/z: 381 (M − H)−. HRMS (ESI-

TOF, [M + H]+) m/z: calcd for C20H19N2O6, 383.1237; found, 383.1236.

5-((4-(Carboxyformamido)phenyl)ethynyl)-4-(dimethylamino)-2-hydroxybenzoic Acid (4f).

Off-white solid; (245 mg, 68% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.81 (s, 1H), δ 
7.81 (d, J = 7.5 Hz, 2H), δ 7.76 (s, 1H), δ 7.46 (d, J = 8.0 Hz, 2H), δ 6.27 (s, 1H), δ 3.06 (s, 

6H); 13C NMR (DMSO-d6, 125 MHz): δ 171.6, 162.9, 159.0, 137.4, 133.6, 131.6, 120.7, 

119.3, 104.7, 103.3, 103.0, 92.5, 89.1, 42.6; mass spectra (ESI) m/z: 367 (M − H)−. HRMS 

(ESI-TOF, [M + H]+) m/z: calcd for C19H17N2O6, 369.1081; found, 369.1081.

5-((3-(Carboxyformamido)phenyl)ethynyl)-4-(dimethylamino)-2-hydroxybenzoic Acid (4g).

Off-white solid; (238 mg, 66% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.57 (s, 1H), δ 
7.95 (s, 1H), δ 7.78 (s, 1H), δ 7.75 (d, J = 7.5 Hz, 1H), δ 7.33 (t, J = 7.5 Hz, 1H), δ 7.20 (d, J 
= 7.5 Hz, 1H), δ 6.26 (s, 1H), δ 3.04 (s, 6H); 13C NMR (DMSO-d6, 125 MHz): δ 171.7, 

163.4, 158.9, 138.9, 137.4, 129.6, 126.6, 123.9, 122.2, 120.2, 106.4, 103.2, 102.8, 92.3, 

89.7, 42.7. Mass spectra (ESi) m/z: 367 (M − H)−. HRMS (ESI-TOF, [M + H]+) m/z: calcd 

for C19H17N2O6, 369.1081; found, 369.1081.

2-((4-((4-(tert-Butyl)phenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4h).

Pale-yellow solid; (259 mg, 82% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.30 (s, 1H), δ 
7.80 (d, J = 9.0 Hz, 2H) δ 7.42 (q, J = 9.0, 8.0 Hz, 6H), δ 1.27 (s, 9H); 13C NMR (DMSO-

d6, 125 MHz): δ 164.8, 162.7, 151.6, 139.9, 132.3, 131.5, 126.0, 120.1, 119.5, 116.9, 89.6, 

88.9, 35.0, 31.4. Mass spectra (ESI) m/z: 320 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: 

calcd for C20H18NO3, 320.1281; found, 320.1280.

2-Oxo-2-((4-((4-(trifluoromethoxy)phenyl)ethynyl)phenyl)amino)acetic Acid (4i).

Pale-yellow powder; (268 mg, 78% yield). 1H NMR (DMSO-d6 500 MHz): δ 10.69 (s, 1H), 

δ 7.83 (d, J = 8.5 Hz, 2H): δ 7.65 (d, J = 8.5 Hz, 2H), δ 7.51 (d, J = 8.5 Hz, 2H), δ 7.40 (d, J 
= 8.0 Hz, 2H); 13C NMR (DMSO-d6, 125 MHz): δ 162.6, 159.9, 148.5, 139.4, 133.8, 132.5, 

122.3, 121.84, 120.3, 117.4, 90.9, 87.8. Mass spectra (ESI) m/z: 348 (M − H)−. HRMS (ESI-

TOF, [M − H]−) m/z: calcd for C17H9F3NO4, 348.0485; found, 348.0482.

2-Oxo-2-((4-((3-(trifluoromethyl)phenyl)ethynyl)phenyl)amino)acetic Acid (4j).

White solid; (267 mg, 81% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.89 (s, 1H), δ 7.82–

7.87 (m, 4H), δ 7.74 (d, J = 8.0 Hz, 1H), δ 7.64 (t, J = 8.0 Hz, 1H), δ 7.56 (d, J = 8.5 Hz, 

2H); 13C NMR (DMSO-d6, 125 MHz): δ 1162.4, 157.6, 139.0, 135.6, 132.7, 130.5, 130.2, 

129.9, 129.7, 128.2, 125.6, 125.3, 124.0, 123.1, 120.7, 117.8, 91.4, 87.9. Mass spectra (ESI) 
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m/z: 332 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C17H9F3NO3, 332.0534; 

found, 332.0532.

2-Oxo-2-((4-((4-(trifluoromethyl)phenyl)ethynyl)phenyl)amino)acetic Acid (4k).

Off-white solid; (263 mg, 80% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.91 (s, 1H), δ 
7.85 (d, J = 8.5 Hz, 2H), δ 7.75 (dd, J = 15.0, 9.0 Hz, 4H), δ 7.57 (t, J = 7.0 Hz, 2H); 13C 

NMR (DMSO-d6, 125 MHz): δ 162.3, 157.5, 139.1, 132.7, 132.5, 129.3, 129.1, 128.8, 

128.6, 127.2, 126.1, 125.5, 123.4, 120.7, 117.7, 92.3, 88.1. Mass spectra (ESI) m/z: 332 (M 

− H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C17H9F3NO3, 332.0534; found, 

332.0532.

2-Oxo-2-((4-((4-sulfamoylphenyl)ethynyl)phenyl)amino)acetic Acid (4l).

Off-white solid; (226 mg, 67% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.79 (s, 1H), δ 
7.82–7.86 (m, 2H), δ 7.71 (d, J = 8.5 Hz, 1H), δ 7.53–7.62 (m, 3H), δ 7.45 (s, 1H); 13C 

NMR (DMSO-d6, 125 MHz): δ 162.5, 159.0, 144.1, 139.4, 133.6, 132.7, 132.5, 132.2, 

132.0, 131.9, 129.3, 129.2, 126.5, 126.3, 120.5, 117.4, 92.3, 88.3. Mass spectra (ESI) m/z: 

343 (M − H)− 367 (M + Na)+. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C16H12N2O5S, 

343.0388; found, 343.0391.

2-((4-((4-Hydroxyphenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4m).

White solid; (230 mg, 83% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.78 (s, 1H), δ 7.80 

(d, J = 8.5 Hz, 2H), δ 7.45 (d, J = 8.5 Hz, 2H), δ 7.34 (d, J = 8.5 Hz, 2H), δ 6.78 (d, J = 8.5 

Hz, 2H); 13C NMR (DMSO-d6, 125 MHz): δ 162.5, 158.5, 158.1, 138.2, 133.4, 132.1, 

120.56, 119.0, 116.2, 113.0, 90.1, 87.7; mass spectra (ESI) m/z: 280 (M − H)−. HRMS (ESI-

TOF, [M + H]+) m/z: calcd for C16H12NO4, 282.0761; found, 282.0759.

2-((4-((3-Bromo-4-hydroxyphenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4n).

Pale-yellow powder; (261 mg, 74% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.83 (s, 1H), 

δ 7.81 (d, J = 8.5 Hz, 2H), δ 7.64 (d, J = 2.0 Hz, 1H), δ 7.47 (d, J = 8.5 Hz, 2H), δ 7.35 (dd, 

J = 8.5, 2.0 Hz, 1H), δ 6.96 (d, J = 8.5 Hz, 1H); 13C NMR (DMSO-d6, 125 MHz): δ 162.5, 

157.7, 155.3, 138.4, 136.0, 132.5, 132.2, 120.6, 118.6, 116.9, 114.7, 109.7, 88.7, 88.4; mass 

spectra (ESI) m/z: 358 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C16H9NO4, 

357.9715; found, 357.9727.

2-((4-((4-Cyanophenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4o).

White powder; (226 mg, 79% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.92 (s, 1H), δ 
7.86 (d, J = 8.5 Hz, 4H), δ 7.70 (d, J = 8.5 Hz, 2H), δ 7.57 (d, J = 8.0 Hz, 2H); 13C NMR 

(DMSO-d6, 125 MHz): δ 162.5, 157.5, 139.3, 133.1, 132.8, 132.5, 127.8, 120.7, 118.9, 

117.6, 111.3, 93.9, 88.2. Mass spectra (ESI) m/z: 289 (M − H)−. HRMS (ESI-TOF, [M + H]
+) m/z: calcd for C17H11N2O3, 291.0764; found, 291.0764.

2-((4-((3,5-Bis(trifluoromethyl)phenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4p).

Off-white solid; (305 mg, 77% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.53 (s, 1H), δ 
8.22 (s, 2H) δ 8.09 (s, 1H), δ 7.87 (d, J = 8.5 Hz, 2H), δ 7.55 (d, J = 8.5 Hz, 2H); 13C NMR 
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(DMSO-d6, 125 MHz): δ 162.8, 162.7, 140.4, 132.8, 132.2, 131.7, 131.4, 131.2, 130.9, 

125.8, 124.5, 122.3, 122.1, 119.9, 116.0, 93.7, 86.3. Mass spectra (ESI) m/z: 400 (M − H)−. 

HRMS (ESI-TOF, [M − H]−) m/z: calcd for C18H8F6NO3, 400.0408; found, 400.0413.

2-((4-(Naphthalen-2-ylethynyl)phenyl)amino)-2-oxoacetic Acid (4q).

Off-white solid; (249 mg, 80% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.70 (s, 1H), δ 
8.15 (s, 1H), δ 7.92–7.95 (m, 3H), δ 7.85 (d, J = 8.5 Hz, 2H), δ 7.54–7.59 (m, 5H); 13C 

NMR (DMSO-d6, 125 MHz): δ 162.5, 139.3, 133.1, 132.8, 132.5, 131.5, 128.8, 128.5, 

128.2, 127.5, 127.3, 120.3, 117.8, 90.3, 89.6. Mass spectra (ESI) m/z: 314 (M − H)−. HRMS 

(ESI-TOF, [M − H]−) m/z: calcd for C20H12NO3, 314.0811; found, 314.0812.

2-((4-((4-(Benzyloxy)phenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4r).

White powder; (245 mg, 67% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.69 (s, 1H), δ 
7.84 (br, 2H), δ 7.55 (d, J = 8.0 Hz, 2H), δ 7.43–7.47 (m, 5H), δ 7.38 (t, J = 8.5 Hz, 2H), δ 
7.33 (t, J = 7.5 Hz, 2H), δ 7.03 (d, J = 8.5 Hz, 2H), δ 5.12 (s, 2H); 13C NMR (DMSO-d6, 

125 MHz): δ 159.0, 137.2, 133.6, 133.3, 132.2, 128.9, 128.4, 128.3, 120.4, 118.4, 115.7, 

115.1, 89.4, 88.6, 69.8. Mass spectra (ESI) m/z: 370 (M − H)−. HRMS (ESI-TOF, [M − H]−) 

m/z: calcd for C23H16NO4, 370.1076; found, 370.1076.

2-((4-((4-((tert-Butoxycarbonyl)amino)phenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4s).

Pale-yellow solid; (275 mg, 73% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.80 (s, 1H), δ 
9.57 (s, 1H), δ 7.81 (d, J = 8.5 Hz, 2H) δ 7.40–7.50 (m, 6H), δ 1.46 (s, 2H); 13C NMR 

(DMSO-d6, 125 MHz): δ 162.5, 158.2, 153.0, 140.5, 138.4, 132.3, 132.2, 120.6, 118.7, 

118.4, 115.9, 89.8, 88.6, 79.9, 28.5. Mass spectra (ESI) m/z: 379 (M − H)−. HRMS (ESI-

TOF, [M − H]−) m/z: calcd for C21H19N2O5, 379.1294; found, 379.1300.

2-((4-((2-Chloro-4-(trifluoromethyl)phenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4t).

Off-white powder; (280 mg, 77% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.78 (s, 1H), δ 
8.00 (s, 1H), δ 7.87 (t, J = 9.0 Hz, 3H), δ 7.74 (d, J = 8.5 Hz, 1H), δ 7.57 (d, J = 8.5 Hz, 2H); 
13C NMR (DMSO-d6, 125 MHz): δ 162.5, 159.6, 139.9, 135.7, 134.5, 132.8, 130.3, 130.1, 

126.9, 126.7, 124.7, 122.5, 120.4, 116.7, 97.7, 84.9. Mass spectra (ESI) m/z: 366 (M − H)−. 

HRMS (ESI-TOF, [M − H]−) m/z: calcd for C17H7ClF3NO3, 366.0145; found, 366.0143.

2-((4-((2-Bromo-4-(trifluoromethyl)phenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4u).

Off-white powder; (302 mg, 74% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.65 (s, 1H), δ 
8.12 (s, 1H), δ 7.82–7.88 (m, 3H), δ 7.78 (d, J = 8.5 Hz, 1H), δ 7.56 (d, J = 8.5 Hz, 2H); 13C 

NMR (DMSO-d6, 125 MHz): δ 162.6, 161.0, 140.2, 134.3, 132.8, 129.6, 129.2, 125.6, 

125.1, 120.2, 116.4, 97.2, 86.9. Mass spectra (ESI) m/z: 410 (M − H)−. HRMS (ESI-TOF, 

[M − H]−) m/z: calcd for C17H8BrF3NO3, 409.9640; found, 409.9636.

2-((4-((2-Fluoro-4-(trifluoromethyl)phenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4v).

White solid; (292 mg, 84% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.76 (s, 1H), δ 7.87 

(d, J = 9.0 Hz, 2H) δ 7.79 (t, J = 8.0 Hz, 1H), δ 7.70 (d, J = 11.5 Hz, 1H), δ 7.55 (d, J = 8.5 

Hz, 3H); 13C NMR (DMSO-d6, 125 MHz): δ 162.6, 160.2, 159.7, 158.1, 139.8, 132.8, 
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129.8, 129.7, 128.4, 128.2, 123.9, 121.8, 120.4, 120.0, 119.8, 116.7, 93.8, 86.9. Mass spectra 

(ESI) m/z: 350 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C17H8F4NO3, 

350.0435; found, 350.0442.

2-((4-((2-Cyano-4-(trifluoromethyl)phenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4w).

Pale-yellow solid; (250 mg, 71% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.78 (s, 1H), δ 
8.41 (s, 1H) δ 8.07 (d, J = 8.5 Hz, 1H), δ 7.94 (d, J =11.5 Hz, 1H), δ 7.90 (d, J = 8.5 Hz, 

2H), δ 7.58 (d, J = 8.5 Hz, 2H); 13C NMR (DMSO-d6, 125 MHz): δ 162.6, 160.1, 140.4, 

133.4, 133.1, 130.7, 130.4, 129.8, 129.5, 129.3, 129.0, 124.5, 122.4, 120.5, 116.8, 115.9, 

115.4, 98.7, 85.0; mass spectra (ESI) m/z: 357 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: 

calcd for C18H8F3N2O3, 357.0487; found, 357.0493.

2-((4-((2,4-Bis(trifluoromethyl)phenyl)ethynyl)phenyl)amino)-2-oxoacetic Acid (4x).

White powder; (275 mg, 73% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.87 (s, 1H), δ 
8.10 (s, 2H), δ 8.01 (d, J = 8.5 Hz, 1H), δ 7.88 (d, J = 8.5 Hz, 2H), δ 7.55 (d, J = 8.5 Hz, 

2H); 13C NMR (DMSO-d6, 125 MHz): δ 162.4, 158.6, 139.9, 135.4, 132.8, 130.1, 125.2, 

123.6, 120.7, 116.7, 98.3, 84.2; Mass spectra (ESI) m/z: 400 (M − H)−. HRMS (ESI-TOF, 

[M − H]−) m/z: calcd for C18H8F6NO3, 400.0408; found, 400.0415.

2-Oxo-2-((3-(phenylethynyl)phenyl)amino)acetic Acid (5).

Off-white solid; (229 mg, 88% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.73 (s, 1H), δ 
8.00 (s, 1H), δ 7.74–7.77 (m, 1H), δ 7.54.7.56 (m, 2H), δ 7.39–7.43 (d, 3H), δ 7.37 (d, J = 

7.5 Hz, 2H), δ 7.29 (d, J = 7.5 Hz, 1H); 13C NMR (DMSO-d6, 125 MHz): δ 162.6, 158.6, 

138.7, 131.9, 129.7, 129.4, 129.3, 127.7, 122.9, 122.6, 121.1, 89.7, 89.6. Mass spectra (ESI) 

m/z: 264 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C16H10NO3, 264.0661; 

found, 264.0670.

Synthesis of 2-([1,1′-Biphenyl]-4-ylamino)-2-oxoacetic Acid (6).

To a stirred solution of 4-biphenylamine (300 mg, 1.77 mmol) and N,N-diisopropyl 

ethylamine (613 μL, 3.55 mmol) in 20 mL of anhydrous CH2Cl2 was added methyl 

chlorooxoacetate (180 μL, 1.95 mmol) dropwise under a N2 atmosphere. The resulting 

solution was stirred at room temperature for 30 min. The reaction mixture was washed with 

20 mL of DI water and 20 mL of brine. The organic layer was dried over anhydrous Na2SO4 

and evaporated in vacuo. Crude ester was subjected to hydrolysis using 15 mL of 1 N 

KOH/THF (1:1 v/v) at room temperature for 1 h. After completion, THF was evaporated, the 

aqueous layer was acidified to pH ~2 using 3 N HCL, and the resulting solid was filtered. 

Products were then purified by column chromatography on silica gel eluted with a mixture 

of 1:9 methanol/DCM. White solid; (374 mg, 87% yield). 1H NMR (DMSO-d6, 500 MHz): 

δ 10.80 (s, 1H), δ 7.86 (d, J = 8.5 Hz, 2H), δ 7.63–7.66 (m, 4H), δ 7.43 (t, J = 7.5 Hz, 2H), δ 
7.32 (t, J = 7.5 Hz, 1H); 13C NMR (DMSO-d6, 125 MHz): δ 162.6, 157.4, 139.9, 137.6, 

136.6, 129.4, 127.7, 127.4, 126.8, 121.1. Mass spectra (ESI) m/z: 240 (M − H)−. HRMS 

(ESI-TOF, [M − H]−) m/z: calcd for C14H10NO3, 240.0661; found, 240.0669.
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Synthesis of 2-([1,1′-Biphenyl]-3-ylamino)-2-oxoacetic Acid (7).

To an ice-cold solution of 3-biphenylamine (300 mg, 1.77 mmol) and N,N-diisopropyl 

ethylamine (613 μL, 3.55 mmol) in 20 mL of anhydrous CH2Cl2 was added methyl 

chlorooxoacetate (180 μL, 1.95 mmol) dropwise under a N2 atmosphere. The resulting 

solution was stirred at room temperature for 30 min. The reaction mixture was washed with 

20 mL of DI water and 20 mL of brine. The organic layer was dried over anhydrous Na2SO4 

and evaporated in vacuo. Crude ester was subjected to hydrolysis using 15 mL of 1 N 

KOH/THF (1:1 v/v) at room temperature for 1 h. After completion, THF was evaporated, the 

aqueous layer was acidified to pH ~2 using 3 N HCL, and the resulting solid was filtered. 

Products were then purified by column chromatography on silica gel eluted with a mixture 

of 1:9 methanol/DCM. White powder; (360 mg, 84% yield). 1H NMR (DMSO-d6, 500 

MHz): δ 10.75 (s, 1H), δ 8.08 (s, 1H), δ 7.78 (dt, J = 7.0, 2.0 Hz, 2H), δ 7.61 (d, J = 9.5 Hz, 

1H), δ 7.41–7.48 (m, 4H), δ 7.36 (t, J = 7.0 Hz, 1H); 13C NMR (DMSO-d6, 125 MHz): δ 
162.6, 157.7, 141.2, 140.4, 138.8, 129.8, 129.5, 128.1, 127.1, 123.3, 119.7, 119.1. Mass 

spectra (ESI) m/z: 240 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C14H10NO3, 

240.0661; found, 240.0669.

Synthesis of 2-Oxo-2-(quinolin-3-ylamino)acetic Acid (8).

To a stirred solution of 3-aminoquinoline (400 mg, 2.77 mmol) and N,N-diisopropyl 

ethylamine (960 μL, 5.55 mmol) in 25 mL of anhydrous CH2Cl2 was added methyl 

chlorooxoacetate (281 μL, 3.05 mmol) dropwise under a N2 atmosphere. The resulting 

solution was stirred at room temperature for 30 min. The reaction mixture was washed with 

25 mL of DI water and 25 mL of brine. The organic layer was dried over anhydrous Na2SO4 

and evaporated in vacuo. Crude ester was subjected to hydrolysis using 20 mL of 1 N 

KOH/THF (1:1 v/v) at room temperature for 1 h. After completion, THF was evaporated, the 

aqueous layer was acidified to pH ~2 using 3 N HCL, and the resulting solid was filtered. 

Compound 7 was then purified by column chromatography on silica gel eluted with a 

mixture of 1:9 methanol/DCM. Yellow powder; (450 mg, 75% yield). 1H NMR (DMSO-d6, 

500 MHz): δ 11.35 (s, 1H), δ 9.25 (s, 1H), δ 8.97 (s, 1H), δ 8.07 (t, J = 7.0 Hz, 2H), δ 7.78 

(t, J = 7.0 Hz, 1H), δ 7.67 (t, J = 7.0 Hz, 1H); 13C NMR (DMSO-d6, 125 MHz): δ 161.9, 

158.0, 143.8, 142.2, 132.3, 130.4, 128.7, 128.5, 128.2, 127.1, 126.7. Mass spectra (ESI) m/z: 

215 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C11H7N2O3, 215.0457; found, 

215.0464.

(Z)-2-Oxo-2-((4-styrylphenyl)amino)acetic Acid (9).

Off-white powder; (37 mg, 74% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.67 (s, 1H), δ 
7.64 (d, 8.5 Hz, 2H), δ 7.24 (d, 8.5 Hz, 2H), δ 7.19–7.22 (m, 3H), δ 7.16 (d, J = 8.5 Hz, 1H), 

δ 6.57 (s, 2H); 13C NMR (DMSO-d6, 125 MHz): δ 162.6, 157.9, 137.4, 137.3, 133.3, 130.1, 

129.9, 129.4, 129.0, 128.9, 128.8, 128.7, 127.7, 120.4. Mass spectra (ESI): m/z: 266 (M − 

H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C17H12NO3, 266.0817; found, 266.0826.

(Z)-2-Oxo-2-((4-(4-(trifluoromethyl)styryl)phenyl)amino)acetic Acid (10).

Off-white powder; (32 mg, 72% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.71 (s, 1H), δ 
7.68 (d, J = 8.0 Hz, 2H), δ 7.61 (d, J = 8.0 Hz, 2H), δ 7.41 (d, J = 8.5 Hz, 2H), δ 7.17 (d, J = 
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8.5 Hz, 2H), δ 6.72 (d, J =12 Hz, 1H), δ 7.64 (d, J =12 Hz, 1H); 13C NMR (DMSO-d6, 125 

MHz): δ 162.5, 157.8, 141.7, 137.6, 132.7, 132.1, 129.7, 129.5, 128.6, 125.8, 120.5. Mass 

spectra (ESI) m/z: 334 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for 

C17H11F3NO3, 334.0691; found, 334.0702.

2-Oxo-2-((4-phenethylphenyl)amino)acetic Acid (11).

White crystals; (47 mg, 93% yield). 1H NMR (MeOH-d4, 500 MHz): δ 7.56 (d, J = 8.5 Hz, 

2H), δ 7.21–7.24 (m, 2H), δ 7.12–7.16 (m, 5H), δ 2.88 (s, 4H); 13C NMR (MeOH-d4, 125 

MHz): δ 141.5, 138.2, 135.0, 128.5, 128.2, 127.9, 125.5, 119.8, 37.6, 37.2. Mass spectra 

(ESI) m/z: 268 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for C16H15NO3, 

268.0968; found, 268.0980.

2-Oxo-2-((4-(4-(trifluoromethyl)phenethyl)phenyl)amino)acetic Acid (12).

White crystals; (45 mg, 90% yield). 1H NMR (DMSO-d6, 500 MHz): δ 10.61 (s, 1H), δ 
7.59–7.64 (m, 4H) δ 7.42 (d, J = 8.0 Hz, 2H), δ 7.18 (d, J = 8.5 Hz, 2H), δ 2.93–2.96 (m, 

2H), δ 2.84–2.88 (m, 2H); 13C NMR (DMSO-d6, 125 MHz): δ 162.6, 157.2, 146.9, 137.7, 

136.1, 129.7, 129.1, 127.5, 127.2, 126.9, 126.7, 126.0, 125.5, 125.4, 123.8, 120.7, 37.0, 

36.4. Mass spectra (ESI) m/z: 336 (M − H)−. HRMS (ESI-TOF, [M − H]−) m/z: calcd for 

C17H14F3NO3, 336.0848; found, 336.0852.

Molecular Modeling Studies.

The molecular modeling studies were performed using the previously published crystal 

structure of mPTPB in complex with OMTS (PDB code:2OZ5).36 Schrodinger Molecular 

Modeling Suite 2019-4 (Schrodinger, LLC, New York, NY, 2019) was used for the modeling 

studies with procedures similar to those described before. We used extra precision Glide 

(Glide-XP) for our docking studies.61 Briefly, the structures of the protein–ligand complexes 

were prepared using the protein preparation module, and the ligand binding sites were 

defined based on the native ligand (OMTS). The inhibitors described in this study were built 

and prepared for docking using the Ligprep module. Data analyses were performed using the 

Maestro interface of the software.62

Determination of Log D.

To determine the lipophilicity of our inhibitors, we measured the Log D at pH 7.4 using the 

shake flask method. An aliquot of 10 mM DMSO stock solutions of test compounds was 

added into an Eppendorf containing 2 mL of n-octanol and pH = 7.4 PBS (1:1 v/v) to give a 

final concentration of 100 μM. The tubes were shaken for 8 h and centrifuged at 10,000 rpm 

for 5 min and then n-octanol and PBS layers were separated. Both layers were analyzed 

using LC─MS (Agilent Technologies 6470 series, triple quadrupole LC─MS). The ratios 

of AUC of the peaks were used to calculate the Log D in accordance with the equation

Log D = Log 10(AUC of octanol layer ∕ AUC of PBS layer)
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Determination of Kinetic Solubility.

The kinetic solubility of compounds (4b, 4h, 4k, 4t, 4u, and 4v) was measured by diluting 

10 μL of 20 mM DMSO stock into 990 μL of PBS buffer at pH = 7.4 (200 μM final inhibitor 

concentration) in a glass vial at 25 °C. The resulting mixture was stirred at 500 rpm for 90 

min and then filtered using a 0.45 μm PVDF membrane filter. After filtration, the 

concentration of the corresponding compound was determined by HPLC, comparing the 

AUC obtained with that from a standard solution of the compound. Data represent the mean 

(±standard deviation, SD) of three separate experiments, performed in triplicate.

MLM Assays.

Mouse (CD-1)-pooled liver microsomes were purchased from Fisher Scientific, IL, USA 

(0.5 mg/mL, Corning Gentest 3P, cat# 452702), and the assay procedures were followed as 

previously reported.63 A solution of 1.0 mg of mouse liver microsomes (final concentration) 

and 1 mM cofactor NADPH (final concentration) in 1 mL of 100 mM (PBS, pH = 7.4) was 

prewarmed to 37 °C in an Eppendorf tube. Then, 10 μL of a test solution (from 10 mM 

DMSO stock of the inhibitor) was added to initiate the reaction. Verapamil–HCl was used as 

a positive control. Another set of control inactive microsome experiments (without cofactor 

NADPH) were performed. The incubation mixture was kept at 37 °C, and 50 μL aliquots 

were taken at times of 0, 5, 10, 15, 30, 60, 90, or 120 min. Each of the aliquot was quenched 

using 200 μL of ice-cold acetonitrile. The mixtures were vigorously vortexed and 

centrifuged to remove the precipitated protein and the supernatants were analyzed using an 

Agilent Technologies 6470 series, triple quadrupole LC─MS spectrometer to quantitate the 

remaining parent compound. The percent of the parent compound remaining was calculated 

from the formula

% parent compound remaining
= (concentration at 60 min ∕ concentration at 0 min) × 100

IC50 Determination and Ki Determination.

Compounds were tested against mPTPB using the pNPP assay system in a Cary100 UV–vis 

spectrophotometer by monitoring the increase in absorbance of the product formed, p-

nitrophenol (pNP), at 405 nm using a molar extinction coefficient of 18,000 M−1 cm−1.18,21 

The reaction was started by the addition of 5 μL of mPTPB into a final volume of 200 μL of 

the master mix containing pH 7.0, 50.0 mM 3,3-dimethylglutarate, 1 mM EDTA, 0.15 M 

NaCl buffer, 3.0 mM pNPP (the Km value), and various concentrations of the inhibitor 

(maximum concentration of 500 nM for 4a to 4x and 10 μM for all other compounds with 

1.5-fold dilution and 10 different concentration points). The reaction was quenched after 30 

min by the addition of 50 μL of 5 N NaOH. The amount of the product pNP was determined 

from the absorbance at 405 nm. IC50 values for each compound were determined by fitting 

the dose–response data into the four-parameter logistic curve (eq 1) model of GraphPad 

prism 7.02 as follows.

AI ∕ A0 = IC50 ∕ (IC50 + [I]) (1)
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where AI is the absorbance at 405 nm of the sample with the inhibitor; A0 is the absorbance 

at 405 nm without the inhibitor; and [I] is the concentration of the inhibitor.

For selectivity studies, the catalytic domain of PTPs, including SHP2, SHP1, PTP1B, 

mPTPA, TCPTP, FAP1, LAR, CD45-D1D2, PTPγ-D1D2, VHR, Cdc14A, LYP, PTP-

MEG2, HePTP, PTPα-D1D2, Laforin, DEP-1-D1, MKP3, MKP5, YopH, PTP-PEST, STEP, 

PTPσ-D1D2, PTPβ-D1, PTPμ-D1, PTPε, and LMWPTP, was expressed and purified from 

E. coli (BL21). The inhibition assay for these PTPs was performed under the same 

conditions as mPTPB except using a different pNPP concentration corresponding to the Km 

of the PTP studied.

The inhibition constants (Ki) for the inhibitors against mPTPB were determined at pH 7.0 

and 25 °C. At various fixed concentrations of the inhibitor, the initial rate for a series of 

pNPP concentrations was measured by following the production of pNP (UV absorbance at 

405 nm) as described above, ranging from 0.2- to 5-fold the apparent Km values. The data 

were fitted using SigmaPlot-Enzyme Kinetics to obtain the inhibition constant and to assess 

the mode of inhibition.

Cell Permeability Studies.

We determined the intracellular concentrations of our compounds in Raw264.7 cells, using 

the previously reported protocol by Teuscher et al.53 The calibration curves of compounds 

are shown in the Supporting Information Figures S49-S51. The input concentration was set 

to 20 μM. The cell-bound concentration of 4k, 4s, 4t, and 4u at 37 °C was determined after 

2 h incubation in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS 

(Invitrogen), penicillin (50 units/mL), and streptomycin (50 μg/mL). In these experiments, 

we used our previously reported cellular active mPTPB inhibitor, compound 9, as a positive 

control.55 All these compounds showed better cellular permeability compared to compound 

9 under identical conditions.

Cytotoxicity Studies.

A 90 μL aliquot of MEF cells (3 × 103 cells) was seeded in a 96-well plate and treated with 

10 μL aliquots of varying compound concentrations (25 μM maximum concentration) for 72 

h. Cell viability was measured using tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) cell proliferation assay by incubating the cells with 

MTT for 3 h, dissolving the crystals in DMSO, and measuring the optical density at 490 nm.
65

Recombinant Protein Production.

pET28b-mPTPB18 was used to transform into E. coli BL21/DE3 and grown in LB medium 

containing 50 μg/mL kanamycin at 37 °C to an OD600 of 0.5. Site-directed mutagenesis was 

performed on wild-type pET28-mPTPB, using Quick Change PCR to generate the mutants 

I203A, I207A, I207K, F161S, K164I, and D165G. Following the addition of IPTG to a final 

concentration of 20 μM, the culture was incubated at 20 °C with shaking for additional 16 h. 

The cells were harvested by centrifugation at 5000 rpm for 5 min at 4 °C. The bacterial cell 

pellets were resuspended in 20 mM Tris, pH 7.9, 500 mM NaCl, and 5 mM imidazole and 
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were lysed by sonication. Cellular debris was removed by centrifugation at 16,000 rpm for 

30 min at 4 °C. The protein was purified from the supernatant using standard procedures of 

Ni-nitrilotriacetic acid-agarose (Qiagen) affinity purification. The protein eluted from the 

Ni-NTA column was concentrated with an Amicon Ultra centrifugal filter device (Millipore) 

and the buffer was changed to 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, and 1 mM 

DTT. Protein concentration was determined using the Bradford dye binding assay (Bio-Rad) 

diluted according to the manufacturer’s recommendations with bovine serum albumin as the 

standard. The purified mPTPB was made to 20% glycerol and stored at −20 °C. The purified 

proteins were tested using pNPP as a substrate at pH 7.0, in 50.0 mM 3,3-dimethylglutarate, 

1 mM EDTA, and 0.15 M NaCl.

Cell Culture and Transfection.

Raw264.7 mouse macrophages were cultured in DMEM supplemented with 10% FBS 

(Invitrogen), penicillin (50 units/mL), and streptomycin (50 μg/mL) under a humidified 

atmosphere containing 5% CO2 at 37 °C. mPTPB was subcloned into pcN-HA expression 

vectors. Raw 264.7 cells were seeded at 40% confluency in an antibiotic-free medium and 

grown overnight, and HA-tagged mPTPB or pcN-HA empty vectors were transfected into 

cells by electroporation at 800 μF and 280 V. After 24 h of transfection, 0.5 mg/mL G418 

was added to the culture medium. Stable clones were picked after two weeks of selection. 

PcN-HA vector or mPTPB-transfected Raw264.7 cells were seeded in a 24-well plate at a 

density of 2 × 104 cells/well as previously reported by our group.55 After 48 h, the cells 

were treated with the mPTPB inhibitor 4t at different concentrations for 2 h and then 

stimulated with IFN-γ (20 ng/mL) for 1 h. Cells were then lysed in 1 × SDS sample buffer 

and the lysates were electrophoresed on a 10% polyacrylamide gel and then transferred to a 

nitrocellulose membrane and probed with anti-phospho-ERK1/2, anti-phospho-p38, anti-

phospho-Akt, anti-ERK1/2, anti-AKT, anti-p38 (Cell Signaling Technology), anti-GAPDH, 

and anti-HA (Santa Cruz) followed by incubation with horseradish rabbit or mouse 

peroxidase-conjugated secondary antibodies. The blots were developed by the enhanced 

chemiluminescence technique using the SuperSignal West Pico Chemiluminescent substrate 

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

DCM dichloromethane

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide
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TFA trifluoroacetic acid

THF tetrahydrofuran

mPTPA mycobacterium protein tyrosine phosphatase A

mPTPB mycobacterium protein tyrosine phosphatase B

pTyr phosphotyrosine

OBA 2-oxalamino benzoic acid

pNPP p-nitrophenyl phosphate
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Figure 1. 
Previously reported oxamic acid-based pTyr mimetics for PTP inhibition.
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Figure 2. 
IC50 values of various oxamic acid derivatives against mPTPB, PTP1B, and SHP2.
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Figure 3. 
Compound 4t is a reversible and competitive inhibitor of mPTPB with pNPP as a substrate. 

Lineweaver–Burk plot for 4t-mediated mPTPB inhibition. Compound 4t concentrations 

were 0 (●), 10 (○), and 20 (▼) nM, respectively. The Ki value of 2.7 ± 0.2 nM was 

determined from three independent measurements.
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Figure 4. 
Comparison of structural features of mPTPB with other human PTPs. (A) Electrostatic 

potential is calculated using APBS and is mapped onto the molecular surface of the mPTPB 

structure from the PDB code: 2OZ5 (using PyMOL).64 The active site of mPTPB is highly 

positively charged (blue region). (B) Comparison of P-loop residues of mPTPB with various 

other members of the PTP family. (C) Overlay of P-loop residues of mPTPB and human 

PTP1B. mPTPB residues were colored in red (PDB code: 2OZ5) and human PTP1B 

residues were colored in green (PDB code: 1XBO).
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Figure 5. 
Molecular docking models of 4t with mPTPB (PDB code: 2OZ5). (A) Binding model of 4t 
with surface representation of mPTPB. The polar P-loop residues are shown in blue and the 

hydrophobic region is shown in red.64 (B) Detailed interactions of 4t with mPTPB. The 

hydrogen-bonding interactions are shown using red lines.
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Figure 6. 
Cellular efficacy of the mPTPB inhibitor 4t. Raw 264.7 cells were transfected with pcN-HA 

control vector (lanes 1–6) or pcN-HA-mPTPB (lanes 7–12) to create stable cell lines.18 

Raw264.7 cells expressing mPTPB exhibited decreased IFN-γ-stimulated ERK1/2 and p38 

activation and increased AKT activity compared to control vector cells. Cellular activity of 

compound 4t was evaluated by treating it with both cell lines. Compound 4t was able to 

block mPTPB-mediated cellular signaling by restoring ERK1/2 and p38 activity and 

inhibiting AKT activation by mPTPB, whereas no effect on control vector-transfected cells 

was observed as shown by the blots above.
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Scheme 1. 
Strategies for the Synthesis of mPTPB Inhibitors. (A) Synthesis of Phenylethynyl Oxamic 

Acids from Ethynylanilines. (B) Synthesis of Phenylethynyl Oxamic Acids from 4-

Iodoaniline
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Scheme 2. 
Synthesis of Alkene- and Alkane-Based Derivatives of 4 and 4k
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Table 1.

IC50 Values of Compounds 4, 4a–4s against a Panel of PTPs
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Table 2.

IC50 Values of 4k Analogues against a Panel of PTPs
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Table 3.

IC50 Values of Alkene- and Alkane-Containing Analogues of 4 and 4k against mPTPB, SHP2, and PTP1B
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Table 4.

Specificity of 4g, 4k, and 4t for mPTPB over a Large Panel of PTPs

PTP 4g IC50 (∝M) 4k IC50 (∝M) 4t IC50 (∝M)

mPTPB 0.160 0.015 0.0064

mPTPA >50 >50 >30

SHP1 38.5 >50 >30

SHP2 47.5 >50 >30

PTP1B 45.1 >50 >30

TC-PTP >50 >50 >30

LYP >50 >50 >30

HePTP >50 >50 >30

FAP-1 >50 >30 >30

DEP-1 >50 >30 >30

Laforin >50 >30 >30

PTP-MEG2 >50 >30 >30

MKP3 >50 >30 >30

MKP5 >50 >30 >30

YopH >50 >30 >30

LMPTP-1 34.5 >30 >30

PTP-PEST >50 >30 >30

CD45 >50 >30 >30

CDC14A >50 >30 >30

STEP >50 >30 >30

VHR >50 >30 >30

PTPσ >50 >30 >30

PTPα >50 >30 >30

PTPβ 11.5 >30 >30

PTP∝ >50 >30 >30

PTPγ >50 >30 >30

PTPε >50 >30 >30
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Table 5.

Kinetic Parameters of the Wild-Type and Mutant mPTPBs with pNPP as a Substrate
a

enzyme Km (in mM) kcat (s−1)

wild type 3.58 ± 0.11 4.37 ± 0.12

I203A 2.73 ± 0.09 1.61 ± 0.10

I207A 4.85 ± 0.17 4.94 ± 0.19

I207K 4.53 ± 0.05 1.96 ± 0.02

F161S 4.47 ± 0.27 0.30 ± 0.02

K164I NA NA

D165G NA NA

a
Kinetics measured at pH = 7.0, in 50.0 mM 3,3-dimethylglutarate, 1 mM EDTA, 0.15 M NaCl buffer at room temperature. NA = showed no 

measurable phosphatase activity.
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