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Abstract: Four new benzodipyran racemates, namely (4)-aspergiletals A-D (3-6), representing a rare
pyrano[4,3-h]chromene scaffold were isolated together with eurotiumide G (1) and eurotiumide F (2)
from the soft-coral-derived fungus Aspergillus sp. EGF 15-0-3. All the corresponding optically pure
enantiomers were successfully separated by a chiral HPLC column. The structures and configurations
of all the compounds were elucidated based on the combination of NMR and HRESIMS data, chiral
separation, single-crystal X-ray diffraction, quantum chemical 13C NMR, and electronic circular
dichroism calculations. Meanwhile, the structure of eurotiumide G was also revised. The TDP1
inhibitor activities and photophysical properties of the obtained compounds were evaluated. In
the TDP1 inhibition assay, as a result of synergy between (+)-6 and (—)-6, (£)-6 displayed strong
inhibitory activity to TDP1 with ICs5q values of 6.50 & 0.73 uM. All compounds had a large Stokes
shift and could be utilized for elucidating the mode of bioactivities by fluorescence imaging.

Keywords: soft-coral-derived fungus; pyranodipyran derivatives; tyrosyl DNA phosphodiesterase 1
inhibitory activities; fluorescent properties

1. Introduction

Tyrosyl DNA phosphodiesterase 1 (TDP1) has recently been considered as a rational
anticancer target [1,2] owning to its ability to break down various DNA adducts induced
by chemotherapeutics drugs [3,4], such as topotecan, irinotecan, 10-hydroxycamptothecin,
and belotecan [5,6]. TDP1 inhibitors can potentiate the combined anticancer activities of
Topl-target anticancer drugs and overcome cancer cell resistance to therapeutic drugs in
some cancers [7-9]. However, most TDP1 inhibitors today are synthetic compounds [10].

Benzodipyran is a small but unique class that mostly comes from chemical synthe-
sis [11]. The biological activity of benzopyran scaffolds has gained considerable attention
over the last few decades [12]. However, benzodipyran bearing a pyrano[4,3-h]chromene
unit in its backbone is rare in nature, with only two examples reported to date [13].

During our continuing search for natural TDP1 inhibitors [14-18], four new ben-
zodipyran racemates, namely (+)-aspergiletals A-D (3-6), representing a rare pyrano[4,3-
h]chromene scaffold were isolated together with eurotiumide G (1) and eurotiumide F
(2) from the soft-coral-derived fungus Aspergillus sp. EGF 15-0-3 (Figure 1). Biogeneti-
cally, these rare scaffolds were formed by a cascade sequence of epoxidation, nucleophilic
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cyclization, and oxidation from benzene carbaldehydes. Structurally, 3-6 share the rare
pyrano[4,3-h]chromene framework but differ in the oxygenation patterns on the 2H-pyran
ring. Due to the high substitution of two pyran rings, the stereochemical complexity of
these molecules makes it challenging to elucidate their absolute configurations. Based on
the combination of NMR and HRESIMS data, chiral separation, quantum chemical 1BC
NMR, electronic circular dichroism calculations, and single-crystal X-ray diffraction, the
absolute configurations of all the compounds were unambiguously determined. Mean-
while, the structure of eurotiumide G, was also revised. All compounds were screened for
TDP1 inhibition, and the photophysical properties were evaluated. Herein, the isolation
and structure elucidation, hypothetical biogenetic pathway, TDP1 inhibitor activities, and
the photophysical properties of 1-6 are presented.

on ¢

(+)-6 ()6

Figure 1. Chemical structures of compounds 1—6 from Aspergillus sp. EGF 15-0-3.

2. Results

Previously, the metabolite capability of the title strain was preliminarily accessed by
integration of the OSMAC strategy and LC-MS/MS analyses [16]. As a result, the chemical
profiles of benzodipyran were identified in four different media (Figure S1), indicating that
benzodipyran was produced in 4 out of 18 tested media. The rice medium was selected
for further scale fermentation, and the EtOAc crude extract was subjected to silica gel,
Sephadex LH-20, and semipreparative HPLC to obtain six benzodipyran racemates.

Compound 1 was isolated as yellow oil with a molecular formula of Cy1H30Os5 by its
HR-ESI-MS m/z 361.2003 [M-H]~ (calculated for 361.2015), indicating the presence of seven
degrees of unsaturation. The UV spectrum showed the absorption maxima at 235, 266,
276, and 341 nm. The IR spectrum showed absorption bands for hydroxyl (3423 cm™1),
alkane (2937 and 2923 cm '), and phenyl (1560 and 1461 cm~!) groups. Comprehensive
analyses of the 1D NMR (Table 1) and HSQC spectra of 1 revealed the presence of a penta-
substituted benzene ring (dy 6.58 (s, H-6); 6c 117.8,149.1, 113.3, 122.5, 143 .4, and 124.1),
one cis-disubstituted double bond (d¢1 6.28 (d, ] = 10.0, H-1”) and 5.68 (d, ] = 10.0, H-2");
0c 122.2 and 132.4), an acetal (6 5.56 (1H, s); dc 95.4), an oxygenated quaternary carbon
signal at 6c 77.4, two oxygenated methines (6 4.20 (td, | = 6.8, 3.2, H-3) and 4.44 (d,
J=3.2,H-4); 6c 70.2 and 68.8), two methoxyls (dy 3.54 (s, OCHs-1) and 3.18 (s, OCH3-4); d¢
55.8 and 53.9), four methylenes (dy 1.79 (m, Hp-1'), 1.66 (m, Hp-2'), 1.61 (m, H-3'), and 1.51
(m, Hp-4'); 5¢c 304, 25.9, 32.0, and 22.8), and three methyls (g1 0.93 (t, | = 6.4, H3-5'), 1.41
(s, H3-4”), and 1.41 (s, H3-5"); 6c 14.2, 27 .4, and 28.0). The aforementioned spectroscopic
data were highly similar to those of eurotiumide G, a natural racemate isolated from the
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gorgonian-derived fungus Eurotium sp. XS-200900E6 [13], suggesting 1 might be the same
compound as eurotiumide G. Further interpretation of the 'H—1H COSY and HMBC
spectra of 1 (Figure 2) confirmed the assumption.

— H-"H cosy

/7~ N\ HMBC

Figure 2. '"H—'H COSY and key HMBC correlations of 1 and 3-6.

Interestingly, when we attempted to evaluate the relative configuration of 1, we
found that although the NMR data of 1 were consistent with eurotiumide G reported by
Wang [13] et al. as a natural racemate from the gorgonian-derived fungus Eurotium sp. XS-
200900E6, and by Namba [19] et al. as a synthesis through asymmetric total synthesis, their
relative configurations were in conflict. Although the structure of original eurotiumide G
were claimed to be revised by synthesis, small molecules with different stereo configura-
tions may have highly similar spectra. Meanwhile, according to the key NOE correlations
described in the originally reported literature, it seems that the structure of eurotiumide G
they proposed is correct. This interesting phenomenon aroused our curiosity and we won-
dered whether these two molecules happened to have very similar NMR spectra as to be
indistinguishable or the original proposed structure of eurotiumide G was incorrect. There-
fore, GIAO-based quantum chemical 13C NMR calculations at mPW1PW91/6-31 +G(d,p)
level using chloroform as solution were performed to clarify the relative configuration of
1 (eurotiumide G) unambiguously. There were four possible relative configurations that
needed to be taken into account: 1R*3R*4R*-1 (1A); 1R*,35%,45*-1 (1B); 15*,35%,4R*-1 (1C);
and 1R*,35%4R*-1 (1D). As a result, the calculated carbon chemical shifts of 1B were in
excellent agreement with the experimental data, with coefficient value (R?) of 0.9973, while
the predicted data for the rest of the configurations did not match the experimental ones as
indicated by R? of 0.9947, 0.9930, and 0.9949, respectively. Furthermore, DP4+ probability
of 100% in favor of 1B suggested the relative configuration of the synthesis by Namba et al.
was indeed correct, and the relative configuration of 1 was unambiguously concluded as
1R*,35*,45* (Figure 3).
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Table 1. 'H NMR data (400 MHz) and '*C NMR data (100 MHz) of 1-6 (J in ppm, ] in Hz) 2.

N 1b 2b 3b 4b 5b 6¢
o.
Oy, mult, | Jc, mult Jy, mult, | Jc, mult Oy, mult, | Jc, mult Oy, mult, | Jc, mult Oy, mult, | Jc, mult Oy, mult, | Jdc, mult
1 5.56, s 95.4, CH 5.42,s 95.2, CH 591, s 95.0, CH 5.51,s 95.3, CH 552, 95.2, CH 5.55,s 96.6, CH
2
4.00,ddd (7.2,44,
3 4.20,dt (6.8,3.2) 70.2, CH 4.20, dt (10.0, 3.0) 64.8, CH 4.26,dt (6.8,3.2) 70.8, CH 4.18,dt(7.2,3.2) 70.1, CH 4.18,dt (7.0, 3.2) 70.5, CH 1.6) 72.6, CH
4 4.44,d (3.2) 68.8, CH 4.63,d (10.0) 76.0, CH 4.56,d (3.2) 68.9, CH 4.44,d (3.2) 68.7, CH 4.43,d (3.2) 68.9, CH 4.34,d (1.6) 70.9, CH
4a 117.8,C 117.8,C 1149, C 117.3,C 116.5,C 117.9,C
5 149.1,C 1494, C 151.3,C 150.5,C 150.2,C 151.4,C
6 6.58, s 113.3,CH 6.51,s 113.4,CH 7.05, s 106.9, CH 6.75, s 112.8, CH 6.76, s 112.9,CH 6.89, s 112.9,CH
7 12255,C 122.5,C 1294,C 116.2,C 1174,C 123.0,C
8 1434, C 143.0,C 146.3,C 149.3,C 149.6,C 150.9, C
8a 124.1,C 124.2,C 119.9,C 128.8,C 128.8,C 131.3,C
1 1.79, m 30.4, CH, 1.78, m 31.9, CH; 1.86, m 30.5, CH, 1.65, m 30.8, CH; 1.80, m 30.4, CH, 1.30, m 31.9, CH;
2 1.66, m 25.9, CH; 1.66, m 25.2, CH;, 141, m 26.0, CH, 1.61, m 26.0, CH, 1.25, m 26.0, CH, 1.45, m 26.8, CH;
3 1.61, m 32.0, CH, 1.62, m 32.0, CH, 1.40, m 32.0, CH, 1.39, m 32.0, CH, 1.39, m 32.0, CHy 1.40, m 33.0, CH,
4 151, m 22.8, CH; 151, m 22.8, CH, 140, m 22.8, CH, 151, m 30.4, CH, 1.33, m 22.8, CH, 142, m 23.7, CH,
5 0.93,t (6.4) 14.2, CH; 0.92,t(7.2) 14.2, CH; 0.94,t (6.8) 14.3, CH; 0.93, t (6.6) 14.2, CH; 0.93,t (6.4) 14.2, CH; 0.95, t (6.8) 14.4, CH;
1”7 6.28, d (10.0) 122.2, CH 6.28,d (9.6) 122.1, CH 6.57,s 103.8, CH 1.81, m 22.8, CH; 3.18, m?3.14, d (8.4) 31.0, CH, 5.31,d (4.8) 74.0, CH
27 5.68, d (10.0) 132.4, CH 5.68,d (9.6) 132.2,CH 161.5,C 4.74,dt (6.8, 3.2) 88.4, CH 4.69,t (8.4) 89.7, CH 4.20, t (4.8) 98.3, CH
3” 77.4,C 77.4,C 73.6,C 76.1,C 72.1,C 72.0,C
4” 141,s 27.4,CH; 141,s 27.6, CH3 1.62,s 25.9, CH; 1.24,s 22.2,CHj3 1.33,s 24.3, CH; 1.27,s 25.4, CHj3
5” 141,s 28.0, CH3 140, s 28.0, CH; 1.61,s 25.1, CH3 1.13,s 19.6, CH; 1.19,s 26.1, CHs 1.25,s 25.8, CH;
1-OCHj3 3.54,s 55.8, CHj3 3.53,s 56.1, CHj3 3.63, s 55.9, CH3 3.53,s 55.8, CHj3 3.53,s 55.6, CH3 3.45,s 58.4, CHj3
4-OCHj3; 3.18, s 53.9, CH; 3.18,s 51.4, CHj 3.20, s 53.9, CH; 3.26,s 53.8, CHj3 3.19,s 53.9, CH; 3.35,s 49.6, CH3
2”-OCHjz 3.15,s 51.3,CH;3 3.17,s 50.2, CHs

2 Overlapped signals are reported without designating multiplicity, ® in CDCl3, € in CD;0D.
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Figure 3. 13C NMR calculation results of four possible isomers of 1. (A) Linear correlation plots of
predicted versus experimental 3C NMR chemical shifts; (B) relative errors and standard deviations
between the predicted '*C NMR chemical shifts of four potential structures and recorded '3C NMR
data; (C) the DP4+ probability of 13C NMR chemical shifts.

However, as for the absolute configuration of eurotiumide G enantiomers, although
the absolute configurations were previously established using enantioselective synthetic
routes [19], the method they used to determine the structure was based on a Mo Kua
radiation of X-ray crystallographic analysis with poor flack parameter of 0.3 (4), which may
be unreliable. With the optical rotation value close to zero as well as almost no signal in its
ECD spectrum, 1 was assumed to be a racemic mixture and subsequently separated into
a pair of enantiomers, (+)-1 and (—)-1, with a ratio of 1:1 via a chiral HPLC column. The
absolute configurations of (+)-1 and (—)-1 were further determined by quantum chemical
ECD calculation (Figure 4) and Cu Ka radiation of X-ray crystallographic analysis with
quality flack parameter of 0.11(16) (Figure 5). Hence, based on the combination of the
above evidence, the structure including absolute configurations of 1 was unambiguously
established, and the (+) eurotiumide G and (—) eurotiumide G were revised correctly as
15,3R 4R and 1R,3S,4S, respectively.
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Figure 4. Experimental and calculated ECD spectra of (+)-1, (—)-1, (+)-2, (—)-2, (+)-3, (—)-3, (+)-4,
(_)_4/ (+)_5/ (_)'5/ (+)'6/ and (_)-6

Figure 5. X-ray ORTEP drawing of (—)-1.

Interpretation of the 1D and 2D NMR of 2 indicated that it was eurotiumide F, which
was also obtained as a racemate from the gorgonian-derived fungus Eurotium sp. XS-
200900E6 [13]. Similar to eurotiumide G, the absolute configuration of eurotiumide F was
not solved thoroughly. In our experiments, the chiral resolution of 2 was successfully
carried out, and the absolute configuration of (+)-2 and (—)-2 were determined as 15,3R,45
and 1R,354R by quantum chemical ECD calculations (Figure 4). In addition, consider-
ing the experimental and calculated ECD spectra of compound 2 was complex and did
not seem to be perfectly matched in the region between 200 and 220 nm, GIAO-based
quantum chemical '3C NMR calculations were performed to further confirm correctness
of the relative configuration of 2. As shown in Figure S2, the calculated carbon chemical
shifts of 1R*,35*4R*-2 (2D) were in excellent agreement with the experimental data with
coefficient value (R?) of 0.999 and DP4+ probability of 100% (Figure S2), indicating the
correct stereochemical assignments of both enantiomers.

Aspergiletal A (3) was isolated as yellow oil with a molecular formula of C2H3O¢ by
its HR-ESI-MS m/z 391.2120 [M-H]~ (calculated for 391.2121), indicating the presence of
seven degrees of unsaturation. Comprehensive analyses of the 1D NMR (Table 1) spectra
of 3 with those of 1 suggested 3 was highly similar to 1, and the major differences were the
appearance of an additional methoxyl group (6y 3.15 (s, OCH3-2"); 8¢ 51.3) and an olefinic
proton (5y 5.68 (d, H-2")) of 1 being absent in 3. Interpretation of the HMBC spectrum from
OCHj3;-2" to C-2"" located the methoxyl group at C-2” (Figure 2). The coupling constant
of H-3 and H-4 and key NOE correlations of 3 were similar to 1, so the relative structure
of 3 was determined as 15%3R*4R*. Moreover, 3 was a racemic mixture and successfully
separated into a pair of enantiomers (+)-3 and (—)-3 by a chiral HPLC column. The absolute
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configuration of (+)-3 and (—)-3 were established as 15,3R,4R and 1R,35,4S, respectively,
using the quantum chemical ECD calculation method (Figure 4).

Aspergiletal B (4) was isolated as yellow oil with a molecular formula of Cy;H340¢ by
its HR-ESI-MS m/z 393.2298 [M-H]~, (calculated for 393.2277). Interpretation of the NMR
spectroscopic data as well as the molecular formula of 4 indicated that it was a dihydro
analogue of 3. The main difference was the appearance of one methylene (531 1.81 (m, H-1");
8¢ 22.8] and one oxygenated methine (5 4.74 (dt, ] = 6.8, 3.2, H-2'); §¢ 88.4) in 4 instead
of two olefin carbons (0y 6.57 (s, H-1”), ¢ 103.8 and 161.5) in 3. This conclusion was
confirmed by further interpretation of the 'H—'H COSY and HMBC spectra of 4 (Figure 2).
As the structure of 4 contained two isolated stereoclusters, C-1—C-4 in part A and C-1"—C-
2”in part B, separated by a pentasubstituted benzene ring, the relative configuration of
isolated stereocluster was independently investigated. Based on the coupling constants of
the observed protons and key NOESY correlations, the relative configuration of part A was
concluded as 15*,3R*,4R*. Due to the lack of confident NOE correlations, it was insufficient
to make conclusions on the relative configurations of two individual stereoclusters using
NMR methods alone. The optical values of 4 in MeOH solvent was close to zero, indicating
4 was a racemate. In order to establish the relative and absolute configurations of 4,
it was subsequently separated by a chiral HPLC column, and quantum chemical ECD
calculation was carried out. In terms of the whole-compound stereochemistry, four possible
absolute configurations needed to be considered: 15,3R,4R,2”S-4 (4A); 1R,35,45,2”R-4 (4B);
15,3R,4R,2"R-4 (4C); and 1R,35,45,2”5-4 (4D). As shown in Figure 4, the comparison of
predicted ECD curves of 15,3R 4R,2”5-4 (4A) and 1R,35,45,2” R-4 (4B) with the experimental
ones of (+)-4 and (—)-4 showed quite good agreement (Figure 4), which allowed the absolute
configurations of (+)-4 and (—)-4 to be established. Similar to 2, as the experimental and
calculated ECD spectra of compound 4 did not seem to be perfectly matched in the region
between 230 and 280 nm, GIAO-based quantum chemical 13C NMR calculations were also
performed, and the result showed that the stereochemistry of compound 4 that we had
derived was correct (Figure S3).

Aspergiletal C (5) was isolated as yellow oil with a molecular formula of Cp;H3,04
by its HR-ESI-MS m/z 379.2123 [M—H]~, (calculated for 379.2121). The 1D NMR data of 5
was structurally similar to those of 4, except for the difference of the resonance assigned
to C-1” and absence of the signal corresponding to C-2” methoxyl (5y 3.17 (s); d¢c 50.2),
suggesting the presence of C-2” hydroxyl in 5. Similar to 4, 5 was also a racemate and
contained two isolated stereoclusters, and the absolute configurations of (+)-5 and (—)-5
were independently assigned as 15,3R,4R,2”5-5 and 1R,35,45,2”R-5 (Figure 4). Certainly,
the absolute stereochemical configuration at C-2” of 5 could be determined by Mosher’s
method. However, unfortunately, 5 was only obtained with total amount of 1.0 mg. When 5
was chiral separated by HPLC, only 0.5 mg each of (+)-5 and (—)-5 were obtained, making
it difficult to perform Mosher’s method. Considering there were two isolated stereoclusters
in 5, the stereochemistry of compound 5 was also confirmed using GIAO-based quantum
chemical ¥C NMR calculations (Figure 54).

Aspergiletal D (6) was isolated as yellow oil with a molecular formula of C»1H3,0O7 by
its HR-ESI-MS m/z 395.2076 [M—H]~, (calculated for 395.2070). The 1D NMR data highly
resembled those of 5, suggesting 6 had the same scaffold as 5, except for the appearance
of the oxygenated methine (g5 5.31 (d, ] = 4.8, H-1"); 6¢ 74.0) instead of methylene (§y
3.18 (m, H-1"a) and 3.14 (d, ] = 8.4, H-1"'b); 6¢ 31.0). This suggested the presence of
C-1" hydroxyl in 6. Similarly, 6 was a racemate and contained two isolated stereoclusters,
and the relative configuration of part A in 6 was established as 15*,3R*4R*. Meanwhile,
the key NOE correlations of H-1""/H-2"" and Hj3-4""as well as small coupling constant
(Jy o1 = 4.8 Hz) for part B in 6 indicated that H-1"" and H-2"" were in cis-diaxial (Figure 6A).
The absolute configuration of the 1”,2"-diol unit in part B of 6 could be assigned by
measuring the Moy(OAc), induced circular dichroism spectrum (ICD) of Mo complex
of (+)-6. The ICD spectrum showed a positive sign of Cotton effect (CE) at 303 nm
(Figure 6B), allowing the assignment of C-1"" and C-2"" as 1"/S,2”’S based on the empir-
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ical rule [20,21]. Finally, the absolute configurations of (+)-6 and (—)-6 were independently
assigned as 15,3R4R,1"’5,2"'S-6 and 1R,3S, 45,1"'R,2"'R-6 by quantum chemical ECD calcula-
tion (Figure 4). Similar to 5, the stereochemistry of 6 was also confirmed using GIAO-based
quantum chemical '3C NMR calculations (Figure S5).

303nm., +1.92

(+)-6
(+)-6+Mo_(OAc),

CD[mdeg]

260 280 300 ) 340 360 ") 300
wavelength/nm

»"\ NOESY

Figure 6. (A) Key NOE correlations of 6; (B) CD spectra of (+)-6 and Mo complex of (+)-6 recorded in
DMSO (the Newman projection represents the preferred conformation of the vic-diol in the chiral
Mo complex).

Based on the coisolation of the precursor aspergin (7), a plausible biosynthetic pathway
for compounds 1-6 is proposed in Scheme 1. Epoxidation of the unsaturated C7-alkyl
chain in 7 was followed by isomerization of the double bond and epoxidation to obtain
i and ii. Subsequently, selective epoxide cleavage of i and ii were used to obtain the key
intermediates iii and iv, respectively. Then, intermediates iii and iv were transformed
to v and vi, respectively, under nucleophilic addition. Next, v and vi were subjected to
methylation and intramolecular electrophilic addition—elimination to produce 1 and 2,
respectively. The subsequent sequence of oxidation, methylation, reduction, and oxidation
of 1 led to the furnishment of 3-6, respectively.

~
OH OH OH OH o0
ucleophiic metylaon and
D lic
OH
_epoxide cleavage " "
~—OH OH (] i
1
[0]

o
on 9 oH

on9 on 0 on 9
_ menymien _meyieton
o o\
0 H_ 0O o\

OH OH

\phl
“eponde ceavage OH

Scheme 1. Hypothetical biogenetic pathways for 1-6.

Considering the chiral properties of compounds will affect their activity, all of the
obtained compounds, including racemates and enantiomers, were screened for TDP1
inhibition through a fluorescence assay using a quenched fluorescent single-stranded
oligonucleotide (5'-FAM-AGGATCTAAAAGACTT-BHQ-3') as substrate. Indeed, (+)-6,
(—)-6, and (£)-6 exhibited different inhibitory activity against the TDP1 enzyme with
ICsg values of 27.76 + 1.73, 37.31 £ 3.63, and 6.50 & 0.73 uM, respectively (Table 2). To
further investigate the mechanism of the TDP1 inhibitory activity of (+)-6 and (—)-6, a
hypothetical binding mode was built using in silico docking from the X-ray crystal structure
of humanized TDP1-inhibitor (PDB: 6D]D) [22] to evaluate the mode of interactions of (+)-6
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and (—)-6 with TDP1. The inhibitor was docked into the binding site. The hypothetical
structural position of the top-ranked (+)-6 is shown in Figure 7A. The tricyclic core of
(+)-6 binds to the DNA binding groove in the proximity of the catalytically important
residue His263, indicating a potential —m stacking interaction stabilizing the inhibitor
TDP1 complex. Three hypothetical hydrogen bonds were observed between the phenol
hydroxy group and the amide group of residue Asn516 (2.9 A), the 1”-hydroxy group and
Ser518 residue (3.0 A), and the pyran O atom and Ser400 residue (3.5 A), which might
contribute to TDP1 inhibition. Similarly, the polycyclic core scaffold of (—)-6 also lied along
the DNA binding groove (Figure 7B), and the H-bonds (3.1 A) between the phenol hydroxy
group and the amide group of residue Asn516 was also observed. In addition, two H-bonds
formed between the 2”-hydroxyl group and Ser400 residue (2.5 A) and the pyran oxygen
atom and phenol hydroxy group of Tyr204 residue (3.1 A). As shown in Figure 7C, the
configuration of (+)-6 was more geometrically suitable for the narrow catalytic pocket than
(—)-6, leading to closer proximity to the catalytic domain. The gold score values of (+)-6 and
(—)-6 were 55.62 and 44.90, respectively. Interestingly, although the mode of interactions
of (+)-6 and (—)-6 with TDP1 were similar, with the racemate (4)-6 exhibiting stronger
inhibitory activity against the TDP1 enzyme with ICs, value of 6.50 = 0.73 uM, which may
be a result of synergy between (+)-6 and (—)-6. The mechanism of the TDP1 inhibitory
activity of (£)-6 remains to be validated by biophysical assays in further research.

Table 2. TDP1 enzyme inhibition of the isolated compounds 1-6 (IC59 & SD in uM) 2.

Compound TDP1 Inhibition (uM) Compound TDP1 Inhibition (uM)
()1 >100 (£)-4 >100
(+)1 >100 (+)-4 >100
(—)-1 >100 (—)-4 >100
(£)-2 57.81 £2.20 (£)-5 >100
(+)-2 >100 (+)-5 >100
(—)-2 >100 (—)-5 >100
(£)-3 >100 (£)-6 6.50 £+ 0.73
(+)-3 >100 (+)-6 2776 £1.73
(—)-3 >100 (—)-6 37.31 + 3.63

2 ICsp value, defined as the concentration of the compound to inhibit 50% of TDP1 activity. Every experiment was
independently repeated at least three times.

Figure 7. Hypothetical binding mode of (+)-6 (A) or (—)-6 (B) in the complex with TDP1 (PDB: 6DJD).
(C) Overlay of the binding mode of (+)-6 or (—)-6 with TDP1. The TDP1 inhibitor (+)-6 is represented
as a green stick model, (—)-6 is represented as a purple stick model, and the protein is represented as
a cartoon model (A,B) and as a surface model (C).
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In addition, the fluorescent properties of 1-6 were also evaluated. Interestingly, all the
probes emitted detectable fluorescence (Figure 8). Fluorescence measurements revealed
that all the compounds had a large Stokes shift (up to 266 nm, Table 3), suggesting they
were capable of the resistance of fluorescence quenching. Surprisingly, the fluorescence of
1 increased substantially with time, indicating a structural change to a more fluorescent,
undetermined species upon 365 nm irradiation. Compound 2 responded similarly to 1
but with a smaller magnitude improvement in fluorescence. In contrast, 4 appeared to be
inert to photobleaching compared to 3, 5, and 6, all of which showed significant loss of
fluorescence with time (Figure 9). Meanwhile, compounds 1-6 with the concentration of
100 uM/mL were exposed to 485 nm UV light, and their fluorescence emission spectra
were recorded (Figure 10) as a control experiment because the assay used to assess TDP1
inhibition was a fluorescence assay. As the figure shows, 1-6 did not exhibit fluorescence
emission spectra at 510 nm when exposed to 485 nm UV light. In addition, during the TDP1
inhibition assay, the tested compound solutions were read by a Flash multimode reader
at Ex485/Emb510 nm to identify false-positive compounds that had autofluorescence. The
above results indicate that the fluorescence of the compounds did not interfere with the
inhibition results.

A 1 p.4x10° B
p.0x10°
f1.6x10°

©

2
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@ fx0® =
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Figure 8. (A) Absorption spectra of 1-6 in MeOH; (B) fluorescence emission spectra of 1-6 in MeOH.

Table 3. Fluorescent properties of 1-6 2.

Probes Aabs Aem? Stokes Shift e [Mlem™] PF
1 221 445 224 125388.61 0.0392
2 223 464 241 70590.11 0.0225
3 206 472 266 61279.01 0.0048
4 225 428 203 208307.41 0.0649
5 203 432 229 106186.60 0.0482
6 225 424 199 127827.28 0.0416

2 All test samples were prepared at the concentration of 300 pg/mL in MeOH. ? Determined at Aexc = 365 nm.
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Figure 9. Change in fluorescence emission spectra of 1-6 in MeOH upon photoirradiation with 365
nm UV light.
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Figure 10. Fluorescence emission spectra of 1-6 in MeOH upon photoirradiation with 485 nm UV
light with concentration of 100 pM/mL.

3. Materials and Methods
3.1. General Experimental Procedures

Details of the instruments and materials used in this work are included in the Sup-
porting Information.

3.2. Fungal Strain and Fermentation

The fungal strain EGF 15-0-3 was isolated from a soft coral collected from the South
China Sea and identified as Aspergillus sp. [23]. A voucher sample of EGF15-0-3 was
preserved at the Lab of Marine Natural Medicine, Guangzhou University of Chinese
Medicine, P. R. China.

The fungus was cultured on a plate containing PDB medium at 28 °C for 3 days. A
single colony was transferred aseptically to an Erlenmeyer flask containing PDB medium
and incubated on a rotatory shaker at 165 rpm at 28 °C for 3 days to obtain the seed
culture. Subsequently, the seed culture was subcultured in polished glutinous rice medium
(autoclaved sterilization with rice and artificial seawater) and incubating at 28 °C for
35 days under static conditions.

3.3. Extraction and Isolation

After 35 days of cultivation, the rice medium (10 kg) of EGF 15-0-3 was extracted with
ethyl acetate three times (8 h per time) on a rotatory shaker at 165 rpm and concentrated
under reduced pressure at 40 °C to yield 50.0 g of the EtOAc residue. The residue was
then subjected to silica gel column eluted with a gradient mixture of petroleum ether/ethyl
acetate (100:0 to 0:100, v/v) to obtain 10 major fractions (Fr. A—Fr. ]J) by TLC analysis. Fr. ]
(4.0 g) was separated into 7 fractions (Fr. J1—Fr. J7) by Sephadex LH-20 column chromatog-
raphy (GE Healthcare, China) with MeOH. Fraction J4 (1.2 g) was further separated using
preparative HPLC with 80% aqueous MeOH (flow rate of 8.0 mL/min) to yield 13 subfrac-
tions (Fr. J41—Fr. J413). Subfraction J45 (g = 15.3 min, 28.0 mg) was purified by repeated
semipreparative HPLC with aqueous MeOH (Vyeon:VH20=60:40, flow rate of 3.0 mL/min)
to yield 6 (tgr = 36.2 min, 4.0 mg) and 5 (tg = 41.6 min, 1.0 mg); subfraction J49 (tg = 20.1 min,
21.0 mg) was purified by repeated semipreparative HPLC using aqueous MeOH as mobile
phase (Vimeon:Va20 = 70:30, flow rate of 3.0 mL/min) to yield 3 (fg = 30.7 min, 3.0 mg);
and subfraction J412 (fg = 50.1 min, 107.0 mg) was purified by repeated semipreparative
HPLC with aqueous MeOH or MeCN (flow rate of 3.0 mL/min) to yield 1 (tg = 25.3 min,
20.0 mg), 4 (tg = 28.7 min, 3.0 mg), and 2 (tg = 40.2 min, 4.0 mg).

3.4. Structural Characterizations of 1-6

(£)-Eurotiumide G (1): yellow oil (MeOH),[oc]zD0 0 (c 0.02, MeOH), UV (MeOH) Aax
(log €) 221 (1.62), 266 (0.28), 336 (0.34) nm; IR (KBr) vmax 3423, 2937, 2923, 2900, 1619, 1460,
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1260, 1099 cm~1; HRESIMS m/2: 361.2003 [M-H]~ (calculated for C;HyoOs5 361.2015); 'H
MNR (400 MHz) and 3C NMR (100 MHz) data in CDCls, see Table 1.

(+)-1: [a]E +12.6 (¢ 0.30, MeOH), [«]3 +15.0 (¢ 0.20, CH,Cl,), CD (MeOH) Amay (A¢)
235 (—15.8), 267 (—24.0), 332 (—7.9) nm.

(—)-1: [a]d —10.9 (c 0.30, MeOH), [#]& —15.3 (c 0.20, CH,Cl,), CD (MeOH) Amay (A¢)
236 (20.0), 266 (23.2), 332 (8.3) nm.

(£)-Eurotiumide F (2): yellow oil (MeOH), [(X]ZDO 0 (c 0.02, MeOH), HRESIMS m/z:
361.2023 [M—H]~ (calculated for C;H9O5 361.2015); 'H MNR (400 MHz) and 3C NMR
(100 MHz) data in CDCl3, see Table 1.

(+)-2: [(x]ZDO +17.2 (¢ 0.30, MeOH), CD (MeOH) Apax (Ag) 236 (—13.7), 270 (12.0) nm,
339 (4.2) nm.

(—)-2: [1]& ~15.7 (c 0.30, MeOH), CD (MeOH) Amax (Ae) 237 (17.0), 271 (—10.4) nm,
337 (—3.0) nm.

(£)-Aspergiletal A (3): yellow oil (MeOH), [vc%) 0 (c 0.02, MeOH), UV (MeOH) Amax
(log &) 206 (1.49), 254 (0.58), 302 (0.24) nm; IR (KBr) vimax 3347, 2937, 1699, 1562, 1411, 1347,
1112 em~!; HRESIMS m/z: 391.2120 [M—H] ~ (calculated for CoHz O 391.2121); 'H MNR
(400 MHz) and ¥C NMR (100 MHz) data in CDCl5, see Table 1.

(+)-3: [ +16.6 (¢ 0.20, MeOH), CD (MeOH) Amax (Ae) 257 (—18.5), 309 (1.4) nm.

(—)-3: []2 —14.0 (c 0.20, MeOH), CD (MeOH) Amay (A¢) 254 (19.4), 309 (—1.3) nm.

(£)-Aspergiletal B (4): yellow oil (MeOH), [a}%) 0 (c 0.02, MeOH), UV (MeOH) Apax
(log €) 225 (0.26), 309 (0.13) nm; IR (KBr) vmax 3382, 2927, 2856, 1693, 1461, 1380, 1230, 1105,
1041 cm~1; HRESIMS m/z: 393.2298 [M—H]~ (calculated for CpHa304 393.2277); 'H MNR
(400 MHz) and 3C NMR (100 MHz) data in CDCl3, see Table 1.

(+)-4: [a]Z) +24.5 (c 0.30, MeOH), CD (MeOH) Amax (Ag) 206 (8.8), 237 (—1.6), 310
(—1.2) nm.

(—)-4: [a]d —22.6 (c 0.30, MeOH), CD (MeOH) Amax (Ae) 208 (—8.3), 238 (1.1), 315
(1.6) nm.

(£)-Aspergiletal C (5): yellow oil (MeOH), [04]12)0 0 (c 0.02, MeOH), UV (MeOH) A nax
(log €) 203 (2.53), 249 (3.27), 270 (3.87) nm; IR (KBr) vmax 3407, 2933, 2859, 1621, 1461, 1365,
1259, 1016 cm~!; HRESIMS m/z: 379.2123 [M—H]~ (calculated for Cy1H310g 379.2121); 'H
MNR (400 MHz) and 3C NMR (100 MHz) data in CDCls, see Table 1.

(+)-5: [a]3) +20.4 (c 0.30, MeOH), CD (MeOH) Amax (A¢) 202 (8.7), 251 (—3.3), 296
(=0.7) nm.

(—)-5: []& —18.2 (¢ 0.30, MeOH), CD (MeOH) Amax (A¢) 204 (—7.5), 251 (3.7), 298
(0.7) nm.

(£)-Aspergiletal D (6): yellow oil (MeOH), [Dc]%) 0 (c 0.02, MeOH), UV (MeOH) Amax
(log &) 225 (0.22), 311 (0.12) nm; IR (KBr) vmax 3384, 2923, 2788, 1685, 1618, 1461, 1382, 1105,
1047 cm~1; HRESIMS m/z: 395.2076 [M-H]~ (calculated for CpHs;O7 395.2070); 'H MNR
(400 MHz) and 3C NMR (100 MHz) data in CD30D, see Table 1.

(+)-6: [a]&) +27.0 (c 0.30, MeOH), CD (MeOH) Apmax (Ae) 210 (13.5), 235 (~9.5), 313
(—3.6) nm.

(—)-6: [a]&) —25.0 (c 0.30, MeOH), CD (MeOH) Amax (Ag) 209 (—15.2), 235 (10.16), 314
(4.1) nm.

3.5. Chiral Separation of 1-6

Compounds 1-6 were subsequently performed on a semipreparative HPLC with a chi-
ral chromatographic column (FLM Chiral ND (2)) (Guangzhou FLM Scientific Instrument
Co., Ltd., Guangzhou, China) and successfully separated into the optical pure enantiomers.
More detailed information are included in the Supporting Information.

3.6. Quantum Chemical Calculations

Firstly, random conformational searches were performed by SYBYL X 2.1.1 program
(Tripos) using MMFF94s molecular force field, with an energy cutoff of 10 kcal mol~! to the
global minima to obtain the conformers, and the obtained conformers were subsequently
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subjected to structural optimization using Gaussion 09 software at the B3LYP/6-31+G(d)
level. The optimized stable conformers were performed at mPW1PW91/6-311+G(d,p)
level with chloroform or methanol as the solvent for quantum chemical NMR calculations,
and ECD calculations were performed at the B3LYP/6-31+G* level in the gas phase using
Gaussion 09 software package [24] according to previous reports [25]. Boltzmann distri-
butions of the overall NMR and ECD data were estimated and subsequently compared
with the experimental ones. The DP4+ analysis was performed according to the published
protocol [26]. The ECD spectra were produced by SpecDis 1.70.1 software (University of
Whuerzburg, Wuerzburg, Germany) [27].

3.7. X-ray Crystallographic Analysis

Crystal (—)-1 was obtained using the solvent vapor diffusion method. The intensity
data of (—)-1 was recorded on a Rigaku Oxford Diffraction Supernova diffractometer (Ag-
ilent SuperNova, America) with Cu K« radiation (A = 1.54184 A). The crystal structure
was solved and refined with a similar method reported previously [28]. For the structural
refinements, nonhydrogen atoms were refined anisotropically and the hydrogen atom posi-
tions were geometrically idealized and allowed to ride on their parent atoms. Crystal data
of (—)-1 in the standard CIF format were deposited with the Cambridge Crystallographic
Data Centre with CCDC number 1981300. The crystallographic data of (—)-1 are shown in
Table S1.

Crystal data for (—)-1: orthorhombic, Cp1H3,05, M = 362.45, a = 6.0081(2) A, b=15.4529(5)
A, c=21.49358) A, a =90, =90, ¥ =90, V = 1995.51(12) A3, space group P2,2,21, Z = 4,
Dx = 1.206 g/m3, u(Cu Ka) = 0.687 mm !, and F(000) = 784.0. Independent reflections:
3927 (Rint = 0.0485, Rsjgma = 0.0547), The final R1 values were 0.0448, wR2 = 0.0986 [I > 2
o(I)]. Flack parameter = 0.11(16).

3.8. TDP1 Inhibition Assay

The TDP1 inhibition was tested through a fluorescence assay according to a previously
reported method [29]. Detailed procedures are included in the Supporting Information.

3.9. Molecular Modeling

Molecular Modeling was according to a previously reported method [8]. Details are
included in the Supporting Information.

3.10. Measurement of Fluorescent Properties

Each probe was prepared at 300 pg/mL in MeOH. The absorption spectra were
recorded from 200 to 400 nm using a Chirascan circular dichroism spectrometer (Jasco,
Tokyo, Japan). The fluorescence spectra were recorded from 385 to 750 nm with an excitation
wavelength of 365 nm using Edinburgh Instruments FLS1000. For UV-irradiated probes,
each probe was exposed to 365 nm UV light from a handheld UV lamp for a certain time,
and the fluorescence spectra were then recorded using the same method mentioned above.

4. Conclusions

Four new benzodipyran racemates representing a rare pyrano[4,3-h]chromene scaffold,
possibly originating from a cascade sequence of epoxidation, intramolecular electrophilic
addition—elimination, and oxidation from the aspergin side chain, were isolated from the
soft-coral-derived fungus Aspergillus sp. EGF 15-0-3. They were successfully separated by a
chiral HPLC, and their absolute stereochemistry were determined according to XRD (Cu
Ka), Snatzke’s method, and ECD calculations. Meanwhile, the structure of eurotiumide
G was also revised. The enzyme assay indicated 6 to be a novel TDP1 inhibitor, showing
strong TDP1 inhibition ability with ICsy value of 6.50 £ 0.73 uM. Preliminary results of
molecular docking showed that different configurations of (+)-6 and (—)-6 would bring
different hydrogen bond interactions and that (+)-6 was more geometrically suitable for
the narrow catalytic pocket than (—)-6, leading to closer proximity to the catalytic domain.
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However, the strong inhibitory activity against the TDP1 enzyme by (£)-6 indicated that
the combination of the enantiomers provided inhibitory synergy. The mechanism of the
significant TDP1 inhibitory activity of (4-)-6 remains to be validated by biophysical assays
in further research. In addition, the superior fluorescent properties of benzodipyran deriva-
tives could be utilized for elucidating the mode of bioactivities by fluorescence imaging.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/md20030211/s1, Figure S1. UPLC-MS/MS analyses of the EtOAc
extract of Aspergillus sp. EGF15-0-3 in different media; Figures S2-S5: '3C NMR calculation results of
possible isomers of 2, 4, 5, and 6; Figures S6-511: Chiral separations of 1-6; Table S1: Crystal data and
structure refinement for (—)-1; Tables S2-56: Experimental chemical shifts and calculated unscaled
shifts for PD4+ probability analysis for 1, 2, 4, 5, and 6; Tables S7-515: Details of ECD calculations of
1-6; Figures S12-S17: Key molecular orbitals 1-6; Figures S18-567: the UV, IR, HRESIMS, 1D NMR,
and 2D NMR spectra of compounds 1-6.
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