S

S,

UNIVERSITA DI SIENA 1240 U

Uy

, s
Pyt

Naturally occurring Diels-Alder-type adducts from Morus nigra as potent
inhibitors of Mycobacterium tuberculosis protein tyrosine phosphatase B

This is the peer reviewed version of the following article:
Original:

Mascarello, A., Orbem Menegatti, A.C., Calcaterra, A., Martins, P.G.A., Chiaradia-Delatorre, L.D.,
D'Acquarica, I., et al. (2018). Naturally occurring Diels-Alder-type adducts from Morus nigra as potent
inhibitors of Mycobacterium tuberculosis protein tyrosine phosphatase B. EUROPEAN JOURNAL OF
MEDICINAL CHEMISTRY, 144, 277-288 [10.1016/j.ejmech.2017.11.087].

Availability:

This version is availablehttp://hdl.handle.net/11365/1063368 since 2018-11-21T12:44:247

Published:
DOI:10.1016/j.ejmech.2017.11.087
Terms of use:

Open Access

The terms and conditions for the reuse of this version of the manuscript are specified in the publishing
policy. Works made available under a Creative Commons license can be used according to the terms and
conditions of said license.

For all terms of use and more information see the publisher's website.

(Article begins on next page)

09 April 2024



Accepted Manuscript =

EUROPEAN JOURNAL OF

Naturally occurring Diels-Alder-type adducts from Morus nigra as potent inhibitors of
Mycobacterium tuberculosis protein tyrosine phosphatase B h

Alessandra Mascarello, Angela Camila Orbem Menegatti, Andrea Calcaterra, Priscila 7
Graziela Alves Martins, Louise Domeneghini Chiaradia-Delatorre, llaria D'Acquarica, %

Franco Ferrari, Valentina Pau, Adriana Sanna, Alessandro De Logu, Maurizio Botta,
Bruno Botta, Hernan Terenzi, Mattia Mori

PII: S0223-5234(17)30990-X
DOI: 10.1016/j.ejmech.2017.11.087
Reference: EJMECH 9962

To appearin:  European Journal of Medicinal Chemistry

Received Date: 13 June 2017
Revised Date: 14 November 2017
Accepted Date: 27 November 2017

Please cite this article as: A. Mascarello, A.C.O. Menegatti, A. Calcaterra, P.G.A. Martins, L.D.
Chiaradia-Delatorre, I. D'Acquarica, F. Ferrari, V. Pau, A. Sanna, A. De Logu, M. Botta, B. Botta, Herna.
Terenzi, M. Mori, Naturally occurring Diels-Alder-type adducts from Morus nigra as potent inhibitors of
Mycobacterium tuberculosis protein tyrosine phosphatase B, European Journal of Medicinal Chemistry
(2017), doi: 10.1016/j.ejmech.2017.11.087.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.ejmech.2017.11.087

ACCEPTED MANUSCRIPT

R=H K =039 uM
R=prenyl > K,=0.2 uM




Naturally occurring Diels-Alder-type adducts from Morus nigra as potent

inhibitors of Mycobacterium tuberculosis protein tyrosine phosphatase B

Alessandra Mascarell@;° Angela Camila Orbem MenegaffiAndrea Calcaterrd Priscila Graziela
Alves Martins® Louise Domeneghini Chiaradia-Delatofrdlaria D’Acquarica® Franco Ferrafi,
Valentina Pal, Adriana Sann8, Alessandro De Logh, Maurizio Botta® Bruno Bottd] Hernan

Terenzi®* Mattia Morf™

& Centro de Biologia Molecular Estrutural, CEBIMBFSC, Universidade Federal de Santa Catarina,
Campus Trindade, 88040-900, Florianopolis — SC, &ka

® Dipartimento di Chimica e Tecnologie del FarmaSapienza Universita di Roma, P.le Aldo Moro 5,
00185, Roma (Italy)

¢ Dipartimento di Scienze della Vita e dellAmbignt8ezione di Scienze Farmaceutiche,
Farmacologiche e Nutraceutiche, Universita di CagliVia Porcell 4, 09124, Cagliari (Italy)

9 Department of Public Health, Clinical and Moleculedicine, Universita di Cagliari, Via Porcell 4,
09124 Cagliari (Italy)

¢ Dipartimento di Biotecnologie, Chimica e Farmacisiversita degli Studi di Siena, Via Aldo Moro
2, 53100, Siena (Italy)

" Center for Life Nano Science@Sapienza, Istituatiaino di Tecnologia, Viale Regina Elena 291,

00161, Roma (Italy)

* These authors contributed equally to this work

*Corresponding Authors: H.T. e-mail:hernan.terenzi@ufsc.pM.M. e-mail: mattia.mori@iit.it



ABSTRACT

Mycobacterium tuberculosi@tb) protein tyrosine phosphatases A and B (Pap# PtpB) have been
recognized as potential molecular targets for teetbpment of new therapeutic strategies against
tuberculosis (TB). In this context, we have recengiported that the naturally occurring Diels-Alder
type adduct Kuwanol E is an inhibitor of Ptpig € 1.6 + 0.1 uM). Here, we describe additional Diels-
Alder-type adducts isolated froriMiorus nigra roots bark that inhibit PtpB at sub-micromolar
concentrations. The two most potent compounds, lyakKewanon G and Kuwanon H, showéd
values of 0.39 = 0.27 and 0.20 + 0.01 uM, respebtivand interacted with the active site of the
enzyme as suggested by kinetics and mass spectyostatlies. Molecular docking coupled with
intrinsic fluorescence analysis and isothermakhtiibn calorimetry (ITC) further characterized the
interaction of these promising PtpB inhibitors. aldy, in an Mtb survival assay inside macrophages,
Kuwanon G showed inhibition of Mtb growth by 61.3%4dl these results point to the common Diels-
Alder-type adduct scaffold, and highlight its redece for the development of PtpB inhibitors as

candidate therapeutics for TB.

Keywords: PtpB inhibitors; tuberculosis; Diels-Alder-typddaicts; natural products; kuwanones



1. INTRODUCTION

Tuberculosis (TB) is an infectious disease causetthd® bacteriunMycobacterium tuberculosi®tb).
According to the World Health Organization (WHQ)ete were almost 10.4 million new TB cases in
2015 (1 million of them were children) and 1.4 ol TB deaths (140,000 were children), plus 0.4
additional deaths among people co-infected with .HIMVAccordingly, TB remains one of the top 10
causes of death worldwide in 2015. Patient nonc@mpé to the prescribed drugs is a critical factor
that affects the success rate of conventionalrtreats against TB, leading to elevate the incidexfce
multidrug-resistant (MDR-TB), extensively drug-igsint (XDR-TB) and totally drug-resistant (TDR-
TB) TB cases.[2] Thus, there is an urgent neechtmel therapeutic targets for TB treatment, as well
as new drugs and drug candidates that could aittern.

In this context, two protein tyrosine phosphata@®€EPs), namely PtpA and PtpB, which have been
identified in Mtb’s genome,[3] emerged a few yeag® as profitable targets for the development of
novel therapeutics against TB.[4-6] These enzymes secreted by Mtb in infected human
macrophages and are involved in the pathogen witud&r survival,[7] attenuating host innate
immunity by interacting with host proteins such BRIM27 and ubiquitin,[8, 9] as well as host
signaling pathways including Jnk, p38, and ®B={10] The mechanism of action of PtpA inside the
host has been previously elucidated,[11, 12] wisethat of PtpB has only been suggested.[13, 14]
Nevertheless, several reports substantiate thaa Bt PtpB inhibition by small molecules could
impact Mtb survival in the host, thus paving theywar the development of innovative therapeutic
strategies.[5, 12, 15-18]

The identification of Mtb PTPs inhibitors by screen campaigns or rational design has been
addressed in the last decade,[17, 19-23] and ngitoducts have played a key role in this field][24
Indeed, natural products have long been recogragedn important source of therapeutically useful

agents,[25-28] and can offer excellent opportusifier finding novel hits or leads against a broad



range of biological targets. In particular, oure@sh group has assayed libraries of syntheticcohel
analogs to natural products, to find PtpA and Pigibitors.[15, 29-31] Moreover, we have recently
screened am houselibrary of natural compounds to find novel PtpBiliitors,[31] by means of an
integratedn silico/in vitro approach. This study identified Kuwanol E, a pblgpolic Diels-Alder-type
adduct isolated fromMorus nigra roots bark[32] (Figure 1) that is endowed with aticeably
inhibitory activity against PtpBK; = 1.6 £ 0.1 uM).[31] Recently, the total synthesiskafwanol E
has been reported.[33]

Morus nigraL. (family of Moraceag, also known as black mulberry, is one of the mogiortant
species of the gendorus The plants of this genus contain a variety ofryaie compounds including
prenylated flavonoids, stilbenes, 2-arylbenzopyracmumarins, chromones, xanthones and Diels-
Alder-type adducts.[32, 34-3GYl. nigra and its constituents have been used in folk medias
analgesic, anti-inflammatory, diuretic, antitussigedative, antimicrobial, cytotoxic, and antiditbe
agents.[36, 37] Some compounds isolated from theexof the genuMorus have been explored in
previous pharmacological studies, but only a fewiheim have been tested as modulators of purified
proteins such as tyrosinase,[38-40] phosphodiestetd41l] xanthine oxidase,[42] and-
glucosidase.[43, 44]

In addition, a few studies concerning compoundkatsd from theMorus genus have highlighted their
PTPs inhibition activity, specifically against theaman phosphatase PTP1B. In particular, compounds
isolated fromM. bombycsshowed IG, values ranging from 2.7 to 1318/ against the PTP1B, while
the enzymatic kinetic assays suggested for thedecolies a mixed-type mode of inhibition.[45] The
inhibition of PTP1B by compounds isolated fravh alba was also investigated, highlighting an
arylbenzofuran derivative as the most potent inbibiendowed with an I§ value of 7.9uM.[43]
More recently, Wang and co-workers evaluated théitory activity of five compounds isolated from

M. notabilisagainst PTP1B, showing d&values ranging from 1.5 to 218/.[46]



In comparison with other species of the geNlasus, there are fewer studies involving the evaluation
of biological and pharmacological properties of paonds isolated fronM. nigra. Then, following
our research interest in the discovery of natuaahmound inhibitors of Mtb PtpB, in this work, we
present the results of an integrated study whiahnbines enzyme inhibition and selectivity assays,
kinetic and thermodynamic measurements, moleculadeting and evaluation of Mtb survival in
human macrophages. Compounds isolated fMmnigra roots bark were considered, including
flavonoids and Diels-Alder-type adducts. Our respitovide further insights to establish this ndtyra
occurring scaffold of potent and specific inhibgaf Mtb PtpB, and reinforce the druggability opBt

in the development of anti-TB lead candidates.

2. RESULTSAND 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% vyifluth the roots oM. nigra collected in the Riserva
Naturale della Marcigliana, Rome (Italy). From tleistract, the following compounds were isolated,
with relative abundance reported in brackets: Kuwah (0.37%), Kuwanon G (5.8%), Kuwanon H
(0.63%), Cudraflavanone A (0.66%), Morusin (2.1%xyresveratrol (10%), Chalcomoracin (4.6%)

and Norartocarpetin (0.15%) (Figure 1).
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Figure 1. Chemical structure of small molecules isolated fidmnigra. Kuwanol E is the reference
natural product inhibitor of PtpB, previously isi@d fromM. nigra roots bark;[31, 32] other natural

compounds isolated froW. nigra and studied in this work are: Kuwanon 1);(Kuwanon G 2);



Kuwanon H @); Cudraflavanone A 4); Morusin §6); Oxyresveratrol §); Chalcomoracin 7¥);

Norartocarpeting).

2.2. 1Cs determination of potential PtpB inhibitors

The inhibitory activity of compound$-8 (Figure 1) and the crude extract in acetone fiddnmigra
was evaluated towards recombinant PtpB using thdodedescribed previously.[31] All compounds
showed significant inhibition of PtpB with igvalues ranging between 0.36 and 8.42 uM (Table 1).
The best inhibitory effects were achieved by Kuwa(0.83 + 0.35 pMg, Figure 1) and Kuwanon

H (ICs0 = 0.36 £ 0.05 uM3, Figure 1), two polyphenolic Diels-Alder-type addtiithat differ only for
the presence of an additional prenyl group in Kusvai. Notably, this prenyl group is in the same
position as found in the reference inhibitor Kumakd31] Among other Diels-Alder-type adducts,
Chalcomoracin{, Figure 1) also showed a satisfactory inhibitiériPpB with an 1Gp of 1.43 + 0.22
uM, whereas Kuwanon L (I§ = 4.70 £ 1.12 pM1}, Figure 1), showed an activity 13-fold lower than
that from Kuwanon H. It is worth mentioning that @&domoracin contains the same prenyl group as
Kuwanol E and Kuwanon H, whereas Kuwanon L does thos suggesting that the presence of this
prenyl group may be relevant for PtpB inhibitionthis class of compounds.

Besides stereochemical configuration, the referd?tp8 inhibitor Kuwanol E (Figure 1, ig= 1.9
UM)[31] and Kuwanon G and H identified herein differ the substituent to the cyclohexene ring:
Kuwanol E bears an Oxyresveratrol moiety, whereawdhon G and H share a flavone moiety. The
different physicochemical features of these maosetpovided ~5-fold and ~2-fold increase of
inhibitory activity in Kuwanon H and G compared Kowanol E. The same trend was observed by
testing the inhibitory effect of Oxyresveratrd, (Figure 1), which showed the weakest inhibitory
potency among the tested compoundsdk8.42 + 1.13 uM), whereas Norartocarpe8nKigure 1)

which corresponds to the flavone moiety in KuwarngorG and H,showed a satisfactory inhibitory



activity against PtpB (I = 1.20 £ 0.25 uM), notably even better than theremce Kuwanol E.

Finally, Morusin b, Figure 1), and Cudraflavanone 4 Figure 1) displayed moderate activity as PtpB

inhibitors, with 1Gg values of 5.26 + 0.22 uM and 5.07 + 0.94 uM, resipely.

Table 1. In vitro inhibition (ICso, M) of isolated compounds-8 from Morus nigra against PtpB,

PtpA, PTP1B, LYP, and PTP-PEST.

Compound PtpB PtpA SI* PTP1B Si** LYP Sl*** PTP-PEST  SI****
1 470+112 1396+252 3.0 7.98+0.66 1.7 1210278 2.6 18.60 +0.84 3.9
2 0.83+£0.35 589+081 7.1 456+0.51 55 18.9344 22.3 12.41 +1.20 14.9
3 0.36 +0.05 149+0.19 41 254+0.29 7.0 11.7594 32.6 5.22+1.00 14.5
4 5.07 £0.94 274+077 05 4.31+0.67 0.9 9.3416 1.9 18.61+0.48 6.8
5 5.26 £0.22 465+137 0.9 10.32%+1.74 2.0 149776 2.8 >100 >19
6 842+113 6723267 8.0 27.13+0.52 3.2 31452 3.7 >100 >11.9
7 1.43+£0.22 2.43 +0.32 1.7 1.94%0.40 1.4 7.29820 5.1 8.52 +1.50 5.9
8 120+0.25 11.97+0.41 10.0 5.18+0.81 4.3 3@&PPN9 25.2 20.94 £ 0.53 17.5

“C.E.A. 1.48 +0.33 157+027 1.1 1.24+0.98 0.8 7.3844 5.0 7.41+0.42 5

The results are shown as the average of the indivitiean + SD (standard deviation) for 3 experiment
Sl = selectivity index. SI* = 16 "®¥ICso "% SI** = IC50 """ FICs0" P2 SI*** = IC 50 -""/IC50 %,
S| *rrex= |C o PEST/ICSO Pth.

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

In order to define the PTPs inhibition profile aftaral productd—8 and the crude extract, their effects
on the catalytic activity of Mtb PtpA and human ABR PTP-PEST (also referred as PTPN12; PTP-
proline-, glutamic acid-, serine- and threonindri®EST)), and LYP (Lymphoid-specific tyrosine

phosphatase) were also investigated. The selgcindex (Sl) was then calculated as the ratio betwe



the 1G, measured against other PTPs and thg n@@asured against the target Mtb PtpB. As shown in
Table 1, Kuwanon G and H showed a moderate spiggifar PtpB over PtpA and PTP1B with Si
values in the range 4.1 — 7.1, whereas a goodtsatie®f these compounds for PtpB over LYP and
PTP-PEST was observed, with Sl values in the rdfgd — 32.6. Although we are aware that the
tested panel of phosphatases is not exhaustivee tlesults suggest that Kuwanon G and H are potent
inhibitors of PtpB, and that they are endowed wétlertain specificity for PtpB among a panel of

relevant PTPs.

2.3. Enzymekinetic analysis

The two most potent PtpB inhibitors Kuwanon G andvkre selected for further enzyme kinetic
analysis. The Michaelis-Menten plots (Figure 2)icate that these two compounds caused increases in
apparenK,, values with the rise of inhibitor concentratio@ the other hand, thé,.x value remains
constant to Kuwanon H, indicating a competitive hatsm of inhibition, while to Kuwanon G, in the
inhibitor presence, we observed a small reductiothe Vinax values. However, the velocities did not
decrease curvilinearly as expected for a non-catiyeinhibition with a > 1, theVqyax values were
similar for the three concentrations of inhibitédts the velocity in the presence of a competitive
inhibitor may be considered equal ¥a.x values when the substrate concentrationlB0Ky, app, the
above-mentioned kinetics were fitted to a Micha®lenten with a competitive inhibition model.[47]
The K; values obtained for Kuwanon G and Kuwanon H weB9 (G 0.27 and 0.20 = 0.04M,
respectively. In order to support the mechanisrmbibition, we also studied the relationship betwee
ICs0 and the substrate concentration of Kuwanon H. g of Kuwanon H was dependent on the
pNPP concentration; excess of substrate did effelgticompete with inhibitor, which ratifies a
competitive inhibition mechanism (see Supportinigimation Figure S1A). Furthermore, to determine

whether the compounds cause the enzyme inactivaioreversible inhibition, acting as a fully



reversible, slowly reversible, or irreversible ibitors, PtpB inhibition by Kuwanon G and H was
measured using a preincubation/dilution assayf4#@r the 100-fold dilution of the enzyme-inhibitor
complex (preincubation following an equilibratiomé of 30 min at 37 °C) approximately 40% of
PtpB activity was recovered compared to the freetgim, for both compounds (see Supporting
Information Figure S1B). Such result might suggast behavior of slowly dissociating inhibitors. In
addition, PtpB inhibition by these compounds waslependent on the incubation time, at a
concentration of 0.21M (see Supporting Information Figure S1C), whictuldoindicate a rapid
binding event.

Next, we pursued to define the mechanism of inioibidf the human ortholog PTP1B by Kuwanon G,
which showed a Sl value of 5.5 compared to Mtb P@p&mely, the lowest value found among the
human PTPs evaluated in this work, see Table lingJs steady-state inhibition kinetics, we found
that Kuwanon G is a non-competitive inhibitor of PPIB, producing a reduction Myax with little or

no effect onK,, (Figure 2). This data suggests that, comparedtpd®,PKuwanon G binds in an
allosteric site of human PTP1B. The mentioned kisewere fitted to a Michaelis-Menten with a non-

competitive inhibition model, providing l& value of 10.2 + 2.uM for PTP1B inhibition that is 26-

fold higher than that observed against PtpB (0.8B2¥uM).
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Figure 2. Inhibition kinetics of Mtb PtpB by Kuwanon G aktl and human PTP1B by Kuwanon G.
Michaelis-Menten plots of kinetic analysis of Kuveen G and Kuwanon H are showed in the

respective panels. Thg values were determined from 3 independent measmsm

2.4. PtpB intrinsic fluorescence: effectstriggered by Kuwanon G and Kuwanon H

According to its primary sequence and three-dinwradi structure, PtpB possesses a tryptophan
residue (Trpl0), and 6 tyrosine residues (Tyr).[#8¢ Trpl10 and four out of the six tyrosine resglue
are found in the catalytic domain and, among th&m10 is the most dominant fluorophore. The
fluorescence spectrum of PtpB presents an emissaamum f{may at 330 nm, when excited at 280
nm or 295 nm, as expected for a buried tryptopd&h.The tyrosine residue 125 (Tyrl25) in tle

helix 4 was previously shown to be important forglylamino-methylene)-thiophene sulfonamide



(OMTS) binding to PtpB;[20] furthermore, we prevebyireported that Kuwanol E establishes H-bond
interactions with such residue.[31] Accordinglye thinding of Kuwanon G and H to PtpB was further
investigated by monitoring the intrinsic fluorescenof the protein. The fluorescence spectra were
recorded in different concentrations of the compisyriollowing excitation at 280 nm (monitoring Trp
and Tyr excitation) or 295 nm (monitoring only thep excitation) as shown in Figure 3, and in
Supporting Information Figures S2 and. I®e addition of the compounds resulted in fluoeese
quenching without a shift in th&na.y indicating that the global structure of PtpB aneé tlcal
environment of the tryptophan residue, is not atfeby the interaction with the compounds in both
conditions (namely, excitation at 280 nm or 295 nm)

To investigate the mechanism of fluorescence quegclve performed UV-vis measurements of PtpB
in the absence or presence of the compounds (ggm®Bimg Information Figure S4). We observed that
the addition of compounds caused the increaseesialisorption at 280 nm and between 310 to 350 nm,
thus both compounds changed the absorption speadfutpB, suggesting that the fluorescence
quenching is static, owing to the formation of thetein-inhibitor complex.[49] The equilibrium
binding of Kuwanon G and H to PtpB was followedthg change in protein fluorescence signal upon
inhibitor binding. The fluorescence data collecteas analyzed with the modified Steolmer (SV)
equation 1 (see Experimental Section), usinddbef fluorescence intensity at spectral maxwséog

of inhibitor concentration. The plots are showrFigure 3C-D and in Supporting Information Figure
S2E-F. Analysis of quenching data for both Kuwaand H resulted in almost identical equilibrium
dissociation constant¥K{) (excitation at 280 nm), in agreement with theekim inhibition constants
previously obtained, witk; values of 0.39 + 0.27 and 0.20 £ 0,0, respectively. In addition, our
data suggest that both inhibitors have only a sifighding site in PtpB (equation 1 in Experimental
Section). As shown in Table 2 and S1, Kuwanon G Hranding parameters obtained following Trp

and Tyr (at 280 nm) or only the Trp excitation (288) showed similar values.
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Figure 3. Representative fluorescence quenching spectr&tpB at different concentrations of
inhibitors. Steady-state fluorescence emission tspeof PtpB in the presence of increasing
concentrations of Kuwanon G (A) and H (B), excdatiat 295 nm. Plots abg(F,—F)/F versuslog of
Kuwanol G and H concentration (C and D, respedtivélhe data represent the average + SE of two

independent experiments.

Table 2. Comparison of binding parameters measured bysitrifluorescence.

Compound N, sites Ko M7 Ky, pM °AG, kcal mol™

Kuwanon G 1.0+0.2 1.0+0.2 x10 1.0+0.2 -8.2+0.1




Kuwanon H 1.0+0.1 1.0 £0.07 x"10 1.0 £0.07 -8.2+£0.05

Parameters obtained using equation 1 (see Expem@im®action). Excitation at 295 nifK, = 1Kq,

PAG =- RTInK,. The data represent the average of two indepemdg@etiments

2.5. Thermodynamic analysis of Kuwanon G binding to PtpB

The binding of Kuwanon G to PtpB was also measusedg isothermal titration calorimetry (ITC) in
an attempt to divide the binding energy into emltabnd entropic components, and to obtain the
dissociation constants and the stoichiometry ofinteraction. ITC was not performed on Kuwanon H,
since the compound is not soluble in the necessgrgrimental conditions.

Figure 4 shows the interaction between Kuwanon GRtpB. The ITC data could be fitted according
to a single-site binding model (a 1:1 equilibriunglso supported by fluorescence quenching
experiments (Figure 3), and the thermodynamic patars of binding are summarized in Table 3. The
analysis showed favorable binding parameters fowatwon G AG = -7.5 + 0.1 kcal mdi), in
agreement with the previous observations (Table), the binding isotherm leadsKg= 2.9 £ 0.4
uM. The dissociation constant determined by ITC wasfold higher than that obtained from the
previous fluorescence quenching analysis, althougiin the same order of magnitude. The binding
of Kuwanon G was found to be exothermic with fawdeaenthalpic and unfavorable entropic
contributions (Table 3). In fact, the free enerdybinding is clearly dominated by an enthalpic
component (Figure 4), since at 25 °C the entropidribution (TAS) to the overall free energy is equal
to —6.2 + 0.8 kal mol* whereas the enthalpic contributioaH) is equal to-13.7 + 0.7 kcal mdl,
suggesting that the binding predominantly involtes formation of H-bonds in addition to small
conformational changes. The thermodynamic protlettie binding of MtlB-ketoacyl CoA reductase
FabG4 to a triazole polyphenol hybrid compoundilfis case a competitive inhibitor) revealed that th

interaction is governed by strong H-bonding (witepA Arg and Asn residues) and conformational



changes, supported by the negatikel and AS parameters and also corroborated by docking
studies.[50] In addition, the binding study of twetructurally similar ligands to human histone
deacetylase 8 (HDACS8) showed that the inhibitothvah enthalpic gain (higher negatiél), as a
result of a specific hydrogen bond in the actite sif HDACS8, as well as an entropic penalty caused
likely by a reduction in the conformational fleXity, tends to be more target-specific.[51] Overall
these results coupled with kinetics and fluoreseaneenching studies indicates that Kuwanon G binds
directly to the protein, most likely within the edftic active site. Moreover, recent studies have
demonstrated that inhibitors where the enthalprdrdoution dominates the binding events may be the
best candidates to lead optimization since a feongthydrogen bonds can improve selectivity and

specificity for the target molecules.[51, 52]



Time (min)

0 20 40 60 80
| ! I ! I ! | !
0,00 = WWWVWW T
- -0,20- .
Q O aG I AH = 1AS
Q :
(/5] -1 T - 4
© |
il
5
i 5 |
x-1z-
-0,60 — |
16~
| L | | ¥ | ¥ |
0,00 — _
0 (]
=
o
=
©
= -4,00 i
=
X
Y
o
O -8,00 - -
e
©
&)
>
| | | | |
0 1 2 3 4

Molar Ratio Kuwanon G/PtpB

Figure 4. Isothermal titration calorimetry (ITC) of Kuwanon ®inding to PtpB. Inset, the
thermodynamic profile of the binding. The titratisras performed at 25 °C with 10M PtpB in the
cell and 20QuM Kuwanon G in the syringe. In the representatigare (two independent experiments)
the upper panel displays the raw ITC data, anchthenalized data, corrected for the control dilution

heat, is shown in the lower panel.



Table 3. Thermodynamic parameters for the binding of Kuwa@oto PtpB.

N, sites Ka, M2 AH, kcal mol™ AS, cal molt K1 2AG, kcal mol™

09+0.1 3.5+0.5x 10 -13.7+£0.7 -20.8 +2.6 -7.5+0.1

10 uM of PtpB titrated with 20@M Kuwanon G at 25 °CAG = — RTIrK,. The data presented are the

average, with standard deviations, from two indejeah experiments

2.6. PtpB proteolysis protection by Kuwanon G and H

In order to investigate the possible binding sit&Kowanon G and H, we analyzed PtpB peptide mass
fingerprint (PMF) in the presence or in the abseon€ehe inhibitor. In the case of free PtpB,
approximately 92% of its sequence was covered b¥ Piigure 5A). As shown in Figure 5B-C, pre-
incubation of PtpB with Kuwanon G or Kuwanon H tedseveral changes in the cleavage profile. The
main differences compared to the free PtpB arengity decrease or the disappearance of the sighals
fragments related to the substrate binding reqaon, the increase in the intensity of fragmentstéxta
far from the active site. In the presence of 100 Kuwanon G, we observed about 90% sequence
coverage of PtpB; furthermore, the intensity of thw® fragments atn/z 1953 andm/z 2224 that
correspond to the amino acids sequence of theeastte (residues 146-166) was markedly reduced
(Figure 5B, and Supporting Information Figures 88 &6). On the other hand, novel signals appeared
in the PMF profile of PtpB in the presence of KuwarG, namely four new fragmentsratz1305,m/z
1761,m/z2430, andn/z2785, while seven fragments increased their inefSupporting Information
Figures S7-S15). These segments include the hiseaqgence, the-helices 1, 8, 9 and 1(;sheet 2
and 4, and a small portion afhelices 2, 4, 5, 7 and 11, which are oriented aut®, surrounding the
active site (Supporting Information Figure S16Aijterestingly, the fragment at/z2430 (that appears
only in the presence of the inhibitor) covers thare acids residues 141-164, which includes part of

catalytic site, but compared to fragmemt& 1953 andn/z2224 this sequence covers a larger region of



a 5 helix (Supporting Information Figure S17). Thesult suggests that even during the course of the
proteolysis experiment, if trypsin reaches thevacsite region it does not seem to have free adoess
all the amino acid residues of this region, sire intensity of the fragmenta/z 1953 andm/z2224
were reduced, indicating that the compounds intexétb other surface determinants of the active sit
of the enzyme.

In the presence of 100M Kuwanon H, we also observed about 93% sequeneerage of PtpB and
the strong intensity reduction of the fragmenfiz 1953, besides the disappearance of the fragment at
m/z2224 (Figure 5C, and Supporting Information Figug®, S6). As observed for Kuwanon G, novel
signals appeared in the PMF profile of PtpB inghesence of Kuwanon H, namely five new fragments
atm/z1243,m/z1305,m/z1761,m/z2785, andn/z2809, while ten fragments increased their intgnsit
(Supporting Information Figures S7, S8, S10-15,,89®). As shown above, these segments include
the his-tag sequence, thénelices 1, 2, 8, 9, 1B-sheet 2 and a small portion @helices 4, 7 and 11
(Supporting Information Figure S16B).

These data indicate that both Kuwanon G and H bke t@ protect the active site from proteolytic
cleavage of trypsin in a very similar manner, tlallswing trypsin to cleave more efficiently other
PtpB segments as observed in PMFs. Taking intousmtcthe increased intensity observed for the
fragment related to the his-tag and other fragmarasind the active site, as well as the presence of
protein fragments not previously seen in the absesicthe compound, we assume that inhibitor
binding might alter trypsin accessibility to PtpBhese 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 KnomaG does not interact with the active site of
PTP1B, which is consistent with its non-competitimechanism of inhibition. To further corroborate
this data, PTP1B PMF profile was analyzed in thesence or in the absence of Kuwanon G

(Supporting Information Figure S20). Notably, wed diot observe significant differences in the



intensity of the fragments witim/z 2175 orm/z 2430 (Supporting Information Figure S21) that
correspond to the amino acids sequence of theessite and P-loop (residues 198-221). Differentnfro
what observed against the mycobacterial PtpB, inbibof human PTP1B by Kuwanon G may not
require direct binding of the compound to the gai@lsite of the enzyme. As shown in Figure S22-26,
the main differences found in the PTP1B digestioofile in the presence of Kuwanon G compared to
the free enzyme were: i) the intensity decreagbesignals of fragments related to the C-termiaig|

the a-helices 4 (fragments at/z1730 andn/z1886) and 6 (fragments at/z1197,m/z1245), and ii)
the increase in the intensity of fragments locatedhe N-terminal tailp-sheet 1 (fragments at m/z
1059 and m/z 2758) near the second phosphate Qisdi® the YRD signature motif.[53] Wiesmann
and co-workers identified an allosteric pocket diPPB that is located near the C-terminal tail, Kiaoh

by helicesa3, a6 anda7.[54] X-ray crystallography studies revealed it potential mechanism for
allosteric inhibition is to prevent the formatiohaatalytic competent PTP1B active site by restrajn
the WPD-loop (Trpl179, Pro180 and Aspl81) in thenopenformation. In addition, Krishnan and co-
workers have characterized another non-competititibitor, MSI-1436, that binds at the C-terminus
of PTP1B, with some similarities to the allostebmding site.[54-57] Since the intensity of the
fragmentsm/z1197,m/z 1245 (residues 258-279 in the helic#&y was reduced, indicating a potential
protection of this region by the inhibitor, we hypesized that Kuwanon G could bind near the
allosteric binding site with different affinity armmdechanism when compared to PtpB. However, further
analysis are needed to understand the binding efkinwanon G to PTP1B, in order to exploit

structural features for gaining selectivity for Btpr PTP1B in the optimization of Kuwanon G.
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Figure 5. Peptide mass fingerprint profile of PtpB recordedhe absence (A) and in the presence of
Kuwanon G (B) and Kuwanon H (C). The proteinuf@) was digested with trypsin (1:50 molar ratio)

for 3 hours at 37 °C in the absence or presengehdjitor (100uM).

2.7. Molecular modeling

To further corroborate the results obtaineditro, and to attempt a structure-based rationalization
experimental evidences, the binding mode of newlgniified PtpB inhibitors was predicted by
molecular modeling. To this end, the protocol alsedescribed previously was used herein.[31] All
the molecules in Figure 1 were able to fit the lgéita active site of PtpB. The binding mode of
Kuwanon G and H is shown in Figureafid described in deeper details below while thdibgnmode

of weaker PtpB inhibitors is shown in Supportingphmation Figure S27.



As expected based on the chemical structure, Kuwd&h@nd H bind in a similar manner to PtpB
active site, and establish H-bonds with the catal@sidue Cys160, as well as with the side chéin o
Tyrl25, Aspl65, Argl66, and a crystallographic watmlecule (residues numbering is that of the
crystallographic structure coded by PDB ID: 20ZB}][Besides polar contacts, the two Diels-Alder-
type adducts establish hydrophobic interactionsh wahe98, LeulOl, Tyrl25, Metl26, Phel61,
Leul99, 1le203, Met206, Leu227, Val231, and Leu2B2. highlighted above, the only difference
between Kuwanon G and H is the presence of aniadditprenyl group in Kuwanon H. This group
was predicted to interact with Phel66 by molecdtaking, thus becoming potentially responsible for
the slightly higher affinity and lower Kgvalue observed experimentally for Kuwanon H corapao
Kuwanon G. This prenyl group may also be respoasibi the lower solubility of the molecule in
aqueous media, as observed in ITC measurementslyf-ile predicted binding mode is in agreement
with the evidence of a single binding site for Kunwa G and H within PtpB catalytic domain, as
emerged from the analysis of PtpB intrinsic flueerxce discussed above.

Matching theoretical affinities with experimentdbglCsy values provided a satisfactory correlation
that further reinforces the reliability of the comtgtional protocol as well as of the predicted mgd
modes (R = 0.48 for the whole test set, and R 0.85 after leaving out the underestimated sgorin
value of the Norartocarpetin, see also Supportifigrination Figure S28 and Table S2).

To provide a structural support to the inhibitogtiety of Kuwanon G towards the human ortholog
PTP1B, and to drive further optimization of thiadecandidate up to a more selective PtpB inhibitor,
the predicted binding mode of Kuwanon G to PTP1B wko predicted by molecular docking. In
agreement with PMF results, which ruled out thedimig of Kuwanon G to the active site, molecular
docking with GOLD proved unable to find a suitabieding pose of Kuwanon G within the narrow
catalytic cavity of PTP1B in contact with key catal residues (data not shown). In contrast, and in

agreement with PMF data, Kuwanon G was successfidbked in the allosteric binding site that is



located near the C-terminal tail of PTP1B, flankgchelicesa3, a6 anda7.[54] Notably, the predicted
binding mode of Kuwanon G shows moderately goodlapping with the crystallographic binding
mode of a benzofuran allosteric inhibitor (Suppatinformation Figure S29). Although additional
efforts should be spent to characterize the bindihgtuwanon G to PTP1B, the predicted binding
mode is in agreement with experimental data and represent a valuable starting point in furthedlea
optimization efforts.

In summary, molecular modeling results are in gageeement witlin vitro data and further elucidate
the molecular details of the inhibitory activityested by Kuwanon G and H against Mtb PtpB, and by

Kuwanon G against the human ortholog PTP1B.




Figure 6. Predicted binding mode of the two most potent PipBbitors. Kuwanon G (A) and
Kuwanon H (B) are showed as cyan sticks. The diggi@aphic structure of PtpB is shown as green
lines and cartoon. Residues involved in H-bondioghe inhibitors are labeled, and H-bonds are

indicated as dashed lines.

2.8. MIC, cytotoxicity and macr ophage assay

To assess the translational potentiality of Kuwa@oand H, their efficacy in inhibiting the growthdc
replication of Mtb was evaluated vitro. First, the MICs against Mtb H37Ra were determibgdhe
resazurin microtiter assay, providing a value of B#mL for both Kuwanon G and Kuwanon H.
Notably, these molecules showed cytotoxicity in FTHRells at concentrations that are highly
comparable to the observed MICs (@alues of 33.77 and 20.23 pg/mL for Kuwanon G and
Kuwanon H, respectively, as determined by the M&duction assay). Therefore, in evaluating TB
survival inside macrophages, we used the non-tomcentration of 10 pg/mL (corresponding to 14.4
and 13.2 uM of Kuwanon G and H, respectively). Hogve at this concentration, Kuwanon H was
inactive, whereas Kuwanon G still showed an infohitof Mtb growth by 61.3% with respect to the
untreated control. This data, in particular, is thgrof note since such inhibition occurred at noxit
concentrations that are also much lower than th€ Midlues. Overall, the results of this biological
investigation highlight the relevance of the Diélsler-type adduct Kuwanon G isolated frdviorus

nigra as candidate anti-TB lead compound.

3. CONCLUSIONS
Examination of the roots d¥l. nigra and subsequent analysis of the PtpB inhibitoryitiets of the
purified components yielded preliminary structuoghaty relationship data, which might be usefut fo

future studies in this area. Some of tested comg®uvere potent inhibitors of this protein, indiogti



that constituents fronM. nigra roots could be promising natural agents to coactephosphatase
activity and inhibit the growth of Mtb. In partiar, the naturally occurring Diels-Alder-type adduct
Kuwanon G and Kuwanon H are potent inhibitors obN®tpB, and their mechanism of action was
herein characterized by an integrated approach ¢batbines biochemical tool with molecular
modeling andn vitro assays. Kuwanon G was also found to inhibit th@dmuortholog PTP1B, albeit
to a lesser extent and with a different mechani§m@cton (i.e. non-competitive inhibition) compared
to Mtb PtpB, which suggests a possible stratedurther optimize Kuwanon G up to a highly selective
PtpB inhibitor. Notably, Kuwanon G proved to inhilthhe growth of Mtb in infected macrophages at
low micromolar non-toxic concentrations, thus beswma successful lead candidate for future

development as well as for further understandirgthe of PtpB in Mtb infection.

4, EXPERIMENTAL SECTION

4.1. Prepar ation of the extracts, isolation and char acterization of the compounds

The roots oM. nigra (10 kg) were collected in the Riserva Naturaldadilarcigliana, Rome (Italy), in
the summer, and air-dried for 15 days. Once th& (h2 kg) was obtained from the roots, it was
exhaustively extracted with acetone (6L, r.t.) & days and the residue was subjected to column
chromatography (CC) on silica gel 60 (70-270 mdshx 40 mm) and eluted under gradient conditions
with methanol:CHGJ. The fractions obtained were further purified b ©ver silica gel using-
hexane in ethyl acetate also under gradient camditi Finally, the crude compounds were further
purified by reversed-phase medium-pressure ligiicbroatography (RP-MPLC) in water:methanol
20:80, according to Ferrari and co-workers.[32] NMR and mass spectrometry data for the isolated

compounds were coincident and in agreement witkettadready reported for Kuwanon 1);(58-60]



Kuwanon G B);[59, 60] Kuwanon H J);[60, 61] Cudraflavanone A4J;[62] Morusin £);[60, 61]
Oxyresveratrol §);[60, 63] Chalcomoracin/{;[64, 65] Norartocarpetirg].[66, 67]

The purity of compounds>(95%) was checked by analytical HPLC. Column: Pheseex Luna C18
(250 x 4.6 mm i.d., Torrance, CA, USA). Mobile pbasA: HO/MeCN = 90:10 (v/v); B: MeCN.
Gradient elution: at 30% B for 5 min; to 100% Bl min (linear); at 100% B for 5 min; to 30% B in
5 min. Flow rate: 1.0 mL/min. PDA detection at 28@.

4.2. PTPs expression and purification

PtpB and PtpA fronMycobacterium tuberculossnd human PTP1B expression and purification were
performed as previously described.[30] LYP and FPEHST were expressed and purified by the same
method described for PtpA and PtpB, with the follogumodification, expression was induced with 0.5
mM isopropylp-D-thiogalactopyranoside (IPTG) and the cells weoellvated overnight at 25 °C.

4.3. Measurement of PTPs inhibition (I Csp)

The phosphatase assays were carried out as prgvamscribed,[31] in a total reaction volume of 200
puL containing 20 mM imidazole pH 7.0, different centrations of the inhibitor (in a solution
containing 4% dimethyl sulfoxide - DMSO), 30 nM Btg2 puL in 20 mM Tris—HCI pH 8.0, 50 mM
NaCl, 5 mM EDTA, 20% glycerol, and 5 mM DTT) and M p-nitrophenyl phosphat@PP). The
compound was premixed with PtpB for 10 min at°@7 and the reaction was started by addition of
pNPP. The absorbance was measured with a UV-vistrgpbotometer in 96-well plates (TECAN
Magellan Infinite M200) for 10 min at 3T (at 410 nm with readings every 1 min). Positivatcols
were performed in the absence of compounds and M8 The experimental data were analyzed
with GraphPad Prism 5.0 and thesd@alues determined by linear regression. All assagse
performed in triplicate. The PTPs inhibition prefibf tested molecules was carried out using 2 pL of
recombinant LYP (169 nM), PTP-PEST (205 nM), PTR28 nM) and PtpA (92 nM), under the same

conditions used for PtpB.[31]



4.4. EnzymeKinetics

The mechanism of inhibition of the compounds wasemeined by varying the concentrationgodfPP

(at least seven concentrations ranging from 0.22thdhM) for each concentration of compound (at
least three concentrations ranging from 0.1 andiM3r 3, 5 and 7 uM), and determining the initial
rates of the corresponding reactions. The reaatwes were expressed as specific activity of the
protein imol pNP-miri-mg™). Thep-nitrophenol released was quantified and analyzetitting of

the data to the Michaelis-Menten equation. The tiégnparameters; were calculated by nonlinear
fitting of the data to the competitive or non-cortifpee model inhibition equation. All data was pled
using GraphPad Prism software. TKevalues have been achieved by the average of dt tleese
independent experiments.[31]

4.5. Steady-State Fluor escence M easur ements

Fluorescence measurements were carried out on @JAB815 spectropolarimeter equipped with a
Peltier temperature control, and a fluorescenceatien unit in a 1 cm path length quartz cuvettamat
°C. Emission spectra were recorded for wavelengthging from 300 to 450 nm, and the excitation of
the samples was done at 280 or 295 nm. The intrfhgrescence emission spectra of PtpB, at a fixed
concentration of mM, were monitored in 20 mM Tris-HCI, pH 7.4, 50 mNACI, 2% (v/v) glycerol,
and 1 mM 2-mercaptoethanol. The protein solutio@O(3L) was titrated with an increasing
concentration of the respective inhibitor, eachetism1ulL addition of the inhibitor was made. Two
consecutive spectra were accumulated, and theilootdn of the béfer plus inhibitor was subtracted.
Two independent experiments were performed. Thagdhan the intrinsic fluorescence signal of PtpB
upon inhibitor binding was used to obtain the hmgdisotherm of the protein-inhibitor complex. The
fluorescence data collected was analyzed with dflewWing equation (eq 1), using the fluorescence

intensity at spectral maxima (330 nm).



The resulting binding isotherms for the PtpBhibitor complex were analyzed via the complete

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

log @ = log K. + nlog|I] (2)

where k5 and F are the fluorescence intensities beforeadtied the addition of the inhibitor, [I] is the

total inhibitor concentration. The inner-filter eft was corrected using the following factor (ef63)

Aexc +Aem

Feorr = Fobs * 10 2 (2)

where For IS the corrected fluorescence valueysRhe measured fluorescence valuey.Ahe
absorption value at the excitation wavelength, akg, the absorption value at the emission
wavelength. The ultraviolet—visible (UV-vis) spectvere recorded on a UV-vis spectrophotometer
(Ultrospec 2100 pro, Amersham Biosciences) at 25n°@he range of 260-450 nm using a quartz
cuvette with 1 cm path length.

4.6. I sothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry (ITC) measuremeottsnhibitor binding to protein were recorded &t 2
°C using a VP-ITC microcalorimeter (Microcal, GE dftcare) in 20 mM Tris-HCI, pH 7.4, 50 mM
NaCl, 2% (v/v) glycerol, 1 mM 2-mercaptoethanol &% (v/v) DMSO. PtpB sample was previously
buffer exchanged into 20 mM Tris-HCI, pH 7.4, 50 nmWaCI, 2% (v/v) glycerol and 1 mM 2-
mercaptoethanol using an ultrafiltration device (@om Ultra-15 Millipore 10 kDa). Protein
concentration was determined by absorbance at 280 using the calculated molar absorption
coefficient of 14,440 M cmi'. DMSO concentration in the protein solution wagusid to 5% (v/v)
before binding experiments were performed. Firgdnd solution was obtained by dilution 1:50 (v/v)
in the same buffer resulting in a final DMSO corteation of 5% (v/v). The titrations were performed
using 10uM PtpB solution in the sample cell and 2@@ compound solution in the syringe. A typical
experiment consisted of 28 injections under thiowahg parameters: one injection ofu2 (for 4 s)

followed by 27 injections of 1L (for 20 s); 150 s spacing between injections; & stirring speed,;



and reference power set to fibal s'. The heat of dilution of the ligand into theffar measured
independently was essentially similar to the heatad obtained at the end of the titration; soslgmal

of the last injection was used as the backgrouiadl $ignal. The experimental data were analyzedyusin
the Origin 7.0 software, provided by MicroCal, afiited using the one-site binding model. All the
final values were the average obtained from twepsthdent experiments. ValuesAds° andKy were
calculated using the thermodynamic relationshi@s = —RT IrK,, andKq = 1K,

4.7. Mass Spectrometry Analysis

PtpB and PTP1B (fM) was preincubated with compounds (0, 100, or 48 for 10 min at room
temperature in 25 mM NHHCO; (pH 7.5) with 1% (v/v) DMSO before the addition wypsin (10
pg/mL with a protease:protein ratio of 1:50). Thetpm-inhibitor complex was digested with trypsin
at 37 °C for 2-3 hours. Proteolysis was stoppetidaiyogenizing the reaction in the matrix solution of
a-cyano-4-hydroxycinnamic acid (5 mg/mL in 50% (vAgetonitrile, and 0.1% (v/v) trifluoroacetic
acid). Analyzes of the peptides were performed ddALDI-TOF/TOF Autoflex 1ll Smartbeah”
spectrometer (Bruker Daltonics) in positive reftecmode using a pulsed 200 Hz laser with a
wavelength of 355 nm. Source 1 voltage was se® &\Vlwith a grid voltage of 16.6 kV. The standard
peptides used for calibration ranged from 0.8 tkDla (Peptide Calibration Standard, Bruker
Daltonics). One single mass spectrum was formeud Basubspectra per spot using 500 accepted laser
impulses each. The generated spectra were analyged) FlexAnalysis 3.3 software (Bruker
Daltonics). The samples were identified comparimgrtpeptide mass fingerprint profile and the mass
list derived from the theoretical tryptic peptid&svo independent experiments were performed.

4.8. Molecular modeling

The possible binding mode and theoretical affinityyatural products against the catalytic site tpBP
were investigated by molecular modeling, using ghecedure described previously.[31] Briefly, the

crystallographic structure of PtpB in complex watlsmall molecule inhibitor (PDB ID: 20Z5)[20] was



energy minimized in explicit solvent,[31] and usedrigid receptor in molecular docking simulations.
The GOLD docking program (version 5.2.2) was useul|e the GoldScore function was selected to
score and rank ligand poses.[69]

4.9. M acr ophage assay

The activity of Kuwanon G and Kuwanon H against Niibhuman macrophages was evaluated as
previously described with minor modifications.[7Q,]. The human acute monocytic leukemia cell line
THP-1 was obtained from the Biobanking of the Viety Resource (BVR, EZSLER, Brescia, Italy).
Cells were grown in RPMI 1640 (Gibco, Thermo FisBeientific, Waltham, MA) with.-glutamine
(Gibco) and 25 nM HEPES buffer supplemented witBo1Beat-inactivated fetal calf serum (FCS,
Gibco), penicillin 50 IU/mL (Sigma-Aldrich Co., Stouis, MO) and streptomycin 50 pg/mL (Sigma-
Aldrich) at 37 °C in 5% C@ Cells (2 x 16) were therefore seeded in 24-well plates and iatb
until reaching macrophage differentiation by treamtnwith 100 nM of phorbol-12-myristate-13-
acetate (PMA, Sigma-Aldrich) for 10 h at 37 °C % %0,.. The supernatant was discharged, fresh
medium containing PMA was added again, and culas incubated for an additional 4-day period.
Mtb H37Ra ATCC 25177 was grown in Middlebrook 7H@®th (Difco, Becton Dickinson, Sparks,
MD) supplemented with 10% albumin, dextrose, artdlaae (ADC, Difco), and 0.25% Tween 80 to
minimize clump formation. Cells were harvested bgtdfugation with 5 mm glass beads, resuspended
in fresh medium and the titer adjusted to 3 X &élls/mL by comparison with a McFarland No. 1
turbidity standard. Disaggregation of clumps wasatled by Ziehl-Neelsen staining. The inoculum
titer was also confirmed by plating 50 pL of thespension onto Middlebrook 7H11 agar plates
(Difco), supplemented with oleic acid, albumin, ttege and catalase (OADC, Difco) after incubation
at 37 °C in 5% Cofor 21 days. After differentiation, macrophagesewyashed with RPMI 1640 with
no antibiotic, the number of cells per well wasedtined by an automated cell counter (Countess,

Invitrogen, Thermo Fisher), and infected with 100qf Mtb for 3 h at 37 °C at a multiplicity of 1:1.



Macrophages were then washed three times with frestium and then incubated with 1 mL/well of
supplemented RPMI 1640 with 10% FCS containingtésting compound with no antibiotics. Plates
were incubated for 72 h at 37 °C in 5% 0@ order to allow bacteria to grow inside the nogtrages.
Cells were then washed and lysed by treatment sotium dodecyl sulfate (SDS, Sigma-Aldrich)
0.05% in phosphate buffered saline solution at reaemperature for 10 min. Lysates were therefore
diluted in Middlebrook 7H9 medium, and 50 puL weeeded onto Middlebrook 7H11 supplemented
with OADC. Plates were incubated at 37 °C in 5%,@® 21 days, and the number of bacteria was
determined by quantification of CFU.

4.10. Cytotoxicity evaluation

Toxicity of the tested compounds was determinednagd HP-1 cells seeded in 96-well plates at a
density of 6 x 18 cells/well in RPMI 1640 with HEPES 25 nM afterfdifentiation with PMA 200 uM

as described above. Cells were treated with Kuwa@Gorand Kuwanon H in RPMI 1640 at
concentrations ranging between 0.78 and 200 pgbnl72 h in 5% C@at 37 °C. Cells were then
treated with 100 pL/well of a solution of MTT 1 mgl in PBS for 3 h at 37 °C and then the formazan
product by MTT reduction was resuspended by treatroB100 pL of a mixture obtained with NP40
5% and HCI 0.04 N in isopropanol. The 50% cell-mtary concentration (C&), considered as the
reduction by 50% of the optical density values @l with respect to control non-treated cells, was
obtained using an automatic plate reader.

4.11. Deter mination of the minimum inhibitory concentration (MI1C)

MICs of Kuwanon G and Kuwanon H were determinediregaMtb H37Ra ATCC 25197 by the
resazurin microtiter assay as previously descrifizdf3] with slight modifications. The assay was
performed in 96-well microplates. To 100 pL of Mieldrook 7H9 medium supplemented with ADC
containing Kuwanon G and Kuwanon H at concentrati@nging between 0.25 and 128 pg/mL were

added the same volume of a suspension of Mtb pedpas described above to obtain final



concentrations of compounds ranging between 0.12564 pg/mL and a final inoculum of 7 x°10
cells/ml. Plates were incubated at 37 °C in,G& for 7 days. 30 pL of resazurin solution prefdat
0.01% (w/v) in distilled water, filter sterilizedchd stored at 4 °C, was added to each well, incdbate
overnight at 37 °C, and assessed for color devetopnhsoniazid was used as a control.

4.12. Pan Assay I nterference Compounds (PAINS) liability

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

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

(http://cbligand.org/PAINS/). Notably, none of tedtcompounds 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;

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

macrophages.



