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Abstract

Thorectidiols isolated from the marine sponge Dactylospongia elegans (family Thorectidae, order 

Dictyoceratida) collected in Papua New Guinea are a family of symmetrical and unsymmetrical 

dimeric biphenyl meroterpenoid stereoisomers presumed to be products of oxidative phenol 

coupling of a co-occurring racemic monomer, thorectidol (3). One member of the family, 

thorectidiol A (1), has been isolated in its natural form, and its structure has been elucidated 

by analysis of NMR, MS, and ECD data. Acetylation of the sponge extract facilitated isolation 

of additional thorectidiol diacetate stereoisomers and the isolation of the racemic monomer 

thorectidol acetate (6). Racemic thorectidiol A (1) showed selective inhibition of the SARS-CoV-2 

spike receptor binding domain (RBD) interaction with the host ACE2 receptor with an IC50 = 1.0 

± 0.7 μM.

Graphical Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of 

Coronavirus Disease 2019 (COVID-19), continues to cause substantial morbidity and 

mortality worldwide.1,2 Development of small-molecule therapeutics for the treatment 

of emerging SARS-CoV-2 variants of concern remains an urgent medical need.3,4 SARS-

CoV-2 gains entry to host cells in part through binding of the viral spike protein receptor 

binding domain (RBD) to the host angiotensin-converting enzyme II (ACE2) receptor.5,6 

Small molecules that can selectively antagonize this RBD–ACE2 interaction should be 

useful structural leads for the development of antivirals able to block SARS-CoV-2 

infection.

We previously described development of a high-throughput AlphaScreen-based assay that 

can identify inhibitors of the RBD–ACE2 interaction.7 The assay uses a SARS-CoV-2 

RBD protein containing a C-terminal His tag bound to a nickel chelate acceptor bead and 

a full-length ACE2 peptide with a C-terminal Fc tag bound to a donor protein A bead. 

These beads are brought into close proximity as a result of RBD–ACE2 binding, which 

is monitored by their luminescence at 615 nm when stimulated at 680 nm. Compounds 

that disrupt the RBD–ACE2 interaction also disrupt the luminescence. An analogous assay 

comprising the unrelated PD-1-His and PD-L1-Fc host ligand–receptor pair is used as a 
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counter screen to prioritize small molecules that selectively disrupt the RBD–ACE2 over the 

PD-1–PD-L1 interaction.

The assay has been used to screen a library of MeOH extracts of marine invertebrates 

collected in tropical and temperate ocean waters. A MeOH extract of the marine sponge 

Dactylospongia elegans (order Dictyoceratida, family Thorectidae) collected in Papua 

New Guinea showed promising activity in the screen. Bioassay-guided fractionation of 

the extract yielded racemic thorectidiol A (1), which showed selective inhibition of the 

RBD–ACE2 interaction over the PD-1–PD-L1 interaction. The thorectidiols are dimeric 

biphenyl stereoisomers that appear to have been formed via oxidative phenol coupling of 

the co-occurring racemic meroterpenoid thorectidol (3). Details of the isolation, structure 

elucidation, and biological activities of throectidiol A (1) and the acetylated thorectidiol and 

thorectidol derivatives 4, 5, and 6 are presented below.

RESULTS AND DISCUSSION

The sponge D. elegans was collected by hand using scuba on reefs near Keviang, Papua 

New Guinea, and frozen on site for transport to Vancouver and long-term storage. Initially, 

a small portion of the sponge tissue was extracted exhaustively with MeOH to give an 

extract that was active in the spike protein–ACE2 inhibition assay The dried residue from 

the MeOH extract was partitioned between H2O and EtOAc to give a spike/ACE2 inhibitory 

EtOAc-soluble residue that was fractionated via Sephadex LH-20 chromatography followed 

by Si gel flash chromatography and then normal-phase HPLC to give a bioactive fraction 

containing the unsymmetrical dimer thorectidiol A (1). Due to the small amount of extract 
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that was processed in this initial fractionation, no other compounds were obtained in 

quantities needed for characterization. NMR and MS data collected on this small sample 

of 1 enabled a tentative assignment of the constitution A of this active constituent as outlined 

below.

Compound 1 was obtained as an optically inactive solid that gave a [M − H]− ion in the 

HRESIMS spectrum at m/z 681.4157 appropriate for a molecular formula of C44H58O6, 

requiring 16 sites of unsaturation. Although the compound gave a single clean molecular 

ion in the HRESIMS and a single peak on normal-phase HPLC, the majority of the 
1H and all the 13C NMR signals in spectra recorded in both C6D6 and DMSO-d6 were 

doubled in a 1:1 ratio (Tables 1 and 2, Supporting Information). 1H/13C/gCOSY/gHSQC/

gHMBC NMR data obtained for the sample identified 44 carbon resonances, in agreement 

with the HRESIMS data. Resonances could be assigned to eight aliphatic methyl singlets, 

10 aliphatic methylenes, two phenolic OHs, two aromatic methoxy residues, two oxygen-

bearing tertiary aliphatic carbons, two quaternary aliphatic carbons, two cis disubstituted 

olefins, and two tetrasubstituted olefins. There were also two aromatic proton singlets 

that were each assigned to one of two constitutionally identical pentasubstituted benzene 

rings. As illustrated in Figure 1, it was possible via detailed analysis of the 1D and 

2D NMR data acquired in both C6D6 and DMSO-d6 to identify the constitutions of two 

structurally identical C22H29O3 monomeric fragments that accounted for all of the atoms 

in the molecular formula. The two benzene rings, the two trimethyl cyclohexene rings, and 

the two cis disubstituted olefins accounted for 14 of the 16 sites of unsaturation required by 

the molecular formula. A lack of 13C NMR evidence for additional unsaturated functional 

groups required that the remaining two sites of unsaturation had to be rings.

A biphenyl bridge between C-21 and C-21′ was supported by the carbon chemical shifts at 

δ 111.7 and 106.3 assigned to C-21 and C-21′,8 with the two remaining sites of unsaturation 

satisfied by ether bridges between C-9 and C-17 and C-9′ and C-17′ to give the thorectidiol 

constitution A. The alternative constitution with ether bridges between C-9 and C-17′ and 

C-9′ and C-17 generates a structure containing two strained nine-membered rings rather 

than the two unstrained tetrasubstituted 3,6-dihydro-2H-pyran rings assigned to thorectidiol 

A (1).

Biphenyls that have unsymmetrical substitution patterns on each of the phenyl rings 

and hindered rotation around the single bond that joins the phenyl rings exist as stable 

atropisomers.9 The thorectidiol skeleton A has the required unsymmetrical substitution 

patterns on the two biphenyl rings, and, furthermore, the functionality around the C-21/

C-21′ thorectidiol bond strongly resembles the functionality around the single bond linking 

the naphthalene fragments in BINOL, where there is restricted rotation around the bond 

and atropisomerism. Therefore, there should be no free rotation about the C-21/C-21′ 
bond in the thorectidiols, leading to the existence of stable atropisomers. In addition 

to atropisomerism, the thorectidiol skeleton A also has two tetrahedral carbon-based 

stereogenic centers, and, therefore, the possibility of a maximum of eight stereoisomers 

[9R,9′R,Ra; 9R,9′R,Sa; 9R,9′S,Sa; 9S,9′R,Sa; 9S,9′S,Sa; 9S,9′S,Ra; 9R,9′S,Ra; and 

9S,9′R,Ra] exists as shown in Figure 2. Closer examination of these eight possible 

stereoisomers shows that the members of each 9R,9′S,Sa and 9S,9′R,Sa pair (1a) and 
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9R,9′S,Ra and 9S,9′R,Ra pair (1b) can be superimposed on each other via a 180° rotation 

about an axis perpendicular to the center of the C-21/C-21′ bond followed by a 90° 

rotation about the C-21/C-21′ bond axis (Figure SI1). Therefore, there are only six possible 

thorectidiol stereoisomers.

Molecular models show that the thorectidiol stereoisomers with the 9R*,9′S* relative 

configuration [i.e., thorectidiol A (1)] have different chemical environments for the C-9 

and C-9′ methyl and ethylcyclohexene side chain fragments in the two monomeric units, 

leading to two sets of 1H NMR resonances in the unsymmetrical dimers. Conversely, the 

models show that the thorectidiol stereoisomers with the 9R*,9′R* relative configurations 

[i.e., thorectidiol B (2) Figure 2] have identical chemical environments for the C-9 and C-9′ 
methyl and ethylcyclohexene side chain fragments in the two monomeric units, leading to 

only one set of 1H NMR resonances for the two monomeric fragments in the symmetrical 

dimers. Therefore, the bioactive thorectidiol A (1) sample described above must have the 

9R*,9′S* relative configuration shown in Figure 2.

A modified workup that involved acetylation of the thorectidiol and thorectidol-containing 

fractions generated by Si gel chromatography was employed with the remaining portion of 

the extract to facilitate the isolation and characterization of the additional meroterpenoid 

natural products. Normal-phase HPLC separation of the acetylated fractions yielded 

subfractions containing unsymmetrical thorectidiol diacetate 4, symmetrical thorectidiol 

diacetate 5, and thorectidol acetate (6). A portion of the pure unsymmetrical dimer 

thorectidiol A (1), obtained initially as described above, was also acetylated, and the purified 

product was found to be identical by NMR and MS comparison to the unsymmetrical 

thorectidiol diacetate 4 obtained by purification of the acetylated mixture.

The positive ion HRESIMS data measured for the symmetrical thorectidiol diacetate 

5 indicated that the molecular formula was identical to the molecular formula of the 

unsymmetrical thorectidiol A diacetate (4). The 1H and 13C NMR spectra (Tables 1 and 

2) recorded for the symmetrical diacetate (5) were similar to those obtained for thorectidiol 

A diacetate (4), except, unlike the NMR spectra of the unsymmetrical diacetate 4, none of 

the resonances in the NMR spectra of the symmetrical diacetate 5 were doubled. Analysis of 

the 1D and 2D NMR data obtained for diacetate 5 identified the same C22H29O3 structural 

fragment seen in the planar structure of the diacetate 4, indicating that the symmetrical and 

unsymmetrical diacetates 4 and 5 had the same constitution A′ but differed in configuration. 

As indicated above, molecular models show that the symmetrical dimer 5 must have the 

9R*,9′R* relative configuration, which generates identical chemical environments for the 

C-9 and C-9′ substituents and a 1H NMR spectrum with no doubling of signals.

The 1H and 13C NMR data acquired for thorectidol acetate (6) (Tables 1 and 2) were 

markedly similar to those obtained for the unsymmetrical and symmetrical thorectidiol 

diacetates 4 and 5 except for two significant differences. These differences were apparent 

in the resonance assigned to H-19 in the thorectidol acetate (6) 1H NMR spectrum, which 

had shifted upfield to δ 6.53 compared with the corresponding H-19/H-19′ chemical shift 

in the symmetrical diacetate 5 at δ 6.67, and instead of being a singlet it appeared as 

a fine doublet in the spectrum of 6 with a J coupling of 2.6 Hz that showed a gCOSY 
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correlation to an additional aromatic doublet resonating at δ 6.46 (J = 2.6 Hz) assigned 

to meta coupling. The HRESIMS spectrum of thorectidol acetate (6) gave a [M + Na]+ 

ion at m/z 407.2189 appropriate for a molecular formula of C24H32O4, requiring nine 

sites of unsaturation, indicating that the structure of thorectidol acetate (6) was monomeric 

and the biphenyl bridge in the thorectidiol dimers had been replaced by the meta-coupled 

aromatic proton resonance at δ 6.46, assigned to H-21. gHMBC correlations between H-21 

(δ 6.46) and C-11 (δ 123.0), C-17 (δ 140.7), C-19 (δ 107.1), and C-20 (δ 144.6) and 

tROESY correlations between H-11 (δ 6.07) and H-21 (δ 6.46) confirmed the proposed 

constitution of thorectidol acetate (6). Thorectidol (3) is closely related to metachromin Y 

recently isolated by Matsunaga’s lab from the marine sponge Spongia (Heterofibria) sp. as a 

racemate.10

The unsymmetrical and symmetrical thorectidiol dimer acetates 4 and 5 and thoractidol 

acetate (6) were all isolated by normal-phase HPLC as optically inactive materials. When 

thorectidol acetate (6) was analyzed by chiral-phase HPLC, two peaks were observed in a 

ratio of 1:1. The ECD spectra of the two peaks were mirror images of each other, confirming 

that thorectidol acetate (6) had been isolated as a racemic mixture (Figure SI2). When 

the thorectidiol unsymmetrical and symmetrical dimer diacetates 4 and 5 were analyzed 

by chiral-phase HPLC, only two peaks were observed in a ratio of 1:1 in both cases. 

These peaks were collected, and the ECD spectrum for each peak was recorded (Figures 

SI3 and SI4). As anticipated, the ECD spectra for the dimeric biphenyl compounds show 

strong “split” Cotton effects centered at 231 nm, as expected for atropisomers with only 

weak contributions from the remote C-9/C-9′ stereogenic centers.11,12 Upon reinjection of 

the material from each of the chiral-phase HPLC peaks after the samples were at room 

temperature for a period of several days, only single peaks were observed, ruling out 

the possibility of interconversion through slow rotation about the C-21/C-21′ bond of the 

biphenyl bridge.

Normal-phase HPLC separates the unsymmetrical thorectidiol diacetates 4 (9R*,9′S*) from 

the symmetrical thorectidiol diacetates 5 (9R*,9R*), and then chiral-phase HPLC separates 

the diacetates 4 and 5 into two peaks each that have mirror image ECD spectra (Figures 

SI3 and SI4). Therefore, the thoractidiol diacetates have been separated into only four 

distinct fractions by the sequential application of normal- and chiral-phase HPLC, which is 

less than the six possible stereoisomers resulting from dimers having the constitution A′. 

As described above, there are only two possible unsymmetrical thorectidiol stereoisomers 

with the relative configuration 9R*,9′S*, and these must be enantiomers that differ only 

in the axial configuration. Chiral-phase HPLC has separated these thorectidiol A diacetate 

(4) enantiomers to give optically pure stereoisomers. There are four possible symmetrical 

thorectidiol stereoisomers (Figure 2). Normal-phase HPLC only gave one peak of optically 

inactive material for the symmetrical dimer diacetate 5, and chiral-phase HPLC separated 

this material into two peaks that gave mirror image ECD spectra (Figure SI4). There are two 

possible explanations for these observations. The first is that the normal-phase HPLC peak 

containing the symmetrical dimer contains only two stereoisomers and not the expected four 

and the two fractions obtained by chiral-phase HPLC purification each contain only a single 

stereoisomer and they are enantiomeric. However, it is more likely that the combination 
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of normal- and chiral-phase HPLC did not resolve the four possible symmetrical diacetate 

stereoisomers and that the final optically active fractions containing symmetrical thorectidiol 

acetates each contain two stereoisomers that have the same axial configuration but different 

C-9 and C-9′ configurations. Our experimental data do not distinguish between these two 

possibilities. However, the putative formation of the thorectidiols via phenol coupling of 

a racemic precursor 3 strongly supports the existence of four symmetrical stereoisomers 

that have not been completely resolved via the combination of normal- and chiral-phase 

HPLC. Despite that likelihood, given that there is no spectroscopic evidence for the isolation 

of more than one racemic symmetrical dimer, we have named this compound thorectidiol 

B (2), recognizing that we have not been able to assign the C-9/C-9′ and axial relative 

configurations.

The compounds were assessed for their ability to inhibit the RBD–ACE2 interaction using 

the AlphaScreen assay (Table 3). The most active compound in this assay was racemic 

thorectidiol A (1) with an IC50 of 1.0 ± 0.7 μM followed by racemic thorectidiol A diacetate 

(4) with an IC50 of 7.3 ± 2.6 μM. Both 1 and 4 also disrupted the unrelated host PD-1–

PD-L1 interaction, but at much higher concentrations (respective IC50’s = 6.0 ± 3.5 and 

37 ± 19 μM), corresponding to selectivity indices (IC50 PD-1–PD-L1/IC50 RBD–ACE2) 

of 5.9 and 5.0, respectively. In contrast, minimal activity against RBD–ACE2 binding was 

observed for the symmetrical thorectidiol B diacetate (5) and thorectidol acetate (6), with 

IC50’s of 65 ± 19 and 63 ± 21 μM, respectively (Table 3). (−)-Hopeaphenol, a positive 

control inhibitor of the RBD–ACE2 interaction, and BMS-1166, a control PD-1–PD-L1 

inhibitor, blocked these respective interactions consistent with previous observations.7 

Notably, the activity of compound 1 in this assay approximated that of (−)-hopeaphenol, 

which in turn was demonstrated to inhibit live SARS-CoV-2 in vitro (e.g., half-maximal 

effective concentrations of 7.5–23 μM, depending on the SARS-CoV-2 variant).7 These 

results suggest that the activity of compound 1 in this assay is within the range of other 

compounds with detectable antiviral activity, although additional amounts of this compound 

are needed to test this hypothesis experimentally.

In summary, the dimeric meroterpenoid thorectidiol A (1) isolated as a racemate from 

the marine sponge D. elegans is a selective inhibitor of the SARS-CoV-2 viral spike 

protein receptor binding domain interaction with the host angiotensin-converting enzyme 

II receptor with an IC50 of ≈1 μM. Thorectidiol A (1) is related to the dimeric 

monoterpene meroterpenoid scabellone A isolated from the ascidian Aplidium scabellum8,13 

and chromene dimers isolated from the plant Ageratina riparia.14 However, we are not 

aware of any related dimeric meroterpenoids being reported from marine sponges or any 

related dimeric sesquiterpene meroterpenoids from any source. The putative formation of 

thorectidiol A (1) involves phenol coupling between two molecules of the co-occurring 

racemate of thorectidol (3), which in principle can lead to six thorectidiol stereoisomers 

(Figure 2). Extremely limited amounts of the crude extract that were available for 

study prevented the isolation of the monomer thorectidol (3) and the symmetrical dimer 

thorectidiol B (2) in their natural forms. Acetylation of the bulk of the crude extract 

facilitated the isolation of pure enantiomers of the unsymmetrical dimer thorectidiol A 

diacetate (4), a symmetrical dimer thorectidiol B diacetate (5), and pure enantiomers of 
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thorectidol acetate (6). The racemate of thorectidiol A diacetate (4) showed attenuated, but 

still significant, single-digit μM inhibition of the RBD/ACE2 binding interaction, while 

thorectidiol B diacetate (5) and the racemic thorectidol acetate (6) were only active at 

roughly 10-fold higher concentrations. The relative potencies of the acetylated thorectidiols 

demonstrate that the configuration of the dimeric stereoisomers is important for inhibition 

of the RBD/ACE2 binding interaction as expected.15 Unfortunately, there were insufficient 

amounts of the pure thorectidiol A diacetate (4) enantiomers to test them for inhibition 

of RBD/ACE2 binding. Most often sponge meroterpenoids are isolated as single optically 

active stereoisomers. Interestingly, if the thorectidiol A (1) precursor thorectidol (3) had 

been a single enantiomer, the unsymmetrical dimer 1 (9R*,9′S*) could not have formed in 

the putative phenol coupling and the RBD/ACE2 disrupting activity of thorectidiol A (1) 

would not have been revealed.

EXPERIMENTAL SECTION

General Experimental Procedures.

Optical rotations were measured using a Jasco P-1010 polarimeter with sodium light (589 

nm). UV spectra were recorded with a Waters 2998 photodiode array detector. ECD spectra 

were measured using a Jasco J-810 spectrophotometer with a path length of 10 mm, a 

bandwidth of 2 nm, a response of 4 s, a data pitch of 0.5 nm, and a scan speed of 200 

nm/min. The 1H and 13C NMR spectra were recorded on a Bruker AV-600 spectrometer with 

a 5 mm CPTCI cryoprobe. 1H chemical shifts are referenced to the residual C6D6 or DMSO-

d6 signal (δ 7.15 and 2.49, respectively), and 13C chemical shifts are referenced to the 

C6D6 or DMSO-d6 solvent peak (δ 128.0 or 39.5, respectively). Low- and high-resolution 

ESI-QIT-MS were recorded on a Bruker-Hewlett-Packard 1100 Esquire-LC system mass 

spectrometer. Merck type 5554 silica gel plates and Whatman MKC18F plates were used 

for analytical thin layer chromatography. Normal-phase and chiral-phase HPLC purifications 

were performed on a Waters 1525 binary HPLC pump attached to a Waters 2998 photodiode 

array detector using a flow rate of 2.0 mL/min. All solvents used for HPLC were Fisher 

HPLC grade and were filtered through a 0.45 μm filter (Osmonics Inc.) prior to use.

Sponge Material.

Specimens of Dactylospongia elegans (order Dictyoceratida, family Thorectidae) were 

collected by hand using scuba on September 12, 2003, near Keviang, New Ireland, Papua 

New Guinea (S 2°45.13′, E 150°43.09′). The sample was collected at ~30 m under an 

overhang. A voucher sample has been deposited at The Netherlands Centre for Biodiversity 

Naturalis in Leiden, The Netherlands (voucher number pending: RMNH POR. 12471).

Small-Scale Extraction of the Sponge and Isolation of Thorectidiol A (1).

Freshly collected sponge was frozen on site and transported frozen. The sponge material (10 

g) was cut into small pieces and immersed in and subsequently extracted repeatedly with 

MeOH (3 × 25 mL) at room temperature. The combined MeOH extracts were concentrated 

in vacuo, and the resultant residue was then partitioned between EtOAc (3 × 8 mL) and 

H2O (25 mL). The combined EtOAc extract was evaporated to dryness, and the resulting oil 

was chromatographed on Sephadex LH-20 with 4:1 MeOH/CH2Cl2 as eluent. Fractionation 
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of the resulting active material on Si gel flash chromatography (step gradient: hexanes to 

1:1 hexanes/EtOAc and to MeOH, 2 g Sep Pak) resulted in a fraction eluting with 3:1 

hexanes/EtOAc with activity against the spike/ACE2 interaction and a selectivity index of 

>10 compared with disruption of the PD-1/PD-L1 interaction. Purification of the active 

fraction via normal-phase HPLC, using a Alltech Apollo 5 μm, 25 × 1.0 cm column, with 

1:7 acetone/hexanes as eluent gave 0.3 mg of a sample of the unsymmetrical dimer 1.

Thorectidiol A (1):

reddish amorphous solid; UV (0.1% MeOH/CH2Cl2) λmax 231, 273, 344 nm; 1H and 
13C NMR, Tables 1 and 2; (−)-HRESIMS m/z 681.4157 [M − H]− (calcd for C44H57O6, 

681.4161).

Acetylation of Thorectidiol A (1).

To 0.2 mg of thorectidiol A (1) was added 0.5 mL of 1:1 Ac2O/C5H5N, and the reaction 

stirred overnight at rt. The reaction mixture was dried and purified via normal-phase silica 

HPLC, using an Alltech Apollo 5 μm, 25 × 1.0 cm column, with 3:37 acetone/hexanes as 

eluent to yield 0.2 mg of thorectidiol A diacetate (4).

Thorectidiol A Diacetate (4):

pale yellow glass; UV (1.5% 2-propanol/hexanes) λmax 201, 231, 269, 327 nm; 1H and 13C 

NMR, Tables 1 and 2; (+)-HRESIMS m/z 789.4340 [M + Na]+ (calcd for C48H62O8Na, 

789.4337).

Larger Scale Extraction of the Sponge and Isolation of Thorectidiol A Diacetate (4), 
Thorectidiol B Diacetate (5), and Thorectidol Acetate (6).

The larger scale workup started with 40 g of sponge material and proceeded as described 

above, but prior to HPLC purification the active fraction was treated with 2 mL of 1:1 

Ac2O/C5H5N and stirred overnight at rt. The sample was then dried and fractionated via 

normal-phase silica HPLC, using an Alltech Apollo 5 μm, 25 × 1.0 cm column, with 3:37 

acetone/hexanes as eluent to yield 1.1, 0.5, and 0.4 mg of clean samples of the thorectidiol A 

diacetate (4), thorectidiol B diacetate (5), and thorectidol acetate (6).

Thorectidiol B Diacetate (5):

clear glass; UV (1.5% 2-propanol/hexanes) λmax 201, 231, 270, 327 nm; 1H and 13C NMR, 

Tables 1 and 2; (+)-HRESIMS m/z 789.4338 [M + Na]+ (calcd for C48H62O8Na, 789.4337).

Thorectidol Acetate (6):

pale yellow glass; UV (1.5% 2-propanol/hexanes) λmax 203, 231, 268, 322 nm; 1H and 13C 

NMR, Tables 1 and 2; (+)-HRESIMS m/z 407.2189 [M + Na]+ (calcd for C24H32O4Na, 

407.2193).

Chiral-Phase HPLC Analysis.

Using a Daicel, Chiralpak IA 5 μm, 25 × 1.0 cm column, with 1% 2-propanol/hexanes as 

eluent with a flow rate of 2 mL/min, the three acetates 4, 5, and 6 were each separated into 
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two distinct peaks in approximately a 1:1 ratio with retentions times of 15.6/18.7, 14.7/19.2, 

and 17.2/18.9 min, respectively.

Calculation of the ECD Spectra of Thoretidiol A Diacetate (4).

The calculated ECD spectrum for 9R,9′S,Sa thorectidiol diacetate (4) (Figure 

SI3 panel B) is the averaged spectrum across the ECD spectra of 20 

low-energy conformers of 9R,9′S,Sa thorectidiol A diacetate (4). The 20 

low-energy conformers were selected and searched out of 1,000,000 tested 

conformers using Open Babel (https://open-babel.readthedocs.io/en/latest/3DStructureGen/

multipleconformers.html) and Mathematica (https://reference.wolfram.com/language/guide/

MolecularStructureAndComputation.html) scripts. The conformers were optimized and 

calculated for ECD analysis using Gaussian 16 (https://gaussian.com/td/). The ECD spectra 

were generated and averaged according to the Boltzmann distribution using SpecDis (https://

encyclopedia.pub/entry/67).

AlphaScreen Assays.

Both RBD–ACE2 and PD-1–PD-L1 AlphaScreen assays were described previously.7 For 

RBD–ACE2 interaction assays, 2 nM ACE2-Fc (Sino Biological) was incubated with 5 nM 

His-tagged SARS-CoV-2 spike RBD (Wuhan variant; Sino Biological) plus 5 μg/mL protein 

A AlphaScreen acceptor beads and 5 μg/mL nickel chelate donor beads in 20 mM Tris 

(pH 7.4), 150 mM KCl, and 0.05% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate) in 10 μL reactions in 384-well format. Compounds were diluted to 100× 

final concentration in DMSO. A 5 μL amount of ACE2-Fc/protein A acceptor beads was 

added to each well, followed by 100 nL of compound dilution and 5 μL of CoV-spike-RBD-

His/nickel chelate donor beads in duplicate using a Janus Nanohead tool (PerkinElmer). 

Reactions were incubated for 2 h at room temperature and then monitored for luminescence 

using a ClarioStar plate reader (BMC Labtech). Data were normalized to percent inhibition, 

where 100% equaled the AlphaScreen signal in the absence of SARS-CoV-2-spike-RBD-His 

and 0% equaled the AlphaScreen signal in the presence of both proteins and DMSO vehicle 

control.

For PD-1–PD-L1 interaction assays, 0.5 nM human PD-L1-Fc (Sino Biological) was 

incubated with 5 nM His-tagged human PD-1 (Sino Biological) in the presence of 5 μg/mL 

protein A AlphaScreen acceptor beads and 5 μg/mL nickel chelate donor beads in 10 μL 

of 20 mM HEPES (pH 7.4), 150 mM NaCl, and 0.005% Tween in 384-well format. A 5 

μL sample of PD-L1-Fc/protein A acceptor beads was added to the plate first, followed by 

100 nL of test compound and 5 μL of PD-1-His/nickel chelate donor beads in duplicate. 

Reactions were allowed to incubate for 2 h at room temperature followed by data collection 

as described above, where 100% equaled the AlphaScreen signal in the absence of PD-1-His 

and 0% equaled the AlphaScreen signal in the presence of both proteins and DMSO vehicle 

control alone.

For each experiment, IC50’s were determined by fitting percent inhibition values to four-

parameter dose–response curves using the dilution factor as the X coordinate, with the 

top parameter fixed to 100% and the slope constrained between 1 and 2. IC50 results 
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for compounds denote the mean ± standard deviation from at least three independent 

experiments, while IC50’s for extracts denote the mean from a single experiment performed 

in duplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Selected 2D NMR correlations observed for thorectidiol A (1) fragments. Biphenyl bridge in 

blue. Ether bridge in green.
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Figure 2. 
Structures of the eight potential stereoisomers for the thorectidiol skeleton A based on the 

existence of atropisomerism at C-21/C-21′ and tetrahedral carbon-based stereogenic centers 

at C-9 and C-9′.
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Table 3.

Summary Activities of Compounds on Inhibition of SARS-CoV-2 Spike RBD–Host ACE2 and Host PD-1–

PD-L1 Interactions as Assessed by AlphaScreen

IC50 (μM) spike RBD–ACE2 average (SD) PD-1–PD-L1 average (SD) selectivity index

1   1.0 (0.7) 6.0 (3.5)   5.9

4   7.3 (2.6) 37 (19)   5.0

5   65 (19) >50   n.d.

6   63 (21) 66 (47)   1.0

(−)-hopeaphenol   0.25 (0.05) n.d.a

BMS-1166   n.d. 0.0030 (0.0023)

a
n.d., not determined.
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