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Abstract

Waikikiamides A-C (1-3), structurally complex diketopiperazine derivatives, and putative
biogenic precursors, (+)-semivioxanthin (4), notoamide F (5), and (-)-notoamide A (6), were
isolated from Aspergillus sp. FM242. 1 and 2, bearing a hendecacyclic ring system, represent a
novel skeleton. 3 features the first unique heterodimer of two notoamide analogs with an N-O-C
bridge. Compounds 1 and 3 exhibit antiproliferative activity with 1Csq values in the range of
0.56 to 1.86 M. The gene clusters mined from the sequenced genome support their putative
biosynthetic pathways.
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Natural products (NPs) have played a critical role in drug discovery.! Marine-derived
materials, for example, sponges, coral, bacteria, and fungi, are well recognized as a unique
but less explored source for the discovery of structurally novel and biologically active
secondary metabolites.2 For example, the antitumor agents ET-743,3 salinosporamide A,*
didemnin A,° norhalichondrin A,® and dolastatin 107 and the antituberculosis agent ilamycin
E8 were discovered from different marine origins. These clinically valuable agents propel
the continuous investigation of marine NPs for new drug discovery.

Aspergillus is a large genus that is well recognized to produce a wide array of bioactive
chemicals.® Indeed, the Aspergillus Secondary Metabolites Database (A2MDB) currently
records 807 unique compounds produced by different Aspergillus species.® We have
previously identified a unique benzodiazepine circumdatin M from Aspergillus sp. FM242
that was isolated from a sample collected at Waikiki beach in Oahu, Honolulu, Hawaii in
May 2014.10 In our ongoing research on this marine fungal strain, we isolated three novel
complex prenylated indole diketopiperazine (DKP) derivatives, waikikiamides A-C (1-3),
along with their potential biosynthetic precursors (+)-semivioxanthin (4), notoamide F (5),
and (-)-notoamide A (6). Compounds 1 and 2 bear a hendecacyclic ring system formed
from a prenylated indole DKP and polyketide 4, representing an unprecedented skeleton,
whereas 3 was the first prenylated indole DKP heterodimer with an N-O-C bridge. Herein
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we report the isolation, structure elucidation, proposed biosynthetic pathways, and biological
evaluation of waikikiamides A-C (1-3).

Waikikiamide A (1, Figure 1) was isolated as an optically active powder with a molecular
formula of C41H39N3Og (/m/2718.2743 [M + H]*, Calcd for C41H4oN309 718.2759) that
was established by high-resolution electrospray ionization mass spectrometry (HRESIMS)
and required 24 degrees of unsaturation. The nuclear magnetic resonance (NMR)-based
structural analysis of 1 was challenging due to the low H/C ratio. The correlation
spectroscopy (COSY) spectrum of 1 showed five short spin systems: CH,-CH,-CHy in

ring A, CH,-CH in ring C, CH?CH (aromatic) in ring F, CH?CH (olefinic) in ring G, and
CH,-CH-CHs in ring A" (Figure 2). In the heteronuclear multiple bond correlation (HMBC)
spectrum of 1, correlations from H-2 to C-4; from H-21 to C-6, C-20, C-22, and C-23;
from H-5 to C-4 and C-25; and from H3-27/H3-28 to C-6 and C-8 could establish rings
A-D in fragment I, as shown in Figure 2. On the contrary, HMBCs from H-18 to C-10,
C-16, and C-20; from H-17 to C-11 and C-19; from H-12 to C-10, C-14, and C-16; and
from H3-29/ H3-30 to C-13 and C-14 indicated that rings F and G were a 5,6-disubstututed
2,2-dimethyl-2 H-chromene. Although there was no HMBC to determine the connectivity of
the three nitrogen atoms in fragment I, we assumed that ring E was a penta-substituted
pyrrole 1-oxide and rings B/C had a 2,5-diazabicyclo[2.2.2]octane-3,6-dione core. The
detailed NMR analysis revealed that fragment | of 1 was a Pro-Trp 2,5-DKP with two
isoprenyl groups, which was the same as (+)-avrainvillamide, except for the 20- and 21-
positions. The highly aromatic character of another fragment (11) was apparent from the
presence of only 4 sg® carbons, including 1 methoxy and the CH»-CH-CHg spin system,
and 11 s¢? carbons, including 9 nonprotonated and 2 tertiary aromatic carbons. When
using DMSO- g5 and pyridine-a as solvents, the HMBC analysis clearly demonstrated

the correlation from 10'-OH to C-9a’, C-10', and C-10a'. NMR analysis further revealed
that fragment 11, a 3',7',8',9',10'-pentasubstituted benzoisochroman-1-one, was similar to
(+)-semivioxanthin (4), except for the 8'- and 9'-positions, which was also isolated in this
study. The connectivity between C-21 and C-8' was established on the basis of HMBCs from
H-21 to C-6, C-20, C-22, C-23, C-7', C-8', and C-9'. According to the molecular formula of
1, one additional ring and an oxygen atom had to be assigned. Because only the valences at
C-20 and C-9' remained unsatisfied, the additional ring and oxygen could result only from
an ether linkage between C-20 and C-9'. Hence, the planar structure of 1 (Figure 2) was
determined, as shown.

In the nuclear Overhauser effect spectroscopy (NOESY') spectrum of 1 (Figure 2), H-6
correlated to 26-NH, and H-21 showed correlations to 7'-OMe and H-18. These data
indicated that H-6 and 26-NH had the same orientation, whereas H-21 and the C20-C19
bond had opposite orientations. To further determine the relative configuration of fragment

I, we undertook quantum calculations of NMR shifts for correlation with experimental

data, one leading strategy to facilitate the structural elucidation of complex molecules.1!
The continuous advances in the field enable the in silico predictions to complement the
standard NMR spectroscopy nicely, emerging as a new tool when dealing with challenging
architectures featuring a low H/C ratio.12 Among the different methods of data correlation,13
the DP4+ probability stands out for its good performance over a wide variety of systems.14
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The diastereoisomers resulting from varying the configurations at C-6, C-20, and C-21 were
generated, leading to eight structures (1a to 1h, SI Section S10) including 1a (all g H-6,
26-NH, C-19-C-20, and H-21) and 1h (8 H-6 and 26-NH; a C-19-C-20 and H-21). After

a conformational sampling at the Merck molecular force field (MMFF) level (using both
Spartan and Macromodel), the NMR shifts of all conformers found with a 10 kcal/mol cutoff
for each configuration were computed at the PCM/ mPW1PW91/6-31+G**//B3LYP/6-
31G* level.14 Among all of the isomers, 1h showed the closest match with the experimental
values, demonstrating the smallest CMAE (corrected mean absolute error) values of 1.2 and
0.09 ppm for carbon and proton data, respectively (SI Section S14). Therefore, the DP4+
quantum calculations strongly supported 1h to represent the real structure of fragment |
(>99.9% overall probability), in good agreement with the NOESY correlations observed for
waikikiamide A (1). Connecting the relative configurations of the fragment | and fragment Il
(C-3' position) was, on the contrary, much more difficult given the large separation of both
stereoclusters by a plane aromatic core. Given the challenge to obtain suitable crystals for
X-ray analysis, we computed the NMR shifts of 3'ep/~1h in an attempt to suggest a sound
full stereochemical assignment of 1. As expected, the NMR shifts of 3'ep/-1h were similar to
those computed for 1h, with slightly larger CMAE values (1.26 and 0.093 ppm vs 1.21 and
0.087 ppm, respectively), and DP4+ values favored 1h in moderate probability (80.7%) (SI
Section S16). Hence, the structure including the relative configuration of compound 1 was
proposed, as shown.

To define the absolute configuration of 1, the time-dependent density functional theory-
electronic circular dichroism (TDDFT-ECD) method was applied to the most likely
candidates (1h and 3'epi-1h).1°> The ECD spectra experimentally collected (Figure 3)
showed positive Cotton effects at 225 and 275 nm and a strong negative Cotton effect at
~350 nm. The ECD calculations were carried out with the most stable conformers found for
1h and 3'epi-1h at the B3LYP/6-31G™ level. The Boltzmann-weighted ECD spectra of both
1h candidates matched well with the experimental ECD spectrum (Figure 3), allowing us to
assign the absolute configuration of 1, as shown. The calculated ECD spectrum of 3'ep/-1h
(SI Section S26) was almost identical to that of 1h, suggesting that the ECD spectrum seems
to be governed mainly by the handedness of fragment I. Similar results were obtained at
other levels of theory (including wB97XD and CAM-B3LYP).

Wiaikikiamide B (2) had a molecular formula of C41H3gN3Og (77/2702.2845 [M + H]™,
Calcd for C41H49N30g 702.2810), with one oxygen less than that of 1. The detailed NMR
analysis revealed that 2 was almost the same as 1, except that the oxygen at the 9-position

in 1 was missing in 2. It is also supported by the chemical shift of C-8 (186.5) (SI Sections
S27 and S54).16 I1ts NOESY correlations and CD spectrum were almost the same as those of
1 (SI Sections S50, S56, and S59). Hence, the structure of 2 was determined, as shown.

The HRESIMS data of compound 3 provided a molecular formula of Cg4HgoNgO11
(m/z971.4545 [M + H]*, Calcd for C54Hg3NgO11 917.4549). NMR analyses revealed
that 3 was also composed of two fragments (I and I11). Fragment | was assigned as

the prenylated indole DKP notoamide B, whereas fragment 111 was 12,13-dihydro-13-
hydroxy-12-methoxy-notoamide G (Sl Section S61). There was no HMBC between these
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two fragments, which precluded the connectivity of fragments | and 111 of the molecule.
Suitable crystals (0.16 x 0.10 x 0.08 mm) for an X-ray crystallographic study were obtained
from acetonitrile at room temperature after repeated recrystallization. The final structure
including the connectivity of fragments I and I11, and the absolute configuration of 3

were then unambiguously determined by single-crystal X-ray diffraction (Figure 4, CCDC
1994347) with Flack(x) = 0.02(6), Hooft()) = 0.02(5), p3(true) = 1.000, p3(false) = 0.3 x
10782, and p3(racemic twin) = 0.9 x 10720 using PLATON/ BIJVOETPAIR.17

The structures of known compounds 4 ((+)-semivioxanthin)!® and 5 (notoamide F (21-
methoxy stephacidin A))1° (SI Section S6, CCDC 1994346; 0.18 x 0.12 x 0.10 mm

crystals were obtained from methanol at room temperature) and 6 ((-)-notoamide A)20 were
identified by the comparison of their physical data with the reported values in the literature
and X-ray analysis.

Multiple prenylated indole DKP dimers (e.g., stephacidin B2! and waikialoids A and B22)
as well as the hybrids of DKP and polyketide (e.g., variecolortines A-C23 and versicoamides
F-H24) have been previously reported. To our knowledge, compound 3 was the first DKP
heterodimer with an N-O-C bridge. Furthermore, compounds 1 and 2 represent a rare

class of fungal secondary metabolites, which are hybrids of DKPs and polycyclic aromatic
polyketides.

The biosynthesis of waikikiamides A and B (1 and 2) can be derived from the polyketide
(+)-semivioxanthin (4) and the prenylated indole DKP (+)-avrainvillamide and aspergamide
B, respectively, whereas the coupling of notoamide B and a derivative of notoamide G can
produce compound 3 (Scheme 1). Co-isolation of 4-6 together with the LC/MS detection of
notoamides R and G supported the proposed biosynthetic pathway of waikikiamides. Indeed,
(+)-stephacidin A is a known common biosynthetic intermediate of (+)-avrainvillamide,
aspergamide B, and notoamides?® (Sl Section S4). Furthermore, the genome of Aspergillus
sp. FM242 was sequenced and assembled to provide 36.6 Mbp (395 contigs, 49.1% GC).
The antiSMASH analysis revealed a gene cluster highly similar to the notoamide (0
cluster known in other fungal species and can be responsible for the biosynthesis of multiple
prenylated indole DKPs for the production of waikikiamides.2>-27 It is of note that the N-O-
C bridge in 3 is a unique feature among known dimeric DKPs, and the enzymatic formation
of this bridge remains unstudied. Compared with known notoamide gene clusters,26:27

the cluster identified in this work encodes five additional proteins: WaiAl, WaiAz2,

WaiB, WaiC, and WaiD (Figure 5). Among them, WaiD is predicted to be a benzoate
4-monooxygenase P450, whereas WaiC is an uncharacterized 740-amino-acid protein. The
vast catalytic versatility of P450s28 and the unknown function of WaiC make them potential
candidates for the formation of the N-O-C bridge (Scheme 1). The sequenced genome

also carries eight predicted polyketide synthases but only one nonreducing polyketide
synthase (NVRPKS, SVioA) at a different chromosomal region withthe ot cluster. The

set of SvioA, an O-methyltransferase (SvioM), and a short-chain dehydrogenase/reductase
(SvioC) can synthesize the naphtho-a-pyrone semivioxanthin (4) from one acetyl-CoA

and six malonyl-CoAs, whereas the pathway-specific laccase (SvioL) may fuse 4 with (+)-
avrainvillamide and aspergamide B2° to produce 1 and 2, respectively (Scheme 1, Figure 5).
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SvioL homologues are known to catalyze phenol coupling in the biosynthesis of polyketide
dimers.2®

Compounds 1-6 were evaluated for their antiproliferative activity against four different
types of cancer cell lines, HT1080 (a human fibrosarcoma cell line), PC3 (a human prostatic
tumor cell line), Jurkat (an immortalized T lymphocyte cell line), and A2780 (a human
ovarian cancer cell line) (Table 1). Interestingly, compounds 1 and 3, each with an N-O
bond, were active with ICsq values between 0.56 and 1.86 (M, whereas compound 2 without
an N-O bond and monomers (4-6) were inactive at 20 and 40 ¢M (the highest concentration
tested) for 2 and 4-6, respectively. The more rigid DKP-polyketide hybrid (1) was more
active than the heterodimer of two DKPs (3).

In summary, three novel complex compounds (1-3) were isolated from Aspergillus sp.
FM242 and characterized as either DKP-polyketide hybrids (1 and 2) or a heterodimer of
two DKPs (3). The hybrids of DKP and polyketide (1 and 2) are quite rare secondary
metabolites, and the DKP heterodimer (3) with an N-O-C bridge is unprecedented. Clearly,
to determine the structure of 3 without X-ray analysis was impossible. The discovery of
1-3 expands the chemical diversity of the known DKP scaffolds and furnishes intriguing
templates for synthetic and biosynthetic chemists. Furthermore, 1, a DKP-polyketide hybrid
with a nitrogenated methoxy group, showed the most antiproliferative activity, which

may attract wide attention from cancer biologists, biochemists, medicinal chemists, and
pharmacologists for new anticancer drug discovery and development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structures of compounds 1-3
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Figure 2.
Key COSY correlations (bold, blue) and HMBCs (single-headed, red) of 1. Key NOESY

correlations (double-headed, pink) of 1.
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Figure 3.
Experimental and calculated ECD of 1.

Org Lett. Author manuscript; available in PMC 2022 March 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al.

Page 11

Figure 4.
X-ray crystal structure of 3.
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Semivioxanthin gene cluster

Orf1 SvioM SvioC SvioT SvioR2
Oorf2 SvioL SvioX SvioA SvioR1 Orf3
Notoamide gene cluster WaiA1
Orf1 NotD NotB  Orft’ NotF NotH Nots € WaiB  WaiD
Oorf2 NotC NotA NotE NotG Notl WaiA2 WaiC
Figure 5.

Waikikiamide (wa/) biosynthetic gene cluster derived from the complete sequencing and
bioinformatic mining of the Aspergillus sp. FM 242 genome. The mined war cluster
comprises two separate subclusters, the semivioxanthin (svio) gene cluster (~34 kb,
Genbank accession number: MT457560) and the notoammide (70 gene cluster (~47 kb,
Genbank accession number: MT457561), located at two different chromosomal regions.
The svio cluster (top) contains all genes required for the biosynthesis of semivioxanthin,
and the putative laccase SvioL may catalyze the enzymatic fusion of semivioxanthin and
(+)-avrainvillamide or aspergamide B to produce waikikiamides A and B (1 and 2). A

total of 11 proteins encoded by genes from the not cluster (bottom) share high amino acid
sequence similarities with those of the not cluster from notoamide-producing Aspergillus
sp. MF297-2 and can be responsible for the biosynthesis of notoamides (+)-avrainvillamide
and aspergamide B via the common biosynthetic intermediate (+)-stephacidin A. The not
cluster from Aspergillus sp. FM292 also encodes an uncharacterized protein (WaiC) and
an additional P450 (WaiD), which could be the candidates for the formation of a N-O-C
bridge between (-)-notoamide B and 12,13-dihydro-13-hydroxy-12-methoxy-notoamide G
to produce waikikiamide C (3).
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Scheme 1.
Proposed Biosynthetic Pathways of 1 -3
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Table 1.

Antiproliferative Activity (ICgg) of Compounds 1 and 3 (,uM)a

cell lines 1

HT1080  0.519
PC3 1.855
Jurkat 0.62
A2780S  0.78

3
1.135
1.805
1.79
1.127

taxol
0.0075
0.0136
0.0087
0.0081

a A
Note: all in triplicate.
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