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ABSTRACT 

Mycobacterium tuberculosis (Mtb) protein tyrosine phosphatases A and B (PtpA and PtpB) have been 

recognized as potential molecular targets for the development of new therapeutic strategies against 

tuberculosis (TB). In this context, we have recently reported that the naturally occurring Diels-Alder-

type adduct Kuwanol E is an inhibitor of PtpB (Ki = 1.6 ± 0.1 µM). Here, we describe additional Diels-

Alder-type adducts isolated from Morus nigra roots bark that inhibit PtpB at sub-micromolar 

concentrations. The two most potent compounds, namely Kuwanon G and Kuwanon H, showed Ki 

values of 0.39 ± 0.27 and 0.20 ± 0.01 µM, respectively, and interacted with the active site of the 

enzyme as suggested by kinetics and mass spectrometry studies. Molecular docking coupled with 

intrinsic fluorescence analysis and isothermal titration calorimetry (ITC) further characterized the 

interaction of these promising PtpB inhibitors. Notably, in an Mtb survival assay inside macrophages, 

Kuwanon G showed inhibition of Mtb growth by 61.3%. All these results point to the common Diels-

Alder-type adduct scaffold, and highlight its relevance for the development of PtpB inhibitors as 

candidate therapeutics for TB. 

 

 

Keywords: PtpB inhibitors; tuberculosis; Diels-Alder-type adducts; natural products; kuwanones 
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1. INTRODUCTION 

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

According to the World Health Organization (WHO), there were almost 10.4 million new TB cases in 

2015 (1 million of them were children) and 1.4 million TB deaths (140,000 were children), plus 0.4 

additional deaths among people co-infected with HIV.[1] Accordingly, TB remains one of the top 10 

causes of death worldwide in 2015. Patient noncompliance to the prescribed drugs is a critical factor 

that affects the success rate of conventional treatments against TB, leading to elevate the incidence of 

multidrug-resistant (MDR-TB), extensively drug-resistant (XDR-TB) and totally drug-resistant (TDR-

TB) TB cases.[2] Thus, there is an urgent need for novel therapeutic targets for TB treatment, as well 

as new drugs and drug candidates that could act on them. 

In this context, two protein tyrosine phosphatases (PTPs), namely PtpA and PtpB, which have been 

identified in Mtb’s genome,[3] emerged a few years ago as profitable targets for the development of 

novel therapeutics against TB.[4-6] These enzymes are secreted by Mtb in infected human 

macrophages and are involved in the pathogen intracellular survival,[7] attenuating host innate 

immunity by interacting with host proteins such as TRIM27 and ubiquitin,[8, 9] as well as host 

signaling pathways including Jnk, p38, and NF-κB.[10] The mechanism of action of PtpA inside the 

host has been previously elucidated,[11, 12] whereas that of PtpB has only been suggested.[13, 14] 

Nevertheless, several reports substantiate that PtpA and PtpB inhibition by small molecules could 

impact Mtb survival in the host, thus paving the way for the development of innovative therapeutic 

strategies.[5, 12, 15-18]  

The identification of Mtb PTPs inhibitors by screening campaigns or rational design has been 

addressed in the last decade,[17, 19-23] and natural products have played a key role in this field.[24] 

Indeed, natural products have long been recognized as an important source of therapeutically useful 

agents,[25-28] and can offer excellent opportunities for finding novel hits or leads against a broad 
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range of biological targets. In particular, our research group has assayed libraries of synthetic chalcone 

analogs to natural products, to find PtpA and PtpB inhibitors.[15, 29-31] Moreover, we have recently 

screened an in house library of natural compounds to find novel PtpB inhibitors,[31] by means of an 

integrated in silico/in vitro approach. This study identified Kuwanol E, a polyphenolic Diels-Alder-type 

adduct isolated from Morus nigra roots bark[32] (Figure 1) that is endowed with a noticeably 

inhibitory activity against PtpB (Ki = 1.6 ± 0.1 µM).[31] Recently, the total synthesis of Kuwanol E 

has been reported.[33] 

Morus nigra L. (family of Moraceae), also known as black mulberry, is one of the most important 

species of the genus Morus. The plants of this genus contain a variety of phenolic compounds including 

prenylated flavonoids, stilbenes, 2-arylbenzopyrans, coumarins, chromones, xanthones and Diels-

Alder-type adducts.[32, 34-36] M. nigra and its constituents have been used in folk medicine as 

analgesic, anti-inflammatory, diuretic, antitussive, sedative, antimicrobial, cytotoxic, and antidiabetic 

agents.[36, 37] Some compounds isolated from the extract of the genus Morus have been explored in 

previous pharmacological studies, but only a few of them have been tested as modulators of purified 

proteins such as tyrosinase,[38-40] phosphodiesterase-4,[41] xanthine oxidase,[42] and α-

glucosidase.[43, 44]  

In addition, a few studies concerning compounds isolated from the Morus genus have highlighted their 

PTPs inhibition activity, specifically against the human phosphatase PTP1B. In particular, compounds 

isolated from M. bombycs showed IC50 values ranging from 2.7 to 13.8 µM against the PTP1B, while 

the enzymatic kinetic assays suggested for these molecules a mixed-type mode of inhibition.[45] The 

inhibition of PTP1B by compounds isolated from M. alba was also investigated, highlighting an 

arylbenzofuran derivative as the most potent inhibitor, endowed with an IC50 value of 7.9 µM.[43] 

More recently, Wang and co-workers evaluated the inhibitory activity of five compounds isolated from 

M. notabilis against PTP1B, showing IC50 values ranging from 1.5 to 2.3 µM.[46]  
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In comparison with other species of the genus Morus, there are fewer studies involving the evaluation 

of biological and pharmacological properties of compounds isolated from M. nigra. Then, following 

our research interest in the discovery of natural compound inhibitors of Mtb PtpB, in this work, we 

present the results of an integrated study which combines enzyme inhibition and selectivity assays, 

kinetic and thermodynamic measurements, molecular modeling and evaluation of Mtb survival in 

human macrophages. Compounds isolated from M. nigra roots bark were considered, including 

flavonoids and Diels-Alder-type adducts. Our results provide further insights to establish this naturally 

occurring scaffold of potent and specific inhibitors of Mtb PtpB, and reinforce the druggability of PtpB 

in the development of anti-TB lead candidates.  

 

2. RESULTS AND DISCUSSION 

2.1. Preparation of M. nigra extracts, isolation and characterization of the natural compounds 

under investigation 

A crude extract was obtained in acetone (8% yield) from the roots of M. nigra collected in the Riserva 

Naturale della Marcigliana, Rome (Italy). From this extract, the following compounds were isolated, 

with relative abundance reported in brackets: Kuwanon L (0.37%), Kuwanon G (5.8%), Kuwanon H 

(0.63%), Cudraflavanone A (0.66%), Morusin (2.1%), Oxyresveratrol (10%), Chalcomoracin (4.6%) 

and Norartocarpetin (0.15%) (Figure 1).  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

  

Figure 1. Chemical structure of small molecules isolated from M. nigra. Kuwanol E is the reference 

natural product inhibitor of PtpB, previously isolated from M. nigra roots bark;[31, 32] other natural 

compounds isolated from M. nigra and studied in this work are: Kuwanon L (1); Kuwanon G (2); 
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Kuwanon H (3); Cudraflavanone A (4); Morusin (5); Oxyresveratrol (6); Chalcomoracin (7); 

Norartocarpetin (8). 

 

2.2. IC50 determination of potential PtpB inhibitors 

The inhibitory activity of compounds 1–8 (Figure 1) and the crude extract in acetone from M. nigra 

was evaluated towards recombinant PtpB using the method described previously.[31] All compounds 

showed significant inhibition of PtpB with IC50 values ranging between 0.36 and 8.42 µM (Table 1). 

The best inhibitory effects were achieved by Kuwanon G (0.83 ± 0.35 µM, 2, Figure 1) and Kuwanon 

H (IC50 = 0.36 ± 0.05 µM, 3, Figure 1), two polyphenolic Diels-Alder-type adducts that differ only for 

the presence of an additional prenyl group in Kuwanon H. Notably, this prenyl group is in the same 

position as found in the reference inhibitor Kuwanol E.[31] Among other Diels-Alder-type adducts, 

Chalcomoracin (7, Figure 1) also showed a satisfactory inhibition of PtpB with an IC50 of 1.43 ± 0.22 

µM, whereas Kuwanon L (IC50 = 4.70 ± 1.12 µM, 1, Figure 1), showed an activity 13-fold lower than 

that from Kuwanon H. It is worth mentioning that Chalcomoracin contains the same prenyl group as 

Kuwanol E and Kuwanon H, whereas Kuwanon L does not, thus suggesting that the presence of this 

prenyl group may be relevant for PtpB inhibition by this class of compounds. 

Besides stereochemical configuration, the reference PtpB inhibitor Kuwanol E (Figure 1, IC50 = 1.9 

µM)[31] and Kuwanon G and H identified herein differ for the substituent to the cyclohexene ring: 

Kuwanol E bears an Oxyresveratrol moiety, whereas Kuwanon G and H share a flavone moiety. The 

different physicochemical features of these moieties provided ~5-fold and ~2-fold increase of 

inhibitory activity in Kuwanon H and G compared to Kuwanol E. The same trend was observed by 

testing the inhibitory effect of Oxyresveratrol (6, Figure 1), which showed the weakest inhibitory 

potency among the tested compounds (IC50 = 8.42 ± 1.13 µM), whereas Norartocarpetin (8, Figure 1) 

which corresponds to the flavone moiety in Kuwanon L, G and H, showed a satisfactory inhibitory 
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activity against PtpB (IC50 = 1.20 ± 0.25 µM), notably even better than the reference Kuwanol E. 

Finally, Morusin (5, Figure 1), and Cudraflavanone A (4, Figure 1) displayed moderate activity as PtpB 

inhibitors, with IC50 values of 5.26 ± 0.22 µM and 5.07 ± 0.94 µM, respectively. 

 

Table 1. In vitro inhibition (IC50, µM) of isolated compounds 1–8 from Morus nigra against PtpB, 

PtpA, PTP1B, LYP, and PTP-PEST. 

The results are shown as the average of the individual mean ± SD (standard deviation) for 3 experiments. 

SI = selectivity index. SI* = IC50 
PtpA/IC50 

PtpB; SI** = IC50 
PTP1B/IC50

 PtpB; SI*** = IC 50 
LYP/IC50

 PtpB; 

SI ****= IC 50 
PEST/IC50 

PtpB. 

# C.E.A. = crude extract in acetone.. 

 

In order to define the PTPs inhibition profile of natural products 1–8 and the crude extract, their effects 

on the catalytic activity of Mtb PtpA and human PTP1B, PTP-PEST (also referred as PTPN12; PTP-

proline-, glutamic acid-, serine- and threonine-rich (PEST)), and LYP (Lymphoid-specific tyrosine 

phosphatase) were also investigated. The selectivity index (SI) was then calculated as the ratio between 

Compound PtpB PtpA SI* PTP1B SI** LYP SI*** PTP-PEST SI**** 

1 4.70 ± 1.12 13.96 ± 2.52 3.0 7.98 ± 0.66 1.7 12.12 ± 0.78 2.6 18.60 ± 0.84 3.9 

2 0.83 ± 0.35 5.89 ± 0.81 7.1 4.56 ± 0.51 5.5 18.53 ± 1.44 22.3 12.41 ± 1.20 14.9 

3 0.36 ± 0.05 1.49 ± 0.19 4.1 2.54 ± 0.29 7.0 11.75 ± 1.94 32.6 5.22 ± 1.00 14.5 

4 5.07 ± 0.94 2.74 ± 0.77 0.5 4.31 ± 0.67 0.9 9.54 ± 1.16 1.9 18.61 ± 0.48 6.8 

5 5.26 ± 0.22 4.65 ± 1.37 0.9 10.32 ± 1.74 2.0 14.97 ± 1.76 2.8 >100 >19 

6 8.42 ± 1.13 67.23 ± 2.67 8.0 27.13 ± 0.52 3.2 31.45 ± 1.52 3.7 >100 >11.9 

7 1.43 ± 0.22 2.43 ±0.32 1.7 1.94 ± 0.40 1.4 7.29 ± 0.82 5.1 8.52 ± 1.50 5.9 

8 1.20 ± 0.25 11.97 ± 0.41 10.0 5.18 ± 0.81 4.3 30.29 ± 0.99 25.2 20.94 ± 0.53 17.5 

#C. E. A. 1.48 ± 0.33 1.57 ± 0.27 1.1 1.24 ± 0.98 0.8 7.38 ± 0.41 5.0 7.41 ± 0.42 5 
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the IC50 measured against other PTPs and the IC50 measured against the target Mtb PtpB. As shown in 

Table 1, Kuwanon G and H showed a moderate specificity for PtpB over PtpA and PTP1B with SI 

values in the range 4.1 – 7.1, whereas a good selectivity of these compounds for PtpB over LYP and 

PTP-PEST was observed, with SI values in the range 14.5 – 32.6. Although we are aware that the 

tested panel of phosphatases is not exhaustive, these results suggest that Kuwanon G and H are potent 

inhibitors of PtpB, and that they are endowed with a certain specificity for PtpB among a panel of 

relevant PTPs.  

 

2.3. Enzyme kinetic analysis  

The two most potent PtpB inhibitors Kuwanon G and H were selected for further enzyme kinetic 

analysis. The Michaelis-Menten plots (Figure 2) indicate that these two compounds caused increases in 

apparent Km values with the rise of inhibitor concentrations. On the other hand, the Vmax value remains 

constant to Kuwanon H, indicating a competitive mechanism of inhibition, while to Kuwanon G, in the 

inhibitor presence, we observed a small reduction in the Vmax values. However, the velocities did not 

decrease curvilinearly as expected for a non-competitive inhibition with α ˃ 1, the Vmax values were 

similar for the three concentrations of inhibitor. As the velocity in the presence of a competitive 

inhibitor may be considered equal to Vmax values when the substrate concentration is ≥100Km app, the 

above-mentioned kinetics were fitted to a Michaelis-Menten with a competitive inhibition model.[47] 

The Ki values obtained for Kuwanon G and Kuwanon H were 0.39 ± 0.27 and 0.20 ± 0.01 µM, 

respectively. In order to support the mechanism of inhibition, we also studied the relationship between 

IC50 and the substrate concentration of Kuwanon H. The IC50 of Kuwanon H was dependent on the 

pNPP concentration; excess of substrate did effectively compete with inhibitor, which ratifies a 

competitive inhibition mechanism (see Supporting Information Figure S1A). Furthermore, to determine 

whether the compounds cause the enzyme inactivation or reversible inhibition, acting as a fully 
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reversible, slowly reversible, or irreversible inhibitors, PtpB inhibition by Kuwanon G and H was 

measured using a preincubation/dilution assay.[47] After the 100-fold dilution of the enzyme-inhibitor 

complex (preincubation following an equilibration time of 30 min at 37 °C) approximately 40% of 

PtpB activity was recovered compared to the free protein, for both compounds (see Supporting 

Information Figure S1B). Such result might suggest the behavior of slowly dissociating inhibitors. In 

addition, PtpB inhibition by these compounds was independent on the incubation time, at a 

concentration of 0.2 µM (see Supporting Information Figure S1C), which could indicate a rapid 

binding event.  

Next, we pursued to define the mechanism of inhibition of the human ortholog PTP1B by Kuwanon G, 

which showed a SI value of 5.5 compared to Mtb PtpB (namely, the lowest value found among the 

human PTPs evaluated in this work, see Table 1). Using a steady-state inhibition kinetics, we found 

that Kuwanon G is a non-competitive inhibitor of PTP1B, producing a reduction in Vmax with little or 

no effect on Km (Figure 2). This data suggests that, compared to PtpB, Kuwanon G binds in an 

allosteric site of human PTP1B. The mentioned kinetics were fitted to a Michaelis-Menten with a non-

competitive inhibition model, providing a Ki value of 10.2 ± 2.0 µM for PTP1B inhibition that is 26-

fold higher than that observed against PtpB (0.39 ± 0.27 µM).  
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Figure 2. Inhibition kinetics of Mtb PtpB by Kuwanon G and H, and human PTP1B by Kuwanon G. 

Michaelis-Menten plots of kinetic analysis of Kuwanon G and Kuwanon H are showed in the 

respective panels. The Ki values were determined from 3 independent measurements.  

 

2.4. PtpB intrinsic fluorescence: effects triggered by Kuwanon G and Kuwanon H  

According to its primary sequence and three-dimensional structure, PtpB possesses a tryptophan 

residue (Trp10), and 6 tyrosine residues (Tyr).[48] The Trp10 and four out of the six tyrosine residues 

are found in the catalytic domain and, among them, Trp10 is the most dominant fluorophore. The 

fluorescence spectrum of PtpB presents an emission maximum (λmax) at 330 nm, when excited at 280 

nm or 295 nm, as expected for a buried tryptophan.[49] The tyrosine residue 125 (Tyr125) in the α-

helix 4 was previously shown to be important for (oxalylamino-methylene)-thiophene sulfonamide 
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(OMTS) binding to PtpB;[20] furthermore, we previously reported that Kuwanol E establishes H-bond 

interactions with such residue.[31] Accordingly, the binding of Kuwanon G and H to PtpB was further 

investigated by monitoring the intrinsic fluorescence of the protein. The fluorescence spectra were 

recorded in different concentrations of the compounds, following excitation at 280 nm (monitoring Trp 

and Tyr excitation) or 295 nm (monitoring only the Trp excitation) as shown in Figure 3, and in 

Supporting Information Figures S2 and S3. The addition of the compounds resulted in fluorescence 

quenching without a shift in the λmax, indicating that the global structure of PtpB and the local 

environment of the tryptophan residue, is not altered by the interaction with the compounds in both 

conditions (namely, excitation at 280 nm or 295 nm). 

To investigate the mechanism of fluorescence quenching, we performed UV-vis measurements of PtpB 

in the absence or presence of the compounds (see Supporting Information Figure S4). We observed that 

the addition of compounds caused the increase in the absorption at 280 nm and between 310 to 350 nm, 

thus both compounds changed the absorption spectrum of PtpB, suggesting that the fluorescence 

quenching is static, owing to the formation of the protein-inhibitor complex.[49] The equilibrium 

binding of Kuwanon G and H to PtpB was followed by the change in protein fluorescence signal upon 

inhibitor binding. The fluorescence data collected was analyzed with the modified Stern−Volmer (SV) 

equation 1 (see Experimental Section), using the log of fluorescence intensity at spectral maxima vs log 

of inhibitor concentration. The plots are shown in Figure 3C-D and in Supporting Information Figure 

S2E-F. Analysis of quenching data for both Kuwanon G and H resulted in almost identical equilibrium 

dissociation constants (Kd) (excitation at 280 nm), in agreement with the kinetic inhibition constants 

previously obtained, with Ki values of 0.39 ± 0.27 and 0.20 ± 0.01 µM, respectively. In addition, our 

data suggest that both inhibitors have only a single binding site in PtpB (equation 1 in Experimental 

Section). As shown in Table 2 and S1, Kuwanon G and H binding parameters obtained following Trp 

and Tyr (at 280 nm) or only the Trp excitation (295 nm) showed similar values.  
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Figure 3. Representative fluorescence quenching spectra of PtpB at different concentrations of 

inhibitors. Steady-state fluorescence emission spectra of PtpB in the presence of increasing 

concentrations of Kuwanon G (A) and H (B), excitation at 295 nm. Plots of log(F0−F)/F versus log of 

Kuwanol G and H concentration (C and D, respectively). The data represent the average ± SE of two 

independent experiments. 

 

Table 2. Comparison of binding parameters measured by intrinsic fluorescence.  

Compound N, sites Ka, M
-1 aKd, µM b

∆G, kcal mol-1 

Kuwanon G 1.0 ± 0.2 1.0 ± 0.2 x 106 1.0 ± 0.2 -8.2 ± 0.1 
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Kuwanon H 1.0 ± 0.1 1.0 ± 0.07 x 106 1.0 ± 0.07 -8.2 ± 0.05 

Parameters obtained using equation 1 (see Experimental Section). Excitation at 295 nm. aKa = 1/Kd,
 

b
∆G = − RTlnKa. The data represent the average of two independent experiments 

 

2.5. Thermodynamic analysis of Kuwanon G binding to PtpB 

The binding of Kuwanon G to PtpB was also measured using isothermal titration calorimetry (ITC) in 

an attempt to divide the binding energy into enthalpic and entropic components, and to obtain the 

dissociation constants and the stoichiometry of the interaction. ITC was not performed on Kuwanon H, 

since the compound is not soluble in the necessary experimental conditions.  

Figure 4 shows the interaction between Kuwanon G and PtpB. The ITC data could be fitted according 

to a single-site binding model (a 1:1 equilibrium), also supported by fluorescence quenching 

experiments (Figure 3), and the thermodynamic parameters of binding are summarized in Table 3. The 

analysis showed favorable binding parameters for Kuwanon G (∆G = -7.5 ± 0.1 kcal mol-1), in 

agreement with the previous observations (Table 2), and the binding isotherm leads to Kd = 2.9 ± 0.4 

µM. The dissociation constant determined by ITC was ~2-fold higher than that obtained from the 

previous fluorescence quenching analysis, although within the same order of magnitude. The binding 

of Kuwanon G was found to be exothermic with favorable enthalpic and unfavorable entropic 

contributions (Table 3). In fact, the free energy of binding is clearly dominated by an enthalpic 

component (Figure 4), since at 25 °C the entropic contribution (T∆S) to the overall free energy is equal 

to −6.2 ± 0.8 kcal mol-1 whereas the enthalpic contribution (∆H) is equal to −13.7 ± 0.7 kcal mol-1, 

suggesting that the binding predominantly involves the formation of H-bonds in addition to small 

conformational changes. The thermodynamic profile for the binding of Mtb β-ketoacyl CoA reductase 

FabG4 to a triazole polyphenol hybrid compound (in this case a competitive inhibitor) revealed that the 

interaction is governed by strong H-bonding (with Asp, Arg and Asn residues) and conformational 
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changes, supported by the negative ∆H and ∆S parameters and also corroborated by docking 

studies.[50] In addition, the binding study of two structurally similar ligands to human histone 

deacetylase 8 (HDAC8) showed that the inhibitor with an enthalpic gain (higher negative ∆H), as a 

result of a specific hydrogen bond in the active site of HDAC8, as well as an entropic penalty caused 

likely by a reduction in the conformational flexibility, tends to be more target-specific.[51] Overall, 

these results coupled with kinetics and fluorescence quenching studies indicates that Kuwanon G binds 

directly to the protein, most likely within the catalytic active site. Moreover, recent studies have 

demonstrated that inhibitors where the enthalpic contribution dominates the binding events may be the 

best candidates to lead optimization since a few strong hydrogen bonds can improve selectivity and 

specificity for the target molecules.[51, 52]  

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

Figure 4. Isothermal titration calorimetry (ITC) of Kuwanon G binding to PtpB. Inset, the 

thermodynamic profile of the binding. The titration was performed at 25 °C with 10 µM PtpB in the 

cell and 200 µM Kuwanon G in the syringe. In the representative figure (two independent experiments) 

the upper panel displays the raw ITC data, and the normalized data, corrected for the control dilution 

heat, is shown in the lower panel.  
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Table 3. Thermodynamic parameters for the binding of Kuwanon G to PtpB.  

N, sites Ka, M
-1 ∆H, kcal mol-1 ∆S, cal mol-1 K-1 a

∆G, kcal mol-1 

0.9 ± 0.1 3.5 ± 0.5 x 105 -13.7 ± 0.7 -20.8 ± 2.6 -7.5 ± 0.1 

10 µM of PtpB titrated with 200 µM Kuwanon G at 25 °C. a
∆G = − RTlnKa. The data presented are the 

average, with standard deviations, from two independent experiments 

 

2.6. PtpB proteolysis protection by Kuwanon G and H 

In order to investigate the possible binding site of Kuwanon G and H, we analyzed PtpB peptide mass 

fingerprint (PMF) in the presence or in the absence of the inhibitor. In the case of free PtpB, 

approximately 92% of its sequence was covered by PMF (Figure 5A). As shown in Figure 5B-C, pre-

incubation of PtpB with Kuwanon G or Kuwanon H led to several changes in the cleavage profile. The 

main differences compared to the free PtpB are intensity decrease or the disappearance of the signals of 

fragments related to the substrate binding region, and the increase in the intensity of fragments located 

far from the active site. In the presence of 100 µM Kuwanon G, we observed about 90% sequence 

coverage of PtpB; furthermore, the intensity of the two fragments at m/z 1953 and m/z 2224 that 

correspond to the amino acids sequence of the active site (residues 146-166) was markedly reduced 

(Figure 5B, and Supporting Information Figures S5 and S6). On the other hand, novel signals appeared 

in the PMF profile of PtpB in the presence of Kuwanon G, namely four new fragments at m/z 1305, m/z 

1761, m/z 2430, and m/z 2785, while seven fragments increased their intensity (Supporting Information 

Figures S7-S15). These segments include the his-tag sequence, the α-helices 1, 8, 9 and 10, β-sheet 2 

and 4, and a small portion of α-helices 2, 4, 5, 7 and 11, which are oriented outwards, surrounding the 

active site (Supporting Information Figure S16A). Interestingly, the fragment at m/z 2430 (that appears 

only in the presence of the inhibitor) covers the amino acids residues 141-164, which includes part of 

catalytic site, but compared to fragments m/z 1953 and m/z 2224 this sequence covers a larger region of 
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α 5 helix (Supporting Information Figure S17). This result suggests that even during the course of the 

proteolysis experiment, if trypsin reaches the active site region it does not seem to have free access to 

all the amino acid residues of this region, since the intensity of the fragments m/z 1953 and m/z 2224 

were reduced, indicating that the compounds interact with other surface determinants of the active site 

of the enzyme.  

In the presence of 100 µM Kuwanon H, we also observed about 93% sequence coverage of PtpB and 

the strong intensity reduction of the fragment m/z 1953, besides the disappearance of the fragment at 

m/z 2224 (Figure 5C, and Supporting Information Figures S5, S6). As observed for Kuwanon G, novel 

signals appeared in the PMF profile of PtpB in the presence of Kuwanon H, namely five new fragments 

at m/z 1243, m/z 1305, m/z 1761, m/z 2785, and m/z 2809, while ten fragments increased their intensity 

(Supporting Information Figures S7, S8, S10-15, S18, S19). As shown above, these segments include 

the his-tag sequence, the α-helices 1, 2, 8, 9, 10, β-sheet 2 and a small portion of α-helices 4, 7 and 11 

(Supporting Information Figure S16B).  

These data indicate that both Kuwanon G and H are able to protect the active site from proteolytic 

cleavage of trypsin in a very similar manner, thus allowing trypsin to cleave more efficiently other 

PtpB segments as observed in PMFs. Taking into account the increased intensity observed for the 

fragment related to the his-tag and other fragments around the active site, as well as the presence of 

protein fragments not previously seen in the absence of the compound, we assume that inhibitor 

binding might alter trypsin accessibility to PtpB. These results further indicate that Kuwanon G and H 

may bind within the catalytic active site of PtpB.  

Kinetics results described in 2.3 suggest that Kuwanon G does not interact with the active site of 

PTP1B, which is consistent with its non-competitive mechanism of inhibition. To further corroborate 

this data, PTP1B PMF profile was analyzed in the presence or in the absence of Kuwanon G 

(Supporting Information Figure S20). Notably, we did not observe significant differences in the 
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intensity of the fragments with m/z 2175 or m/z 2430 (Supporting Information Figure S21) that 

correspond to the amino acids sequence of the active site and P-loop (residues 198-221). Different from 

what observed against the mycobacterial PtpB, inhibition of human PTP1B by Kuwanon G may not 

require direct binding of the compound to the catalytic site of the enzyme. As shown in Figure S22-26, 

the main differences found in the PTP1B digestion profile in the presence of Kuwanon G compared to 

the free enzyme were: i) the intensity decrease of the signals of fragments related to the C-terminal tail, 

the α-helices 4 (fragments at m/z 1730 and m/z 1886) and 6 (fragments at m/z 1197, m/z 1245), and ii) 

the increase in the intensity of fragments located at the N-terminal tail, β-sheet 1 (fragments at m/z 

1059 and m/z 2758) near the second phosphate binding site, the YRD signature motif.[53] Wiesmann 

and co-workers identified an allosteric pocket on PTP1B that is located near the C-terminal tail, flanked 

by helices α3, α6 and α7.[54] X-ray crystallography studies revealed that the potential mechanism for 

allosteric inhibition is to prevent the formation of catalytic competent PTP1B active site by restraining 

the WPD-loop (Trp179, Pro180 and Asp181) in the open conformation. In addition, Krishnan and co-

workers have characterized another non-competitive inhibitor, MSI-1436, that binds at the C-terminus 

of PTP1B, with some similarities to the allosteric binding site.[54-57] Since the intensity of the 

fragments m/z 1197, m/z 1245 (residues 258-279 in the helices α6) was reduced, indicating a potential 

protection of this region by the inhibitor, we hypothesized that Kuwanon G could bind near the 

allosteric binding site with different affinity and mechanism when compared to PtpB. However, further 

analysis are needed to understand the binding of the Kuwanon G to PTP1B, in order to exploit 

structural features for gaining selectivity for PtpB or PTP1B in the optimization of Kuwanon G. 
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Figure 5. Peptide mass fingerprint profile of PtpB recorded in the absence (A) and in the presence of 

Kuwanon G (B) and Kuwanon H (C). The protein (5 µM) was digested with trypsin (1:50 molar ratio) 

for 3 hours at 37 °C in the absence or presence of inhibitor (100 µM). 

 

2.7. Molecular modeling 

To further corroborate the results obtained in vitro, and to attempt a structure-based rationalization of 

experimental evidences, the binding mode of newly identified PtpB inhibitors was predicted by 

molecular modeling. To this end, the protocol already described previously was used herein.[31] All 

the molecules in Figure 1 were able to fit the catalytic active site of PtpB. The binding mode of 

Kuwanon G and H is shown in Figure 6 and described in deeper details below while the binding mode 

of weaker PtpB inhibitors is shown in Supporting Information Figure S27.  
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As expected based on the chemical structure, Kuwanon G and H bind in a similar manner to PtpB 

active site, and establish H-bonds with the catalytic residue Cys160, as well as with the side chain of 

Tyr125, Asp165, Arg166, and a crystallographic water molecule (residues numbering is that of the 

crystallographic structure coded by PDB ID: 2OZ5).[14] Besides polar contacts, the two Diels-Alder-

type adducts establish hydrophobic interactions with Phe98, Leu101, Tyr125, Met126, Phe161, 

Leu199, Ile203, Met206, Leu227, Val231, and Leu232. As highlighted above, the only difference 

between Kuwanon G and H is the presence of an additional prenyl group in Kuwanon H. This group 

was predicted to interact with Phe166 by molecular docking, thus becoming potentially responsible for 

the slightly higher affinity and lower IC50 value observed experimentally for Kuwanon H compared to 

Kuwanon G. This prenyl group may also be responsible for the lower solubility of the molecule in 

aqueous media, as observed in ITC measurements. Finally, the predicted binding mode is in agreement 

with the evidence of a single binding site for Kuwanon G and H within PtpB catalytic domain, as 

emerged from the analysis of PtpB intrinsic fluorescence discussed above.  

Matching theoretical affinities with experimental –logIC50 values provided a satisfactory correlation 

that further reinforces the reliability of the computational protocol as well as of the predicted binding 

modes (R2 = 0.48 for the whole test set, and R2 = 0.85 after leaving out the underestimated scoring 

value of the Norartocarpetin, see also Supporting Information Figure S28 and Table S2).  

To provide a structural support to the inhibitory activity of Kuwanon G towards the human ortholog 

PTP1B, and to drive further optimization of this lead candidate up to a more selective PtpB inhibitor, 

the predicted binding mode of Kuwanon G to PTP1B was also predicted by molecular docking. In 

agreement with PMF results, which ruled out the binding of Kuwanon G to the active site, molecular 

docking with GOLD proved unable to find a suitable binding pose of Kuwanon G within the narrow 

catalytic cavity of PTP1B in contact with key catalytic residues (data not shown). In contrast, and in 

agreement with PMF data, Kuwanon G was successfully docked in the allosteric binding site that is 
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located near the C-terminal tail of PTP1B, flanked by helices α3, α6 and α7.[54] Notably, the predicted 

binding mode of Kuwanon G shows moderately good overlapping with the crystallographic binding 

mode of a benzofuran allosteric inhibitor (Supporting Information Figure S29). Although additional 

efforts should be spent to characterize the binding of Kuwanon G to PTP1B, the predicted binding 

mode is in agreement with experimental data and may represent a valuable starting point in further lead 

optimization efforts. 

In summary, molecular modeling results are in good agreement with in vitro data and further elucidate 

the molecular details of the inhibitory activity exerted by Kuwanon G and H against Mtb PtpB, and by 

Kuwanon G against the human ortholog PTP1B.  

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 6. Predicted binding mode of the two most potent PtpB inhibitors. Kuwanon G (A) and 

Kuwanon H (B) are showed as cyan sticks. The crystallographic structure of PtpB is shown as green 

lines and cartoon. Residues involved in H-bonding to the inhibitors are labeled, and H-bonds are 

indicated as dashed lines. 

 

2.8. MIC, cytotoxicity and macrophage assay  

To assess the translational potentiality of Kuwanon G and H, their efficacy in inhibiting the growth and 

replication of Mtb was evaluated in vitro. First, the MICs against Mtb H37Ra were determined by the 

resazurin microtiter assay, providing a value of 32 µg/mL for both Kuwanon G and Kuwanon H. 

Notably, these molecules showed cytotoxicity in THP-1 cells at concentrations that are highly 

comparable to the observed MICs (CC50 values of 33.77 and 20.23 µg/mL for Kuwanon G and 

Kuwanon H, respectively, as determined by the MTT reduction assay). Therefore, in evaluating TB 

survival inside macrophages, we used the non-toxic concentration of 10 µg/mL (corresponding to 14.4 

and 13.2 µM of Kuwanon G and H, respectively). However, at this concentration, Kuwanon H was 

inactive, whereas Kuwanon G still showed an inhibition of Mtb growth by 61.3% with respect to the 

untreated control. This data, in particular, is worthy of note since such inhibition occurred at non-toxic 

concentrations that are also much lower than the MIC values. Overall, the results of this biological 

investigation highlight the relevance of the Diels-Alder-type adduct Kuwanon G isolated from Morus 

nigra as candidate anti-TB lead compound. 

 

3. CONCLUSIONS 

Examination of the roots of M. nigra and subsequent analysis of the PtpB inhibitory activities of the 

purified components yielded preliminary structure-activity relationship data, which might be useful for 

future studies in this area. Some of tested compounds were potent inhibitors of this protein, indicating 
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that constituents from M. nigra roots could be promising natural agents to counteract phosphatase 

activity and inhibit the growth of Mtb. In particular, the naturally occurring Diels-Alder-type adducts 

Kuwanon G and Kuwanon H are potent inhibitors of Mtb PtpB, and their mechanism of action was 

herein characterized by an integrated approach that combines biochemical tool with molecular 

modeling and in vitro assays. Kuwanon G was also found to inhibit the human ortholog PTP1B, albeit 

to a lesser extent and with a different mechanism of action (i.e. non-competitive inhibition) compared 

to Mtb PtpB, which suggests a possible strategy to further optimize Kuwanon G up to a highly selective 

PtpB inhibitor. Notably, Kuwanon G proved to inhibit the growth of Mtb in infected macrophages at 

low micromolar non-toxic concentrations, thus becoming a successful lead candidate for future 

development as well as for further understanding the role of PtpB in Mtb infection.  

 

 

4. EXPERIMENTAL SECTION 

4.1. Preparation of the extracts, isolation and characterization of the compounds 

The roots of M. nigra (10 kg) were collected in the Riserva Naturale della Marcigliana, Rome (Italy), in 

the summer, and air-dried for 15 days. Once the bark (1.2 kg) was obtained from the roots, it was 

exhaustively extracted with acetone (6L, r.t.) for 15 days and the residue was subjected to column 

chromatography (CC) on silica gel 60 (70-270 mesh, 40 x 40 mm) and eluted under gradient conditions 

with methanol:CHCl3. The fractions obtained were further purified by CC over silica gel using n-

hexane in ethyl acetate also under gradient conditions. Finally, the crude compounds were further 

purified by reversed-phase medium-pressure liquid chromatography (RP-MPLC) in water:methanol 

20:80, according to Ferrari and co-workers.[32] The NMR and mass spectrometry data for the isolated 

compounds were coincident and in agreement with those already reported for Kuwanon L (1);[58-60] 
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Kuwanon G (2);[59, 60] Kuwanon H (3);[60, 61] Cudraflavanone A (4);[62] Morusin (5);[60, 61] 

Oxyresveratrol (6);[60, 63] Chalcomoracin (7);[64, 65] Norartocarpetin (8).[66, 67]  

The purity of compounds (≥ 95%) was checked by analytical HPLC. Column: Phenomenex Luna C18 

(250 × 4.6 mm i.d., Torrance, CA, USA). Mobile phases A: H2O/MeCN = 90:10 (v/v); B: MeCN. 

Gradient elution: at 30% B for 5 min; to 100% B in 15 min (linear); at 100% B for 5 min; to 30% B in 

5 min. Flow rate: 1.0 mL/min. PDA detection at 280 nm. 

4.2. PTPs expression and purification  

PtpB and PtpA from Mycobacterium tuberculosis and human PTP1B expression and purification were 

performed as previously described.[30] LYP and PTP-PEST were expressed and purified by the same 

method described for PtpA and PtpB, with the following modification, expression was induced with 0.5 

mM isopropyl β-D-thiogalactopyranoside (IPTG) and the cells were incubated overnight at 25 °C.  

4.3. Measurement of PTPs inhibition (IC50)  

The phosphatase assays were carried out as previously described,[31] in a total reaction volume of 200 

μL containing 20 mM imidazole pH 7.0, different concentrations of the inhibitor (in a solution 

containing 4% dimethyl sulfoxide - DMSO), 30 nM PtpB (2 μL in 20 mM Tris–HCl pH 8.0, 50 mM 

NaCl, 5 mM EDTA, 20% glycerol, and 5 mM DTT) and 20 mM p-nitrophenyl phosphate (pNPP). The 

compound was premixed with PtpB for 10 min at 37 °C, and the reaction was started by addition of 

pNPP. The absorbance was measured with a UV-vis spectrophotometer in 96-well plates (TECAN 

Magellan Infinite M200) for 10 min at 37 °C (at 410 nm with readings every 1 min). Positive controls 

were performed in the absence of compounds and 4% DMSO. The experimental data were analyzed 

with GraphPad Prism 5.0 and the IC50 values determined by linear regression. All assays were 

performed in triplicate. The PTPs inhibition profile of tested molecules was carried out using 2 µL of 

recombinant LYP (169 nM), PTP-PEST (205 nM), PTP1B (38 nM) and PtpA (92 nM), under the same 

conditions used for PtpB.[31] 
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4.4. Enzyme kinetics 

The mechanism of inhibition of the compounds was determined by varying the concentrations of pNPP 

(at least seven concentrations ranging from 0.2 and 20 mM) for each concentration of compound (at 

least three concentrations ranging from 0.1 and 0.3 µM or 3, 5 and 7 µM), and determining the initial 

rates of the corresponding reactions. The reaction rates were expressed as specific activity of the 

protein (µmol pNP·min−1·mg−1). The p-nitrophenol released was quantified and analyzed by fitting of 

the data to the Michaelis-Menten equation. The kinetic parameters Ki were calculated by nonlinear 

fitting of the data to the competitive or non-competitive model inhibition equation. All data was plotted 

using GraphPad Prism software. The Ki values have been achieved by the average of at least three 

independent experiments.[31]  

4.5. Steady-State Fluorescence Measurements 

Fluorescence measurements were carried out on a JASCO J-815 spectropolarimeter equipped with a 

Peltier temperature control, and a fluorescence detection unit in a 1 cm path length quartz cuvette at 25 

°C. Emission spectra were recorded for wavelengths ranging from 300 to 450 nm, and the excitation of 

the samples was done at 280 or 295 nm. The intrinsic fluorescence emission spectra of PtpB, at a fixed 

concentration of 5 µM, were monitored in 20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 2% (v/v) glycerol, 

and 1 mM 2-mercaptoethanol. The protein solution (300 µL) was titrated with an increasing 

concentration of the respective inhibitor, each time a 1 µL addition of the inhibitor was made. Two 

consecutive spectra were accumulated, and the contribution of the buffer plus inhibitor was subtracted. 

Two independent experiments were performed. The change in the intrinsic fluorescence signal of PtpB 

upon inhibitor binding was used to obtain the binding isotherm of the protein-inhibitor complex. The 

fluorescence data collected was analyzed with the following equation (eq 1), using the fluorescence 

intensity at spectral maxima (330 nm). 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

The resulting binding isotherms for the PtpB−inhibitor complex were analyzed via the complete 

solution of the equation (eq 1).[68] 

log 	
(�0	�)

�
= log�a + � log[�]       (1) 

where F0 and F are the fluorescence intensities before and after the addition of the inhibitor, [I] is the 

total inhibitor concentration. The inner-filter effect was corrected using the following factor (eq 2).[68]  

�corr = �obs	 ∗ 10
�exc	��em

� 	            (2) 

where Fcorr is the corrected fluorescence value, Fobs the measured fluorescence value, Aexc the 

absorption value at the excitation wavelength, and Aem the absorption value at the emission 

wavelength. The ultraviolet–visible (UV–vis) spectra were recorded on a UV–vis spectrophotometer 

(Ultrospec 2100 pro, Amersham Biosciences) at 25 °C in the range of 260–450 nm using a quartz 

cuvette with 1 cm path length.  

4.6. Isothermal Titration Calorimetry (ITC) 

Isothermal titration calorimetry (ITC) measurements of inhibitor binding to protein were recorded at 25 

°C using a VP-ITC microcalorimeter (Microcal, GE Healthcare) in 20 mM Tris-HCl, pH 7.4, 50 mM 

NaCl, 2% (v/v) glycerol, 1 mM 2-mercaptoethanol and 5% (v/v) DMSO. PtpB sample was previously 

buffer exchanged into 20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 2% (v/v) glycerol and 1 mM 2-

mercaptoethanol using an ultrafiltration device (Amicon Ultra-15 Millipore 10 kDa). Protein 

concentration was determined by absorbance at 280 nm, using the calculated molar absorption 

coefficient of 14,440 M-1 cm-1. DMSO concentration in the protein solution was adjusted to 5% (v/v) 

before binding experiments were performed. Final ligand solution was obtained by dilution 1:50 (v/v) 

in the same buffer resulting in a final DMSO concentration of 5% (v/v). The titrations were performed 

using 10 µM PtpB solution in the sample cell and 200 µM compound solution in the syringe. A typical 

experiment consisted of 28 injections under the following parameters: one injection of 2 µL (for 4 s) 

followed by 27 injections of 10 µL (for 20 s); 150 s spacing between injections; 351 rpm stirring speed; 
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and reference power set to 15 µcal s-1. The heat of dilution of the ligand into the buffer measured 

independently was essentially similar to the heat signal obtained at the end of the titration; so the signal 

of the last injection was used as the background heat signal. The experimental data were analyzed using 

the Origin 7.0 software, provided by MicroCal, and fitted using the one-site binding model. All the 

final values were the average obtained from two independent experiments. Values of ∆G° and Kd were 

calculated using the thermodynamic relationships ∆G° = −RT lnKa, and Kd = 1/Ka. 

4.7. Mass Spectrometry Analysis 

PtpB and PTP1B (5 µM) was preincubated with compounds (0, 100, or 400 µM) for 10 min at room 

temperature in 25 mM NH4HCO3 (pH 7.5) with 1% (v/v) DMSO before the addition of trypsin (10 

µg/mL with a protease:protein ratio of 1:50). The protein-inhibitor complex was digested with trypsin 

at 37 °C for 2-3 hours. Proteolysis was stopped by homogenizing the reaction in the matrix solution of 

α-cyano-4-hydroxycinnamic acid (5 mg/mL in 50% (v/v) acetonitrile, and 0.1% (v/v) trifluoroacetic 

acid). Analyzes of the peptides were performed on a MALDI-TOF/TOF Autoflex III SmartbeanTM 

spectrometer (Bruker Daltonics) in positive reflector mode using a pulsed 200 Hz laser with a 

wavelength of 355 nm. Source 1 voltage was set at 19 kV with a grid voltage of 16.6 kV. The standard 

peptides used for calibration ranged from 0.8 to 4 kDa (Peptide Calibration Standard, Bruker 

Daltonics). One single mass spectrum was formed from 8 subspectra per spot using 500 accepted laser 

impulses each. The generated spectra were analyzed using FlexAnalysis 3.3 software (Bruker 

Daltonics). The samples were identified comparing their peptide mass fingerprint profile and the mass 

list derived from the theoretical tryptic peptides. Two independent experiments were performed. 

4.8. Molecular modeling 

The possible binding mode and theoretical affinity of natural products against the catalytic site of PtpB 

were investigated by molecular modeling, using the procedure described previously.[31] Briefly, the 

crystallographic structure of PtpB in complex with a small molecule inhibitor (PDB ID: 2OZ5)[20] was 
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energy minimized in explicit solvent,[31] and used as rigid receptor in molecular docking simulations. 

The GOLD docking program (version 5.2.2) was used, while the GoldScore function was selected to 

score and rank ligand poses.[69] 

4.9. Macrophage assay 

The activity of Kuwanon G and Kuwanon H against Mtb in human macrophages was evaluated as 

previously described with minor modifications.[70, 71]. The human acute monocytic leukemia cell line 

THP-1 was obtained from the Biobanking of the Veterinary Resource (BVR, EZSLER, Brescia, Italy). 

Cells were grown in RPMI 1640 (Gibco, Thermo Fisher Scientific, Waltham, MA) with L-glutamine 

(Gibco) and 25 nM HEPES buffer supplemented with 10% heat-inactivated fetal calf serum (FCS, 

Gibco), penicillin 50 IU/mL (Sigma-Aldrich Co., St. Louis, MO) and streptomycin 50 µg/mL (Sigma-

Aldrich) at 37 °C in 5% CO2. Cells (2 x 105) were therefore seeded in 24-well plates and incubated 

until reaching macrophage differentiation by treatment with 100 nM of phorbol-12-myristate-13-

acetate (PMA, Sigma-Aldrich) for 10 h at 37 °C in 5% CO2. The supernatant was discharged, fresh 

medium containing PMA was added again, and culture was incubated for an additional 4-day period. 

Mtb H37Ra ATCC 25177 was grown in Middlebrook 7H9 broth (Difco, Becton Dickinson, Sparks, 

MD) supplemented with 10% albumin, dextrose, and catalase (ADC, Difco), and 0.25% Tween 80 to 

minimize clump formation. Cells were harvested by centrifugation with 5 mm glass beads, resuspended 

in fresh medium and the titer adjusted to 3 x 106 cells/mL by comparison with a McFarland No. 1 

turbidity standard. Disaggregation of clumps was checked by Ziehl-Neelsen staining. The inoculum 

titer was also confirmed by plating 50 µL of the suspension onto Middlebrook 7H11 agar plates 

(Difco), supplemented with oleic acid, albumin, dextrose and catalase (OADC, Difco) after incubation 

at 37 °C in 5% CO2 for 21 days. After differentiation, macrophages were washed with RPMI 1640 with 

no antibiotic, the number of cells per well was determined by an automated cell counter (Countess, 

Invitrogen, Thermo Fisher), and infected with 100 µL of Mtb for 3 h at 37 °C at a multiplicity of 1:1. 
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Macrophages were then washed three times with fresh medium and then incubated with 1 mL/well of 

supplemented RPMI 1640 with 10% FCS containing the testing compound with no antibiotics. Plates 

were incubated for 72 h at 37 °C in 5% CO2 in order to allow bacteria to grow inside the macrophages. 

Cells were then washed and lysed by treatment with sodium dodecyl sulfate (SDS, Sigma-Aldrich) 

0.05% in phosphate buffered saline solution at room temperature for 10 min. Lysates were therefore 

diluted in Middlebrook 7H9 medium, and 50 µL were seeded onto Middlebrook 7H11 supplemented 

with OADC. Plates were incubated at 37 °C in 5% CO2 for 21 days, and the number of bacteria was 

determined by quantification of CFU.  

4.10. Cytotoxicity evaluation 

Toxicity of the tested compounds was determined against THP-1 cells seeded in 96-well plates at a 

density of 6 x 104 cells/well in RPMI 1640 with HEPES 25 nM after differentiation with PMA 200 µM 

as described above. Cells were treated with Kuwanon G and Kuwanon H in RPMI 1640 at 

concentrations ranging between 0.78 and 200 µg/mL for 72 h in 5% CO2 at 37 °C. Cells were then 

treated with 100 µL/well of a solution of MTT 1 mg/mL in PBS for 3 h at 37 °C and then the formazan 

product by MTT reduction was resuspended by treatment of 100 µL of a mixture obtained with NP40 

5% and HCl 0.04 N in isopropanol. The 50% cell-inhibitory concentration (CC50), considered as the 

reduction by 50% of the optical density values (OD540,690) with respect to control non-treated cells, was 

obtained using an automatic plate reader.  

4.11. Determination of the minimum inhibitory concentration (MIC)  

MICs of Kuwanon G and Kuwanon H were determined against Mtb H37Ra ATCC 25197 by the 

resazurin microtiter assay as previously described[72, 73] with slight modifications. The assay was 

performed in 96-well microplates. To 100 µL of Middlebrook 7H9 medium supplemented with ADC 

containing Kuwanon G and Kuwanon H at concentrations ranging between 0.25 and 128 µg/mL were 

added the same volume of a suspension of Mtb prepared as described above to obtain final 
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concentrations of compounds ranging between 0.125 and 64 µg/mL and a final inoculum of 7 x 106 

cells/ml. Plates were incubated at 37 °C in CO2 5% for 7 days. 30 µL of resazurin solution prepared at 

0.01% (w/v) in distilled water, filter sterilized and stored at 4 °C, was added to each well, incubated 

overnight at 37 °C, and assessed for color development. Isoniazid was used as a control.  

4.12. Pan Assay Interference Compounds (PAINS) liability 

The potential PAINS liability of compounds studied in this work was evaluated in agreement with the 

work of Baell and Holloway,[74] as well as by the online PAINS remover filter 

(http://cbligand.org/PAINS/). Notably, none of tested compounds of Figure 1 was classified as PAINS. 
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Highlights 

• Novel PtpB inhibitors extracted from Morus nigra are described; 

• PtpB binding is characterized by multiple biochemical and spectroscopic tools; 

• Anti-tubercular activity was evaluated on lead candidates; 

• Two compounds emerged as sub-micromolar PtpB inhibitors, one active in 

macrophages. 

 


