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A B S T R A C T   

Purpose: Cultured lichen mycobionts are valuable sources of new natural compounds. Mycobiont 
of Graphis handelii growing in Vietnam was isolated, cultivated and chemically investigated. The 
crude extract of this cultured mycobiont showed potent alpha-glucosidase inhibition with an IC50 
value of 50 μg/mL. 
Methods: Multiple chromatographic methods were applied to the extract to isolate compounds. 
The combination of Nuclear Magnetic Resonance analysis and high-resolution mass spectroscopy 
determined their chemical structures. Electrophilic bromination/chlorination was applied to 
obtain new derivatives using NaBr/H2O2 and NaCl/H2O2 reagents. Compounds were evaluated 
for enzyme inhibitory activities, including alpha-glucosidase inhibition, HIV-1 reverse tran-
scriptase inhibition, SARS-CoV-2 main protease (Mpro) inhibition, anti-inflammatory activity, and 
cytotoxicity against several cancer cell lines. A molecular docking study for anti-SARS-CoV-2 was 
conducted to understand the inhibitory mechanism. 
Results: A new diphenyl ether, handelone (1) and a known compound xylarinic acid A (2) were 
isolated and elucidated. Four synthetic products 6′-bromohandelone (1a), 2′-bromohandelone 
(1b), 2′,6′-dibromohandelone (1c), and 2′,6′-dichlorohandelone (1d) were prepared. Compound 1 
showed good activity against Mpro with an IC50 value of 5.2 μM but it showed weak or inactive 
activity in other tests. Other compounds were inactive in all assays. 
Conclusion: A new compound, handelone (1) was isolated from the cultured mycobiont of Graphis 
handelii. From these compounds, four new derivatives were prepared. Compound 1 showed good 
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activity against Mpro with an IC50 value of 5.2 μM but it showed weak or inactive activity in other 
tests. Other compounds were inactive in all assays.   

1. Introduction 

Cultured lichen mycobionts are believed to be valuable sources of naturally occurring molecules with unique scaffolds [1–7]. 
Cultured mycobionts derived from several Graphis species were chemically investigated such as G. scripta [8], G. vertitoides [1], 
G. tetraloculari [9], G. proserpens, G. apriens, G. handelii, G. awaensis [4], G. rikuzensis [10], and two others Graphis sp. growing in 
Vietnam [10,11]. An abundance of skeletons including 6H-dihydro[b,d]pyran-6-one derivatives [5], isocoumarins [12], diphenyl 
ethers [11], isochromene derivatives [12], and eremophillane-type sesquiterpenoids [10] were reported. Up to now, there is only one 
chemical investigation on cultured mycobiont of G. handelii which reported the presence of graphenone [3]. In the continuing study on 
Vietnamese lichen mycobionts [10,13,14], chemical investigations were performed on cultured mycobiont of the lichen Graphis 
handelii. In this study, we successfully isolated and elucidated the structure of a new diphenyl ether, handelone (1), together with a 
known compound xylarinic acid A (2) [15]. Compound 1 was selected for halogenation to obtain products 6′-bromohandelone (1a), 
2′-bromohandelone (1b), 2′,6′-dibromohandelone (1c), and 6′-chlorohandelone (1d). The combination of Nuclear Magnetic Resonance 
analysis and high-resolution mass spectroscopy determined the chemical structures of compounds 1 and 1a-1d. They were evaluated 
for alpha-glucosidase inhibition, HIV-1 reverse transcriptase inhibition, Mpro inhibition, anti-inflammatory activity, and cytotoxicity 
against several cancer cell lines. 

2. Results and discussion 

2.1. Structural elucidation of compound 1 

Compound 1 was obtained as a white amorphous powder. The molecular formula of 1 was deduced as C17H18O7 by the depro-
tonated molecular ion peak at m/z 315.0867 (calcd. for [C17H18O7–H2O–H]-, 315.0868) in HRESI mass spectrum (Fig. S3). The 1H 
NMR spectrum showed three aromatic protons [δH 6.55 (1H, brs, H-4′), 6.52 (1H, s, H-3), 6.39 (1H, brs, H-6′)], two methoxy groups [δH 
3.84 (3H, s, 3′-OCH3) and 3.80 (3H, s, 4-OCH3)], and two methyl groups [δH 2.23 (3H, s, H3-8) and 2.18 (3H, s, H3-7′)]. The JMOD 
spectrum in accordance with HSQC spectrum exhibited 17 carbons resonances attributable to a carbonyl group (δC 167.9, C-7), three 
methine carbons (δC 109.8, 109.2, and 99.2), two methyl carbons (δC 21.2 and 12.3) and nine quaternary carbons (δC 153.3, 148.7, 
143.7, 143.2, 134.3, 134.3, 129.7, 124.9, and 121.0). These spectroscopic data indicated that 1 was a phenolic compound having two 
benzene rings. In the so-called A-ring, H3-8 (δH 2.18) gave 3J HMBC correlations to carbons at δC 121.0 (C-1), 124.9 (C-6) and 134.3 (C- 
5), and 4J HMBC correlations to carbons at δC 143.7 (C-2) and 153.3 (C-4) (see Fig. 2). The proton at δH 6.52 (H-3) gave HMBC cross 
peaks to four previously mentioned carbons, indicating the position of this proton in the A-ring. The methoxy group (δH 3.80) was 
located at C-4 due to a key HMBC correlation of this group to C-4. The carbonyl group was determined to be attached at C-1 based on a 
long-range HMBC correlation of H3-8 to carbon at δC 167.9 (C-7). Combined, the chemical structure of the A-ring was defined. NMR 
data of 1 were highly similar to those of corynesidone E [16] (Table 1), indicating that compound 1 had the similar A-ring as cor-
ynesidone E. It indicated that 1 could be a diphenyl ether or a depsidone. The obvious difference is the chemical shift of C-2 (δC 143.7 in 
1 vs. 156.4 in corynesidone E). The upfield chemical shift of C-2 suggested that 1 was a diphenyl ether which could be found in 
parmoethers A and B isolated from the lichen Parmotrema tsavoense [17]. 

In the B-ring, the methyl at δH 2.23 (H3-7′) gave HMBC correlations to both methine carbons at δC 109.8 (C-6′) and 109.2 (C-4′), and 
both aromatic protons [δH 6.55 (1H, brs, H-4′) and 6.39 (1H, brs, H-6′)] gave a HMBC correlation to C-7′ (δC 21.2), indicating the 
connectivity through C-4′-C-5′-C-6′. The chemical shifts of the remaining carbons in the B-ring indicated that all of them were 
oxygenated, leading to two possible structures of 1 (I and II, Fig. S2). Comparison of the 13C chemical shifts of these oxygenated 
carbons (C-1′, C-2′, C-3′) with those of isomoniliformine A [18] and dehydrodieugenol B [19] (Fig. S2) indicated the similar C-2′ 
chemical shifts of 1 and isomoniliformine A. It is noted that NMR data of 1 in different deuterated solvents (acetone-d6, DMSO‑d6, and 
chloroform-d) gave the similar C-2′ chemical shift (δC 128.1–129.7, see Table S1, Fig. S2). This finding indicated that the most likely 
structure of 1 should be isomer I. To corroborate the chemical structure of 1, two isomers I and II of compound 1 were optimized using 
the B3LYP/6-311g(d,p) method in Schrodinger’s Jaguar software. The calculations were conducted under DFT theory, considering 

Fig. 1. Chemical structures of compounds 1, 2, and 1a-1d.  
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NMR shielding constants in the gas phase [20,21]. Then, DP4 probability was applied to two isomers I and II, resulting in a 85.22 % 
probability in favor of isomer I. Altogether, the chemical structure of 1, or handelone, was elucidated as shown in Fig. 1. 

The elevated number of diphenyl ethers have been commonly found in lichen; nevertheless, these compounds rarely occurred in 
cultured mycobionts. 

Halogenated substitution using sodium bromide/sodium chloride and hydroperoxide was conducted on 1 to provide products 1a- 
1d (Scheme 1). This reaction was selected based on enhancing alpha-glucosidase inhibition of brominated derivatives from the pre-
vious report [22]. Synthetic products were identified using HRESIMS, 1D and 2D-NMR (Table 1). 

2.2. Alpha-glucosidase inhibition 

An evaluation of the crude extract and the fractions GR1-GR5 for their alpha-glucosidase inhibitory properties was performed (see 
Table 2). The activity of fraction GR1 was significantly higher than that of other fractions, as indicated by its IC50 value of 57.8 ± 0.7 
μg/mL. Hence, this fraction was selected for further isolation to obtain compound 1. The inhibitory effects of compounds 1 and 1a-1d 
were assessed. It is unfortunate that they were inactive. 

2.3. HIV-1 reverse transcriptase inhibition 

Compounds 1 and 1a-1d were screened for HIV-1 reverse transcriptase inhibition at the final concentration of 10 μM. Only 
compound 1 showed the inhibition percentage of 24.3% (see Table 3). 

2.4. SARS-CoV-2 Mpro inhibition 

Compounds 1 and 1a-1d were screened for Mpro inhibition at the final concentration of 10 μM. The highest activity was displayed 
by compound 1 with the inhibition percentage of 70.7% (Table 4). Other compounds showed the inhibition below 50% (see Table 4). 

Table 1 
1H (500 MHz) and13C (125 MHz) NMR data of compounds 1 and 1a-1d.  

No 1 1a 1 b 1c 1 d 

δH
a (multi., J in 

Hz) 
δC

a δH
a (multi., J in 

Hz) 
δC

a δH
b (multi., J in 

Hz) 
δC

b δH
b (multi., J in 

Hz) 
δC

b δH
b (multi., J in 

Hz) 
δC

b 

1  121.0  113.0  119.4  120.1  116.5 
2  143.7  142.0  141.0  140.6  143.5 
3 6.52 (1H, s) 99.2 6.71 (1H, s) 98.9 6.51 (1H, s) 98.5 6.49 (1H, s) 98.4 6.52 (1H, s) 98.4 
4  153.3  152.5  152.3  152.5  153.9 
5  134.3  133.9  134.1  134.7  130.4 
6  124.9  127.0  122.7  127.1  127.0 
7  167.9  163.5  165.8  168.7  nd 
8 2.18 (3H, s) 12.3 2.30 (3H, s) 13.3 2.40 (3H, s) 15.7 2.53 (3H, s) 15.7 2.45 (3H, s) 13.0 
1′  143.2  142.5  140.3  145.1  142.7 
2′  129.7  131.1  127.9  128.1  134.5 
3′  148.7  145.1  146.4  144.4  145.1 
4′ 6.55 (1H, brs) 109.3  104.3 6.49 (1H, s) 108.6  108.7  122.1 
5′  134.3  134.5  133.0  132.8  134.5 
6′ 6.39 (1H, brs) 109.8 6.65 (1H, s) 110.2  103.8  107.8  110.9 
7′ 2.23 (3H, s) 21.2 2.32 (3H, s) 21.6 2.40 (3H, s) 22.8 2.41 (3H, s) 22.8 2.28 (3H, s) 17.3 
4–OCH3 3.80 (3H, s) 55.6 3.87 (3H, s) 56.7 3.87 (3H, s) 56.6 3.91 (3H, s) 56.8 3.92 (3H, s) 57.0 
3′–OCH3 3.84 (3H, s) 55.8 3.90 (3H, s) 60.1 3.81 (3H, s) 56.8 3.85 (3H, s) 61.2 3.90 (3H, s) 61.5 

Nd: not determined. 
a Acetone-d6. 
b CDCl3. 

Fig. 2. Selected HMBC correlations of 1.  
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Scheme 1. General procedure from 1 to 1a-1d.  

Table 2 
Alpha-glucosidase inhibition of the crude extract, 
fractions, and compound 1.  

Sample IC50 (μg/mL) 

Crude extract 50.0 ± 0.6 
Fr. GR1 57.8 ± 0.7 
Fr. GR2 nd 
Fr. GR3 109.9 ± 1.1 
Fr. GR4 nd 
Fr. GR5 nd 
1 nd 
1a-1d nd 
Acarbose 360.0 ± 3.1 

nd: not determined. 

Table 3 
HIV-1 reverse transcriptase inhibition of compounds.  

Sample Inhibition percentage (%) 

1 24.3 ± 1.7 
1a 4.4 ± 0.3 
1b 13.4 ± 0.8 
1c 3.2 ± 0.1 
1d 9.7 ± 0.8 
Nevirapine (1 μM) 38.3 ± 2.5  
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Samples of compound 1 at 10 different concentrations, prepared by 2-fold dilution from 80 to 0.2 μM, were used for IC50 determi-
nation. Compound 1 displayed remarkable potency against Mpro, evidenced by an IC50 value of 5.2 μM (Fig. 3). 

2.5. Cytotoxicity and nitric oxide (NO) production inhibition assay 

Compounds 1 and 1a-1d were screened for cytotoxicity against three cancerous cell lines namely A549 (Lung carcinoma), and 
T47D (Breast cancer), and HepG2 (Hepatocarcinoma), and one non-cancerous L929 (mouse fibroblast) cell line. They were also 
evaluated for their anti-inflammatory activity. All compounds are inactive in both assays (see Tables S2 and S3). 

Literature reviews indicated that diphenyl ethers and their halogenated derivatives have diverse biological activities such as 
antibacterial, alpha-glucosidase inhibition, antifungal, anti-inflammatory, and antiviral activities [23–27], which prompted us to 
screen the biological activities of compounds 1 and 1a-1d. Unfortunately, most compounds were weak or inactive. The substituents of 
diphenyl ethers might play an important role in the biological activity rather than the etherified linkage. Regarding alpha-glucosidase 
inhibition, Devi and co-workers isolated two closely structure-related diphenyl ethers, parmetherines A and B, from the lichen Par-
motrema dilatatum [27], possessing strong alpha-glucosidase inhibition. Comparison of the chemical structure between handelone (1) 
and parmetherines A and B indicated that the presence of 5-OH might decrease alpha-glucosidase inhibitory activity. 

2.6. Molecular docking of 1 

The binding energy of the interaction of compound 1 with Mpro protein was determined to be 67.60 kcal/mol. In Fig. 4, the 2D and 
3D representations describe that 1 is mainly stabilized by interacting with Mpro through the formation a π–sulfur stacking with CYS145 
and a π–Sigma stacking with MET165, while forming four H-bonds with LEU141, SER144, HIS163 and GLU166. Those interactions 
were visualized using PyMOL [28] and Discovery Studio Visualizer v21.1.0.20,298; https://www.3ds.com/products-services/biovia/ 
). 

3. Experimental 

3.1. General experimental procedures 

For nuclear magnetic resonance (NMR) and high-resolution electronspray ionization mass spectroscopic (HRESIMS) spectra, the 
Bruker Avance III and MicrOTOF-Q mass spectrometers were selected. The following deuterated solvents were used to record the NMR 
spectra (500 MHz for 1H and 125 MHz for 13C): CDCl3, DMSO‑d6, and CD3OD. Normal-phase and reverse-phase silica gel (Merck) were 
used for thin-layer chromatography (TLC). The Himedia silica gel 60 was utilized for the column chromatography (CC) procedure. 
Yeast Saccharomyces cerevisiae alpha-glucosidase enzyme (Sigma-Aldrich, EC3.2.1.20) and the positive control acarbose (Sigma- 
Aldrich, EC260-030-7), and Griess’ reagent (Sigma-Aldrich, EC215-981-2) were utilized. 

3.2. Lichen material 

In March 2022, Graphis handelii material was gathered in Duc Trong District, Lam Dong Province. Dr. T.-P. G. Vo identified the 
scientific name with the voucher specimen (UE-L010) kept in the HCMUS Herbarium. 

Table 4 
SARS-CoV-2 Mpro inhibition of compounds.  

Compounds Inhibition percentage (%) 

1 71.1 ± 1.7 
1a 46.7 ± 1.0 
1b 20.6 ± 2.0 
1c 32.5 ± 0.5 
1d 22.9 ± 1.3 
Lopinavir (1 μM) 47.7 ± 1.7  

Fig. 3. The plot of Mpro inhibition percentage versus logarithm of concentrations of compound 1.  

T.-M.-D. Tran et al.                                                                                                                                                                                                   

https://www.3ds.com/products-services/biovia/


Heliyon 10 (2024) e25763

6

3.3. Mycobiont culture 

The lichen mycobiont culture method was derived from a study previously reported by Do et al. (2022) [13]. Briefly, a small piece 
of mycobiont was inoculated on the surface of MY10 medium (malt extract 10 g, yeast extract 4 g, sucrose 100 g, agar 15 g, distilled 
water 1 L) in 100 mL-flasks. These flasks were incubated at 18 ◦C in the dark for 10 weeks. After cultivation, the medium was carefully 
removed, and the mycobiont colonies were harvested, then placed in an oven at 50 ◦C for drying. Lichen mycobiont was kept at 
Department of Biology, Ho Chi Minh City University of Education with the number UE-MY04. 

3.4. Extraction and isolation 

After being dried and ground, 35 g of biomass were extracted with EtOAc (10 × 300 mL, each 12 h) at room temperature. The 
collected EtOAc solution was concentrated to give 167 mg of the crude EtOAc extract. The extract was then chromatographed by a 
silica gel CC with a mobile phase as n-hexane-EtOAc-acetone (5:1:0.5, v/v/v) to provide five fractions GR1 to GR5. Purification of 
fraction GR1 (36 mg) using the silica gel CC method with an eluent being n-hexane-acetone-CHCl3-EtOAc-water (12:1:1:1.5:0.05, v/v/ 
v/v/v) to give three fractions GR1.1–1.3. Fraction GR1.2 (11 mg) was purified by reverse-phase C18 silica gel CC, eluted with acetone- 
water (3:1, v/v) to obtain two compounds 1 (8.1 mg) and 2 (2.7 mg). Fraction GR1.3 (22 mg) was rechromatographed to give 21 mg of 
compound 1. Fraction GR5 (41 mg) was dissolved in 20 mL of chloroform, leaving a solid (8 mg) and a liquid (33 mg). Purification of 
the liquid part by silica gel CC gave 30 mg of compound 1. 

3.4.1. Handelone (1) 
White amorphous powder; 1H NMR and 13C NMR in acetone-d6: See Table S1. HRESIMS m/z: 315.0867 [M–H2O–H]- (calcd for 

C17H15O6
− , 315.0868). 

3.5. General procedure to synthesize compounds 1a-1d 

Handelone (1 20.0 mg, 0.06 mmol) and sodium bromide (6.18 mg, 0.06 mmol) were dissolved in 4.0 mL of acetic acid to gain a 
reaction mixture that further was added by 4 mL of 30% hydrogen peroxide (0.18 mmol). The reaction time was conducted at room 
temperature for 2 h. After stopping the reaction, neutralization (by Na2CO3) and liquid-liquid extraction [ethyl acetate-water (1:1, v/ 
v), three times] were performed consecutively. The obtained organic layer were applied to silica gel CC, eluted with n-hexane-acetone- 
EtOAc-water (4:0.5:1:0.01, v/v/v) to obtain 1a (4.6 mg, 18%) and 1b (3.7 mg, 15%). 

To obtain 1b (8.65 mg, 35%) and 1c (7.37 mg, 25%), a similar procedure was applied using 20 mg of 1, 37.08 mg of NaBr (0.36 
mmol), and 8.5 mL of H2O2 30% (0.36 mmol) dissolved in 4.0 mL of CH3CO2H: DMSO (1:1, v/v). To obtain 1d (5.5 mg, 25%), 20 mg of 
1, 21.06 mg of NaCl (0.36 mmol), and 2.0 mL of H2O2 30% (0.06 mmol) were dissolved in 4.0 mL of CH3CO2H: DMSO (1:1, v/v) and 
the reaction was conducted under the similar procedure. 

Fig. 4. The 2D and 3D binding mode of the Mpro protein with molecule 1 in the active site. Hydrogen bonds are represented as dashed green lines, 
and the key interacting residues are displayed in Ball and sticks style, while hydrophobic interactions are indicated by dashed yellow lines. 
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3.5.1. 6′-Bromohandelone (1a) 
White amorphous powder; 1H NMR and 13C NMR in acetone-d6: see Table 1. HRESIMS m/z: 413.0239 [M+H]+ (calcd for 

C17H18BrO7
+, 413.02359). 

3.5.2. 2′-Bromohandelone (1b) 
White amorphous powder; 1H NMR and 13C NMR in chloroform-d: see Table 1. HRESIMS m/z: 413.0271 [M+H]+ (calcd for 

C17H18BrO7
+, 413.02359). 

3.5.3. 2′,6′-Dibromohandelone (1c) 
White amorphous powder; 1H NMR and 13C NMR in chloroform-d: see Table 1. HRESIMS m/z: 490.9099 [M+H]+ (calcd for 

C17H17O7Br2
+, 490.93410). 

3.5.4. 2′,6′-Dichlorohandelone (1d) 
White amorphous powder; 1H NMR and 13C NMR in chloroform-d: see Table 1. HRESIMS m/z: 403.0346 [M+H]+ (calcd for 

C17H17O7Cl2+, 403.03513). 

3.6. Alpha-glucosidase inhibition 

A method adapted from a previous study was used to determine the alpha-glucosidase inhibitory activity of the crude extract, 
fractions, and compounds 1 and 1a-d [29]. Each sample was measured in triplicate at nine different concentrations surrounding the 
IC50 values, and the average values were used for further analysis. 

3.7. Mpro inhibition assay 

Fluorescence Resonance Energy Transfer (FRET) assay was used for screening compounds against Mpro. Working solution of Mpro 

and FRET substrate were prepared in a reaction buffer (20 mM Tris pH 7.5, 100 mM NaCl, 2 mM DTT, 0.4 mM EDTA). Compounds 1 
and 1a-1d were prepared in a buffer with a similar composition to the reaction buffer, but without DTT. The assay was conducted in a 
384-well black microplate with a final reaction volume of 25 μL per well. First, 10 μL of reaction buffer was added to each well, 
followed by 5 μL of 3 μM Mpro. Compounds were added to each well to achieve the final concentration of 10 μM. After being thoroughly 
mixed, the mixture underwent a 10-min incubation period at room temperature. Next, 5 μL of FRET substrate were added at the final 
concentration of 40 μM. The fluorescence intensity (excitation/emission, 340 nm/430 nm) was immediately measured in kinetic mode 
at 1 min intervals for 30 min using an Infinite 200 Pro multimode plate reader (Tecan, USA). The readings of reaction without inhibitor 
were used as the control for calculation of the inhibition percentage of compounds. The reaction has no inhibitors and Mpro enzyme was 
served as blank. The Mpro inhibition percentage of compounds was determined through the following equation: %I = (1- Ss − Sb

Sc− Sb)*100, 
where SS was the slope of the kinetic reaction with inhibitor, Sc was the slope of the kinetic reaction without inhibitor, Sb was the 
enzymatic of blank. 

For IC50 determination, a total of 10 concentrations from 80 μM to 0.2 μM was prepared via 2-fold serial dilution. The IC50 values of 
compounds 1 and 1a-1d were determined by analyzing dose-inhibition curves generated through nonlinear regression with a variable 
slope in GraphPad Prism 8. 

3.8. HIV-1 reverse transcriptase inhibition assay 

The Poly(A) ribonucleotide template and Oligo d(T)16 primer was annealed by adding 2.5 μL of template 1 mg/mL and 2.5 μL of 
primer 50 μg/mL into a sterile tube, followed by incubation at room temperature for 1 h. After that, 995 μL of polymerization buffer 
(60 mM Tris-HCl pH 8.1, 60 mM KCl, 8 mM MgCl2, 13 mM DTT and 100 μM dTTP) was added into the tube. The assay for screening of 
compounds that inhibit HIV-1 reverse transcriptase was performed in a 96-well black plate (25 μL/well). First, 3 μL of reaction buffer 
(20 mM Tris pH 7.5, 100 mM NaCl, 2 mM DTT, 0.4 mM EDTA) were dispensed into each well, followed by 15 μL of template primer 
mixture. The next step involved adding compounds in DMSO to a final concentration of 10 μM. Next, 5 μL of HIV-1 reverse tran-
scriptase solution (25 nM) was introduced to the reaction mixture. The mixture underwent a 30-min incubation period at room 
temperature after being well mixed. Next, the reaction was inhibited by adding 2 μL of 0.2 M EDTA to each well. After that, 173 μL of 
PicoGreen dye in 1X TE buffer was added. The fluorescence at 485 nm excitation and 535 nm emission was immediately measured in 
endpoint mode using an Infinite 200 Pro multimode plate reader (Tecan, USA). The reaction without inhibitor (2 μL of DMSO instead) 
was served as the control. For the blank, 2 μL of inhibitor was replaced by 2 μL of DMSO, and the reaction was pre-treated with 2 μL of 
0.2 M EDTA before the addition of enzyme. Nevirapine 1 μM was used as positive control. The inhibition percentage was calculated as 
the following equation: %I = (1- Fs − Fb

Fc− Fb)*100, where Fs: fluorescence intensity of the samples, Fc: fluorescence intensity of control, Fb: 
Fluorescence intensity of blank. 

3.9. Cytotoxicity assay 

Compounds 1 and 1a-1d were evaluated their cytotoxicity against selected cancerous cell lines: A549 (lung carcinoma), T47D 
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(breast cancer), and HepG2 (hepatocarcinoma) (gift from Prof. Palaga’s lab at Chulalongkorn University, Thailand), and one non- 
cancerous L929 (mouse fibroblast) cell line. MTT method was modified using a similar protocol described previously [30]. In 
96-well plates, above-mentioned cells were seeded (each well contained 104 cells) then incubated for 24 h (the tested condition: 37 ◦C 
in 5%-CO2 humidified air). Next, two different concentrations of each compound (10 and 50 μM) were added to each prepared well of 
96-well plates. The incubation continued under the same conditions for next 48 h. Then, 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2, 
5-diphenylte-trazolium bromide in PBS (so-called MTT solution) was added to the wells and the test was continued for another 3 h. The 
medium was then discarded and 200 μL of DMSO was pipetted to each well and mixed. A Scientific Varioskan LUX multimode 
microplate reader was utilized to record the absorbance at 570 nm. The positive control cisplatin, a common anticancer drug, was used 
(concentration: 10 and 50 μM). Each compound was measured in triplicate. 

3.10. Nitric oxide (NO) production inhibition assay 

Compounds 1 and 1a-1d were evaluated for the nitric oxide (NO) inhibitory activity following the same method [30]. A Scientific 
Varioskan LUX multimode microplate reader was utilized to record the absorbance at 540 nm. The assay was conducted in triplicate 
and repeated in three independent experiments. 5 μM of the positive control Bay 11–7082 was acquired, which showed the % NO 
inhibition ±SD equal to 72.5 ± 3.9 % with % Cell viability ±SD equal to 82.7 ± 5.3. 

3.11. Molecular docking 

The three-dimensional crystal structure of the main protease (Mpro) (PDB code: 6XBG) complexed with the inhibitor UAW246 was 
obtained from the Protein Data Bank [31]. The Mpro protein was prepared using the protein preparation wizard within the GOLD setup 
window [32]. To define the binding cavity of the receptor, we selected all amino acids located within a 10 Å radius of the UAW246 
reference ligand in 6XBG. Molecule 1 was then docked into the binding site of the SARS-CoV-2 Mpro to predict binding poses for the hit 
molecule. The docking search employed 50 Genetic Algorithm runs with the Goldscore scoring function in the GOLD CCDC program. 
The binding interactions of the best poses of the compound were determined using the Discovery Studio Visualizer v21.1.0.20,298; 
https://www.3ds.com/products-services/biovia/) and PyMOL programs [28]. 

3.12. Computational details 

Two isomers I and II of compound 1 were optimized using the B3LYP/6-311g(d,p) method in Schrodinger’s Jaguar software. The 
calculations were conducted under DFT theory, considering NMR shielding constants in the gas phase. Then, the DP4 Java code, 
available from the Goodman lab (http://wwwjmg.ch.cam.ac.uk/tools/nmr/DP4/), was employed to compare the predicted chemical 
shifts with the experimentally obtained values. The method followed the previous reports [20,21]. Coordinations of two isomers were 
shown in Supporting information. 

4. Conclusions 

In this study, a new compound handelone (1) and a known compound xylarinic acid A (2) were isolated from the cultured 
mycobiont of the lichen Graphis handelii. Synthetic compounds 6′-bromohandelone (1a), 2′-bromohandelone (1b), 2′,6′-dibromo-
handelone (1c), and 2′,6′-dichlorohandelone (1d) were prepared. Compound 1 showed good activity against Mpro with an IC50 value of 
5.2 μM. 
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