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ABSTRACT

Protein tyrosine phosphatase 1B plays a significant role in type
2 diabetes mellitus and other diseases and is therefore consid-
ered a new drug target. Within this study, an acetone extract
from the lichen Stereocaulon evolutum was identified to pos-
sess strong protein tyrosine phosphatase 1B inhibition in a
cell-free assay (ICsg of 11.8 ug/mL). Fractionation of this bio-
active extract led to the isolation of seven known molecules
belonging to the depsidones and the related diphenylethers
and one new natural product, i.e., 3-butyl-3,7-dihydroxy-5-
methoxy-1(3H)-isobenzofurane. The isolated compounds
were evaluated for their inhibition of protein tyrosine phos-
phatase 1B. Two depsidones, lobaric acid and norlobaric acid,
and the diphenylether anhydrosakisacaulon A potently inhib-
ited protein tyrosine phosphatase 1B with 1Csg values of 12.9,
15.1, and 16.1 uM, respectively, which is in the range of the
protein tyrosine phosphatase 1B inhibitory activity of the pos-
itive control ursolic acid (ICsg of 14.4 uyM). Molecular simula-
tions performed on the eight compounds showed that i) a
contact between the molecule and the four main regions of
the protein is required for inhibitory activity, ii) the relative ri-
gidity of the depsidones lobaric acid and norlobaric acid and
the reactivity related to hydrogen bond donors or acceptors,
which interact with protein tyrosine phosphatase 1B key ami-
no acids, are involved in the bioactivity on protein tyrosine
phosphatase 1B, iii) the cycle opening observed for dipheny-
lethers decreased the inhibition, except for anhydrosakisacau-
lon A where its double bond on C-8 offsets this loss of activity,
iv) the function present at C-8 is a determinant for the inhib-
itory effect on protein tyrosine phosphatase 1B, and v) the
more hydrogen bonds with Arg221 there are, the more an-
chorage is favored.

These two authors contributed equally to the work.
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Introduction

Control of cellular protein tyrosine phosphorylation is essential for
cell growth, cell differentiation, and other cellular processes. Its
dysrequlation is associated with several human diseases. The
phosphorylation and dephosphorylation of protein tyrosine is
controlled by protein tyrosine kinases (PTKs) and phosphatases
(PTPs), which are important factors of cellular signaling pathways
[1]. The PTP that was isolated first was protein tyrosine phospha-
tase 1B (PTP1B). The crystal structure of human PTP1B, including
the structure of its catalytic domain, was published in 1994 [2].
Since then, numerous studies showed the significant role of
PTP1B in various cellular mechanisms implied in pathologies such
as type 2 diabetes mellitus and obesity [3], breast cancer [4,5],
atherosclerosis and cardiovascular disease [6], nonalcoholic fatty
liver disease [7], and cerebral ischemia [8]. Thus, this enzyme is
now considered a new drug target. Several studies reported the
identification of PTP1B inhibitors that could regulate disturbed
cell pathways [9, 10]. These inhibitors target the catalytic domain
of PTP1B (amino acids 30-278), which comprises a catalytic loop
of eight amino acid residues (His214-Arg221). This loop binds to
the arylphosphate residue of the substrate and contains the active
site nucleophile Cys215. It also binds to two other sites, i.e.,
Arg24 and Arg254 as well as Tyr46 and Asp48. Upon ligand bind-
ing, a comprehensive change in the conformation occurs, which
activates the enzyme. The space between amino acids 179-186,
known as the WPD loop, enlarges and encloses part of the sub-
strate, which enables hydrophobic interactions of the substrate
with the protein [3]. Natural products are also an important
source of new scaffolds of PTP1B inhibitors. Several compound
classes have been shown to inhibit PTP1B, such as phenolic acids,
flavonoids, chalcones, dammarane-type triterpenoids, isoflavo-
noids, alkaloids, and coumarins [3,9,11].

Lichens as symbiotic organisms composed of fungi, algae, or
cyanobacteria produce a wide range of secondary metabolites.
Various biological activities have already been ascribed for lichen
compounds, e.g., antibacterial, antifungal, antiviral, antitumor,
anti-HIV, antioxidant, and anti-inflammatory effects [12]. More-
over, some of these compounds were described as playing a role
in the control of glucose via insulin [13-16]. Therefore, natural
products from lichens might be a highly valuable source for the
identification of new PTP1B inhibitors.

Hoping to find novel inhibitors of this enzyme, the acetone ex-
tract of the lichen Stereocaulon evolutum Graewe, a member of the
Stereocaulaceae family, was identified to possess strong PTP1B in-
hibitory activity and was thus selected for further analyses. Frac-
tionation of this bioactive extract led to the isolation of seven
known compounds belonging to the classes of depsidones and di-
phenylethers and a new isobenzofuranone. They were also sub-
jected to a cell-free PTP1B inhibition assay, and docking simula-
tion of the isolated compounds was realized for elucidating the
amino acids involved in PTP1B inhibition.

Results and Discussion

Powdered S. evolutum material was extracted successively with n-
hexane and acetone. The obtained extracts were investigated on

their ability to inhibit PTP1B in a cell-free assay. Both extracts sig-
nificantly inhibited the PTP1B enzyme in a concentration-depen-
dent manner. However, while the n-hexane extract showed only
weak inhibition of PTP1B with an ICsq of 32.8 ug/mL [Clgs (%)
9.62/13.6], the acetone extract showed potent PTP1B inhibition
with an 1Csg of 11.8 ug/mL [Clgs (¥) 2.42/3.03] (Fig. 1S, Support-
ing Information). Therefore, the acetone extract was selected for
further investigation.

The S. evolutum acetone extract was fractionated by means of
chromatographic techniques, including silica gel column chroma-
tography (CC), Sephadex CC, and semipreparative HPLC, leading
to the isolation of eight compounds (> Fig. 1). Compounds 1-7
were identified as two depsidones, i.e., lobaric acid (1) [17] and
norlobaric acid (2), and five diphenylethers, i.e., lobarin (3), saki-
sacaulon A (4), 8-methyl sakisacaulon A (5), anhydrosakisacau-
lon A (6), and sakisacaulon A esterified in C-7 (7) [15], by interpre-
tation of NMR and MS spectral data (Figs. 25-15S and Tables 1S
and 2S, Supporting Information).

Compound 8 was obtained as a brown viscous liquid. Its molec-
ular formula was assigned as Cy3H160s from the HR-ESI-MS ion at
m/z 275.0895 ([M + Na]*). The UV spectrum with absorption max-
ima Amax (log €) at 229 (4.34), 259 (4.21), and 295 (3.91) nm sug-
gested that 8 comprises a y-lactone ring. Its IR spectrum showed
absorption bands corresponding to a hydroxyl group (vmax
3374cm'), an aliphatic chain (vpax 2957 cm™), and aromatic
rings (Vmax 1694 and 1614 cm™"). The "H NMR spectrum exhibited
signals of two aromatic protons (6 6.44 and 6.46), one methoxy
(6 3.86), and one methyl group (6 0.89). Multiplet signals at o4
1.28-1.46 corresponding to methylene groups including four
protons and a triplet signal at 6y 2.28 corresponding to a methy-
lene group with two protons suggested the presence of an ali-
phatic chain. The COSY experiment confirmed the presence of an
n-butyl side chain and the connectivity between H-3 and H-5. The
13C NMR spectrum of 8 comprised 12 carbon signals, including
four aliphatic carbons, indicating the proposed aliphatic chain.
The HMBC spectrum showed the following connectivities: aro-
matic H-3 (6 6.46) with C-7 (8¢ 170.2), C-4 (6¢ 166.7), C-1 (6¢
104.4), and C-5 (6¢ 102.1), aromatic H-5 (6y 6.44) with C-4 (6¢
166.7), C-1 (8¢ 104.4), and C-3 (5¢ 101.9), aliphatic H-10 with C-
9 (8¢ 39.9) and C-11 (8¢ 22.3), aliphatic H-11 with C-9 (8¢ 39.9),
C-10 (6¢ 25.5), and C-12 (6¢ 13.6), and aliphatic H-12 with C-10
(6c 25.5) and C-11 (8¢ 22.3). These analyses allowed for proposing
the chemical structure of 8 as 3-butyl-3,7-dihydroxy-5-methoxy-1
(3H)-isobenzofurane. However, despite experiments performed
using different deuterated solvents and different temperatures
(data not shown), the signal of C-8 was not visible in the 3C NMR
spectrum due to a keto-enol tautomerism, as previously observed
for alectoronic acid [18]. To verify the hypothesis of the presence
of a hydroxyl group in position 8, compound 8 was acetylated
(Text 1S, Supporting Information). Its chemical structure was
confirmed by comparison of the NMR data of 8 with the data ob-
tained by 1D and 2D NMR analysis of the acetylated derivatives
8a-8c (Fig. 165-20S and Table 3S, Supporting Information).

To confirm that 8 is a natural product present in S. evolutum
and not an artefact generated during the isolation process, fur-
ther extraction experiments were conducted. Lichen material
was extracted with dichloromethane, ethyl acetate, tetrahydro-
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» Fig. 1 Chemical structures of lobaric acid (1), norlobaric acid (2), lobarin (3), sakisacaulon A (4), 8-methyl sakisacaulon A (5), anhydrosakisa-
caulon A (6), sakisacaulon A esterified in C-7 (7), and 3-butyl-3,7-dihydroxy-5-methoxy-1(3H)-isobenzofurane (8) isolated from S. evolutum.

furan, and MeOH, respectively. The generated extracts, including
the initially prepared extracts, were subjected to LC-MS analysis.
Retention times and UV and MS spectra were assessed to compare
the metabolic profiles of the extracts. Compound 8 was identified
in all extracts independent of the extraction solvent (Fig.21S,
Supporting Information). Therefore, 8 is suspected to be a natural
compound, which might be involved in the biosynthesis of the di-
phenylethers. A biogenetic relationship is proposed between 1
and the diphenylethers but also between 1, 4, and 8 (Fig. 225,
Supporting Information).

While 8 is a new natural product, 1 is commonly found in the
Stereocaulon genus. Compound 2 was first identified in S. evolutum
[15] and later also in Stereocaulon paschale [16]. Compound 3 was
previously found in the lichen Stereocaulon halei [19] and 4 was al-
ready found in Stereocaulon sasakii [20]. Compounds 5, 6, and 7
were reported as degradation products of lobaric acid from
Stereocaulon azoreum [21]. Compound 5 was also isolated from
Stereocaulon alpinum [13].

Compounds 1-8 were tested for their PTP1B inhibitory effects.
Except for 8, which was inactive, all compounds inhibited PTP1B in
a concentration-dependent manner (> Fig. 2 and Fig. 23S, Sup-
porting Information) with ICsg values between 12.9 and 67.4 uM
(> Table 1). The depsidones 1 and 2, differing only in a methyl
group in position 4, and the diphenylether 6 displayed the highest
inhibitory effects on PTP1B (IC50=12.9, 15.1, and 16.1 uM, re-
spectively), which were in the same range as the activity of the
positive control ursolic acid (ICsg=14.4 uM). Compounds 4 and
5, which differ from 6 only by the presence of a hydroxyl and a
methoxy function, respectively, instead of the double bond be-

VuTH et al. Inhibitory Effects of... Planta Med | © 2021. Thieme. All rights reserved.

tween C8 and C9, showed only moderate PTP1B inhibitory activity
with 1Csq values of 37.5 and 67.4 uM, respectively. Therefore, it
seems that the double bond is more beneficial for the inhibiting
potential. Moreover, the observed results suggest that the car-
boxylic function of 3 is not important for PTP1B inhibition because
3 and 4, which differ only in a carboxylic group in position 1,
exhibited similar 1Csg values (35.4 and 37.5uM, respectively).
Finally, the inactivity of 8 (residual PTP1B activity of 94.5% at
100 uM) suggests that the absence of one moiety of the dipheny-
lether results in the loss of the inhibitory activity. Seo et al. [13]
previously reported the isolation of 1 and two diphenylethers
from S. alpinum, among them 5, and their PTP1B inhibitory activ-
ity, showing an about 8-fold higher activity of 1 compared to 5,
which is in accordance with the results of the present study. They
suggested that the carboxylic function at C-1' plays an important
role in PTP1B inhibition. However, our results, in particular the
comparison of the activities of 3 and 4, do not confirm this hy-
pothesis. Nevertheless, the activities we observed for 4, 5, and 7
suggest that the presence of a methoxy group in position 8 in-
stead of a hydroxyl group and a methyl esterification might de-
crease the inhibitory activity, which confirms the hypothesis that
acidic protons are important for PTP1B inhibition. However, this
was not the case for the depsidones 1 and 2, where methylation
of the hydroxyl group in position 4 did not reduce the bioactivity.

To confirm these hypotheses and to explain the obtained re-
sults, we performed molecular docking studies of 1-8 onto hu-
man PTP1B. The contact frequency mapping along the PTP1B pri-
mary sequence indicates that four main regions of the protein are
in contact with 1-7 (» Fig. 3). Those regions correspond to a loop
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> Fig. 2 Concentration-dependent inhibition of PTP1B by compounds 1, 2, and 6, given as residual activity in % of the uninhibited control (100%,
vehicle = DMSO). Nine concentrations (0.3, 1, 3, 6, 10, 20, 30, 50, 70 uM), respectively, were evaluated to establish the sigmoidal dose-response

curves by nonlinear regression (n = 3).

> Table 1 Inhibitory effects of compounds 1-8 isolated from S. evolutum on PTP1B.

Compound

Lobaric acid (1)

Norlobaric acid (2)

Lobarin (3)

Sakisacaulon A (4)

8-Methyl sakisacaulon A (5)

Anhydrosakisacaulon (6)

Sakisacaulon esterified in C-7 (7)
3-Butyl-3,7-dihydroxy-5-methoxy-1(3H)-isobenzofurane (8)
Ursolic acid?

Sodium-orthovanadated

1C50 (uM)? Clgs ()P
12.9 2.6/3.2
15.1 2.9/3.5
35.4 26.3/102.3
375 22.9/58.8
67.4 11.1/13.3
16.1 2.0/2.4
53.9 13.6/18.3
>100¢
14.4 4.5/6.6
5.6 3.0/6.6

2 Concentration required to inhibit PTP1B by 50 %; > 95 % confidence interval; < residual PTP1B activity of 94.5 % of control at 100 puM; 9 used as positive

controls

starting at Leu110 and ending at Lys120, the WPD loop (residues
Trp179 to Glu186) and the P-loop (residues His214 to Arg221) as-
sociated with the catalytic activity, and the extended topology
secondary binding site already characterized for other PTP1B in-
hibitors (residues Arg45 to Pro51 and Phe256 to GIn262). We no-
ticed that residues that were sometimes observed binding to in-
hibitors in other studies [22,23] (GIn21 to Phe30) were not re-
trieved in our study. In our simulation, 8 did not interact with the
side of the pocket extended at the N-terminal extremity (Arg45-
Pro51), which corresponds to a part of the secondary binding site.
By observing the features of the molecular models and by analyz-
ing the in vitro activity of the eight compounds towards PTP1B, it
appears that this last missing contact site might be associated
with reduced bioactivity. This could be explained by the small size
of 8, which does not allow the compound to completely fill the
PTP1B catalytic pocket from one side (the loop at Asn111 to
Lys120) to the other (the N-terminal part of the secondary bind-
ing site). Analysis of the contact frequency map also indicates that
additional interactions of the compounds with the B-sheet located
between the loop at Asn111 to Lys120 and the residues 121 to
178 do not lead to a significant increase of PTP1B inhibition, con-

firming the medium importance of the secondary binding site. As
all the bioactive compounds were suggested to interact with the
catalytic activity-related regions of the PTP1B protein, it appears
that the sole hydrophobic property or topographical organization
of the catalytic pocket is not sufficient to explain the differences
between the bioactivities of 1 (» Fig. 4a) to 7. This also excludes
the hypothetical modulation of their inhibitory action through
long-range allosteric effects. As the two depsidones (1 and 2)
showed at least two times lower ICsq values than the other large-
size compounds, except 6, we suggest that the relative rigidity
due to the closure of the central ring increases the inhibitory ef-
fects of these compounds. However, binding features seem to be
conserved when comparing 1 and 2; their similar reactivity might
be related to various hydrogen bond donors or acceptors (hydrox-
yl, carbonyl, and/or carboxyl groups in positions C-4, C-7, C-8, C-
2', and/or C-7"), which interact with PTP1B key amino acids in dif-
ferent ways (> Fig. 4b shows it exemplary for 1). Moreover, nei-
ther a hydroxyl nor a methoxyl function at the C-4 position seems
to have a significant effect, even if hydrophobicity is slightly in-
creased in 1. The interaction pattern of 6 is also highly noticeable
as it creates mainly hydrophobic contacts and only a single H-

Vu TH et al. Inhibitory Effects of ... Planta Med | © 2021. Thieme. All rights reserved.
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» Fig. 3 Averaged contact frequencies measured between compounds 1-8 (plots a to h, respectively) and the molecular models of the PTP1B
protein obtained by homology modeling, normal mode analysis, and molecular dynamics simulations. The primary sequence of amino acids is
shown on the X-axis, and regions already shown to be targeted by other PTP1B inhibitors are delimited by colored lines at the top of the graph:
orange for the loop ranging from Asn111 to Lys120, green for the WPD loop ranging from Trp179 to Glu186, red for the P-loop ranging from His214
to Arg221, and violet for the extended topology secondary binding site involving residues GIn21 to Phe30, Arg45 to Pro51 and Phe256 to GIn266.

bond bridge between Arg221 and O-7. However, we identified
the amino acids Tyr46, Trp179, Ala217, and 1le219 as being in-
volved in the stabilizing hydrophobic interactions with 1 and 2.
The same residues were found to be involved in the dynamic bind-
ing of the aliphatic chains of several compounds to the enzyme.
Finally, the bioactivity of 6 might be related to the electron distri-
bution in the vicinity of C-8 due to the double bond.

Considering the weak activity of 3-5 and 7 and the inactivity of
8, we noticed that, whereas the cycle opening observed in 7
seems to be related to a decreased efficiency in the inhibition of
PTP1B compared to other compounds, our models highlight that
an H-bond donor/acceptor at position C-8 (that binds to Thr263
and Asp265) could allow 7 to exhibit a better ICso than 5. The
same conclusion could be drawn after comparison of 4 to 5; the
properties of the functions present at C-8 (C=C, C=0, -OH) seem
to be a determinant for the inhibitory effects of our series. It was
previously proposed that a carboxylic function at C-1' increases

VuTH et al. Inhibitory Effects of... Planta Med | © 2021. Thieme. All rights reserved.

the inhibitory effects of related compounds, but we can only con-
firm this observation in the case of the depsidones, whereas 3,
possessing weaker activity, does not show a similar H-bond net-
work. Finally, the models of the less effective 5 and 7 both show
a binding pattern involving a single H-bond bridging Arg221 to
0-7, a feature that should be avoided in case of functional optimi-
zation of the basic structure of lobaric acid derivatives. Indeed,
other compounds that possess higher activities are involved in
more complex H-bonding networks, assuring a stronger anchor-
ing in the catalytic pocket (Fig. 24S, Supporting Information).

Material and Methods

General procedures

All solvents used for chromatography were purchased from Sig-
ma-Aldrich. TLC was carried out on silica gel plates (silica gel
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> Fig. 4 Best theoretical model for the complex formed upon the association of compound 1 with the PTP1B protein. a Position of compound 1
relative to the catalytic pocket of the PTP1B protein. The molecular hydrophobic potential has been computed with platinum software [24] and is
allowing for the coloring of the molecular surface from white (hydrophilic, MHP <0) to black (hydrophobic, MHP > 0). Topology elements are
highlighted on the protein backbone following the same color code as used in > Fig. 3. b Contact sphere of compound 1 (van der Waals repre-
sentation) after improvement of the best docking pose by a short molecular dynamic relaxation of the predicted theoretical complex. The side
chains of amino acids within a distance of 4 A from compound 1 are shown as sticks. The catalytic residues Asp181, Cys215, Arg221, and GIn 262
are colored according to their belonging to topology regions (see » Fig. 3).

60F254; Merck) with the following standard solvent systems for
the identification of substances from lichens: B (n-hexane/diethyl
ether/formic acid 130:80:20), C (toluene/acetic acid 170:30),
and G (toluene/ethyl acetate/formic acid 139:83:8). The spots
were first visualized under UV light and then after spraying with
anisaldehyde-H,SO,4 reagent. CC was carried out on silica gel
(40-63 pm, Kieselgel 60; Merck) or Sephadex LH-20. Medium-
pressure liquid chromatography was conducted on a SPOT Liquid
Chromatography Flash apparatus (Armen Instrument) using pre-
packed silica gel or RP-18 columns (Chromabond; Merck). The
semipreparative chain included a Kontron series 325 pump with
a DAD UV-visible detector (Kontron, 530A). 'H, '3C, and 2D NMR
spectra were recorded on a Bruker Avance Il 400 MHz, a Bruker
300 MHz, or a Bruker 500 MHz spectrometer with deuterated sol-
vents. HR-MS measurements were carried out at the CRMPO to
determine the exact masses, and on a Bruker Maxis 4 G, MicrO-Tof
Q 2, a Thermo-fisher Q-Exactive, or a Waters Q-Tof 2 mass spec-
trometer for chemical ionization. The MS system was coupled to
an HPLC system including an autosampler SIL-20A HI, a 1100 Se-
ries binary pump (Agilent Technologies), and an SPD-M20A DAD
UV-visible detector (Shimadzu) for the analytic chain using a
Waters Spherisorb ODS2 C18 column (5 um, 150 x 4.6 mm) main-
tained at 40°C by a thermostat (CTO-20A). lonization was per-
formed by negative ion mode electrospray (ESI-). Full scan mass
spectra were recorded in the negative ion mode in a mass range
of 100 to 1200 Da, applying the following parameters: detector
gain 1200, ESI voltage 3.5 kV, capillary voltage 180V, source volt-

age 20V, source voltage dynamic 20V, nebulizer gas pressure
60 psig, desolvation flow gas rate 4 L/min, capillary temperature
250°C, and gas temperature 20°C. Data processing and evalua-
tion for the MS measurement were performed with the Data and
Mass Express 2.2.29.2 software (Advion).

Lichen material

Specimens of S. evolutum were collected from siliceous rocks in
Saint Just (llle et Vilaine, France) by F. Le Dévéhat in November
2011 and identified by Claude Roux. A voucher specimen (JB/10/
121) was deposited in the Herbarium of the Department of Phar-
macognosy and Mycology of the University of Rennes 1 (France).

Extraction and isolation

The samples of S. evolutum (300 g) were first ground and the ho-
mogenized powder was successively extracted four times under
agitation at room temperature for 24 h with n-hexane (2L) and
acetone (1.5 L), respectively. The acetone extract (1.4 g) was frac-
tionated by flash chromatography on C;g gel (RS 40 Cyg) using
H,O with 0.15% TFA/MeOH (25:85, v/v) as a mobile phase
(10 mL/min, 75 min), giving 75 fractions of 10 mL which were
pooled according to their chromatographic profile to give seven
subfractions (F1-F7). Fraction F2 (106 mg, mL 41-70) was
chromatographed on a Sephadex LH-20 gel column (1.5 x 20 cm)
with diethyl ether (100%, 200mL) to afford four fractions
(F2a-F2d). Fraction F2b (35 mg, mL 11-50) was purified by pre-
parative TLC developed with toluene/EtOAc/HCOOH (70:25:5,
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v/v/v) to yield 10.3mg of 3 (Rf C: 0.17, G: 0.44). Fraction F3
(103 mg, mL 71-100) was chromatographed on a silica gel col-
umn (40-63 um; 1.5x25cm) with CH,Cl,/Me,CO (1:0, v/v, to
0:1, v/v, 10 mL per solvent mixture) to obtain 4 (31.5 mg, Rf B:
0.48, G: 0.47) at 20% Me,CO.

Silica gel CC (2 x30 cm) of fraction F5 (408 mg, mL 151-400)
by gradient elution using n-hexane/MeOH (2:8, v/v, to 5:5, v/v,
10 mL per solvent mixture) through CH,Cl; and EtOAc produced
ten subfractions (F5a-F5j). Fraction F5c (37 mg, CH,Cly/EtOAc
80:20) was then purified by semipreparative reversed-phase
HPLC (Hypersil BDS C18 5um, 250 x 10 mm) using a gradient of
ACN in H0 (52-65%, 2 mL/min, 70 min) to yield 5 (4.5 mg, tg =
37.17 min, Rf C: 0.20, G: 0.54) and 6 (17.1 mg, tg =46.31 min, Rf
B: 0.53, C: 0.21, G: 0.59). Compound 7 (6.0 mg, Rf B: 0.55, C:
0.24, Rf G: 0.59) was obtained from fraction F5f (27 mg, EtOAc/
MeOH 90:10) by semipreparative HPLC (C;g) using ACN/H,O
(50:50, v/v) as a mobile phase (2mL/min, 75min, tg=
60.03 min). Fraction F5g (110 mg, EtOAc/MeOH 80:20) yielded a
white, crystalline precipitate, which was separated from the
supernatant by centrifugation, and then recrystallized in acetone
to give 1 (24.3 mg, Rf B: 0.46, C: 0.41, G: 0.61). The filtrate of
fraction F5g was subjected to semipreparative HPLC (Cqg) with
MeOH/H,0/H3PO4 (65:35:0.9, v/v/v) as a mobile phase (2 mL/
min, 90 min, tg=51.61min) yielding 2 (4.0 mg, Rf B: 0.51, C:
0.43). Fraction F5h (112 mg, EtOAc/MeOH 60:40) was chromato-
graphed on a silica gel column (40-63 pm; 1.5x25cm) eluted
with CH,Cl,/diethyl ether (1:0, v/v, to 5:5, v/v, 10 mL per solvent
mixture) through diethyl ether and Me,CO (1:0, 9:1, and 0:1,
v/v) to afford 8 (56.6 mg, diethyl ether/Me,CO 60:40, Rf B: 0.53,
C:0.27,G: 0.48).

3-Butyl-3,7-dihydroxy-5-methoxy-1(3H)-isobenzofurane (8):
brown viscous liquid; Rf (silica gel 60 F254) 0.53 (n-hexane/diethyl
ether/formic acid 130:80:20), 0.27 (toluene/acetic acid 170:30),
0.48 (toluene/ethyl acetate/formic acid 139:83:8); UV (ACN:te-
trahydrofuran, 1:1) Anax (log €) 229 (4.34), 259 (4.21), 295 (3.91)
nm; [a]3 0.00 (c 1.0, CH,Cly); IR (KBr) vinax 3374, 2957, 1694,
1614cm™"; 'H and '3C NMR: Table 3S, Supporting Information;
ESI-MS (neg. ion mode) m/z 251.1 [M - H]~; HR-ESI-MS m/z
275.0895 [M + Na]* (calcd. for C13H60sNa 275.0895).

Determination of the protein tyrosine phosphatase 1B
inhibitory activity in a cell-free assay

Recombinant human PTP1B enzyme was purchased from R&D
Systems. Para-nitrophenylphosphate (pNPP), 3-(N-morpholino)
propane sulfonic acid (MOPS), and dithiotheitiol (DTT) were ob-
tained from Sigma-Aldrich. DMSO and NaOH were from Merck.
Sodium-orthovanadate was obtained from Sigma-Aldrich with a
purity of 99.98 %. Ursolic acid was purchased from VWR with a pu-
rity > 97 %.

Enzyme activity of PTP1B was determined using 2 mM pNPP in
50 mM MOPS buffer, pH6.5, as a substrate in the presence of
1 mM DTT. Extracts and compounds were first dissolved in 100%
DMSO and then diluted with buffer to 1% DMSO in a 100 pL final
assay volume. Finally, PTP1B enzyme (0.025 ug in 5 pL assay buf-
fer) was added to the reaction mixture. PTP1B inhibitory activity
was measured in quadruplicate using 96-well plates. To assure
non-saturation, the reaction was subjected to kinetic absorbance
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readings at 405 nm for 30 min in a Hidex plate CHAMELEON photo-
meter. Subsequently, the reaction was terminated by the addition
of 10 M NaOH solution (25 pL) and the absorbance was again read
at 405 nm. Potential absorbance of the tested extracts and com-
pounds was also determined and subtracted from the readout.
Extracts and compounds were tested at 6-9 concentrations in
three independent experiments, respectively, except for 7 at
300 uM, which was tested only once due to a lack of further mate-
rial. Mean = SEM was plotted in the graphs. ICsg values were calcu-
lated by fitting the data (log inhibitor vs. response, variable slope)
using GraphPad Prism 5.01. The known PTP1B inhibitors ursolic
acid and sodium-orthovanadate were used as positive controls.

Molecular docking simulations

To complete the PTP1B structure available from the Protein Data
Bank (www.rcsb.org/), homology modeling of the full protein was
performed for the completion of the missing residues by using
I-Tasser (zhanglab.ccmb.med.umich.edu/I-TASSER/; accessed
April 2018). After BLAST analysis, the best structural templates se-
lected for model production were equally 1lar, 1ygr, and 2jjd and
the final homology model was of high reliability (C-score of 0.38).
For the following docking simulations and improvement of theo-
retical complexes, only the PTP subdomain that bears the catalytic
site of PTP1B (residues 1-280) was considered. Then, diversity
was brought to the PTP1B core part by achieving either a normal
mode analysis (NMA) or molecular dynamics (MD) trajectory com-
putations on its homology model. Concerning NMA [25], EINémo
(www.sciences.univ-nantes.fr/elnemo/; accessed in October
2018) was used to modulate global conformations available from
the initial model, improving the variety of PTP1B models that has
been used during docking simulations. According to EINemo stan-
dard validation of essential modes, four more modes of PTP1B
(modes 7-9 and 11) were added as receptors in docking compu-
tations. Finally, two additional models corresponding to the most
representative structures extracted from two independent
4 nanoseconds MD trajectories were considered. Both of these
MD simulations started from the theoretical complex composed
of the homology PTP1B and the best docking pose of the com-
pound. All PTP1B core models were geometrically improved
through energy minimization performed with YASARA suite (ver-
sion 18.12.27) [26] and standard parameters (energy minimiza-
tion, Amber03 forcefield). Docking calculations were then per-
formed by using the standard protocol proposed in the VINA im-
plementation of YASARA (global docking, 1000 runs per target/
per compound). Parametrization of compounds 1-8 was obtained
by the well-proven and automated AutoSmiles procedure of
YASARA. Frequencies for ligand-contacting residues were mea-
sured using a 4.0 A cutoff distance over a set of 7.000 theoretical
complexes for each compound (four docking simulations with
NMA PTP1B, two with MD PTP1B, and one with homology PTP1B).
Models for the best theoretical complexes were obtained after
clustering all concatenated results using the g_cluster command
of Gromacs (version 5.0) [27] (Jarvis-Patrick method). The same
clustering method was used to extract most representative theo-
retical complexes from MD trajectories and LigPlot+ (version 2.2)
(www.ebi.ac.uk/thornton-srv/software/LigPlus/) allowed for plot-
ting contact networks.
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Supporting information

Acetylation of 8, NMR data ('H and '3C) of 1-8, LC-MS analysis of
8in crude S. evolutum extracts, suspected biogenetic relationships
between 1, 3-7, and 8, concentration-dependent inhibition of
PTP1B by the n-hexane and the acetone extract of S. evolutum,
concentration-dependent inhibition of PTP1B by 3-5 and 7, and
contact networks between 1-8 and PTP1B are available as Sup-
porting Information.
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