1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Nat Prod. Author manuscript; available in PMC 2018 May 26.

-, HHS Public Access
«

Published in final edited form as:
J Nat Prod. 2017 May 26; 80(5): 1639-1647. doi:10.1021/acs.jnatprod.7b00247.

Antiplasmodial Sesquiterpenoid Lactones from Trichospira
verticillata: Structure Elucidation by Spectroscopic Methods and
Comparison of Experimental and Calculated ECD Data

Yongle DuT, Kirk C. Pearce®, Yumin DaiT, Priscilla Krai*, Seema Dalal*, Maria B.
Cassera$+ll, Michael Goetz+, T. Daniel Crawford®, and David G. I. Kingston™8~

TDepartment of Chemistry, M/C 0212, Virginia Tech, Blacksburg, Virginia 24061, United States

SVirginia Tech Center for Drug Discovery, M/C 0212, Virginia Tech, Blacksburg, Virginia 24061,
United States

*Department of Biochemistry, M/C 0346, Virginia Tech, Blacksburg, Virginia 24061, United States

LNatural Products Discovery Institute, 3805 Old Easton Road, Doylestown, Pennsylvania 18902,
United States

Abstract

A dichloromethane extract of 7richospira verticillata from the Natural Products Discovery Institute
was discovered to have good antiplasmodial activity (ICsq ~5 pg/mL). After purification by liquid-
liquid partition and Cyg reverse phase HPLC, four new germacranolide-type sesquiterpenoid
lactones named trichospirolides A-D (1-4) were isolated. The structures of the new compounds
were elucidated by analysis of their 1D and 2D NMR and MS data. The relative and absolute
configurations were assigned based on a comparison of calculated and experimental ECD and UV
spectra, specific rotations, internuclear distances, and coupling constants for all possible
diastereomers for each compound. Among these four compounds, the conjugated dienone 1
displayed the most potent antiplasmodial activity, with an I1Csq value of 1.5 pM.
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Comparison of experimental (red) and calculated (blue) ECD spectra of 1.

Malaria is a disease caused by infection with one of several species of protozoan parasites of
the Plasmodium genus, usually transmitted by the bite of an infected female Anogpheles
mosquito. It continues to be one of the world’s most devastating diseases, with over 3.2
billion people at risk for contracting the disease, and an estimated 214 million malaria cases
and over 400,000 deaths in 2015.1:2 The first effective antimalarial drug was the natural
product quinine, and the current best drug is the natural product artemisinin,34 usually used
as part of an artemisinin-based combination therapy (ACT).2 However, the malaria parasite
P, falciparum has developed significant resistance to artemisinin in mainland Southeast Asia,
although a 6-day course of treatment, as opposed to the normal 3-day course, is still effective
in most cases.® There is thus a continuing need for the discovery of new and effective
antimalarial drugs, and the fact that arguably the two most important antimalarial drugs are
both plant-derived natural products supports the hypothesis that a search for new
antimalarial agents from plant sources will be fruitful. This paper reports the results of a
study of Trichospira verticillata L. (S. F. Blake) (Asteraceae) for new antiplasmodial agents
as part of collaboration between Virginia Tech and the Natural Products Discovery Institute
(NPDI).”

Extracts from the NPDI library, which contains 22,000 samples from 7,500 plant species,
were screened for antiplasmodial activity. A dichloromethane extract of Trichospira
verticillata (Asteraceae) displayed moderate antiplasmodial activity against the drug resistant
Dd2 strain of A falciparum, with an ICsq value of approximately 5 ug/mL. The Asteraceae
family is a large and widespread family of flowering plants,8 distributed from the polar
regions to the tropics, colonizing a wide variety of habitats.® This family is a rich source of
medically active compounds, such as sesquiterpenes, lactones, flavonoids, and saponins,
which are well-known for their broad range of bioactivities, including antimicrobial,
antioxidant, cytotoxic, and anti-inflammatory activities.10-13 Trichospira verticillatais the
only species in the genus 7richospira, and is found in wetlands and pine savannas in the
Atlantic regions of tropical South America and Cuba.1* The phytochemistry of 7. verticillata
has not previously been investigated, thus, it was selected for bioassay-guided fractionation
to isolate its antiplasmodial components.

RESULTS AND DISCUSSION

Isolation and Structure Elucidation

A CH>Cl, extract of the whole plant of 7. verticillata was subjected to liquid-liquid partition
to afford active hexanes and MeOH fractions, with 1Csq values against the drug-resistant
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Dd2 strain of Plasmodium falciparum of about 3 and 7 pug/mL, respectively. The hexanes
fraction was directly separated by C1g reverse-phase HPLC to yield four novel
germacranolide-type sesquiterpenoid lactones which were named trichospirolides A-D (1-
4). Among these four compounds, the conjugated dienone 1 displayed the most potent
antimalarial activity, with an 1Csq value of 1.5 uM. Herein, we report the structural
elucidation and stereochemical assignment of these four compounds.

Trichospirolide A (1) was isolated as a yellow powder. Its positive ion HRESIMS data
revealed a peak for a protonated molecular ion at /m/z387.1441 and for a sodium adduct ion
at m/z409.1273, both corresponding to a molecular formula of Cy;H2,07. Its IR spectrum
exhibited bands at 1773, 1749, 1723, and 1639 cm™1, indicating the presence of three
conjugated carbonyl groups, including two conjugated esters or lactones. Its UV spectrum,
with absorptions at 298 and 252 nm, was consistent with dienone conjugation. The presence
of an acetyl group was suggested by the 1H NMR signal at &4 2.08 (H-2") and the 13C
NMR signals at &c 170.4 (C-1") and 20.9 (C-2"), and further confirmed by 2-HMBC
cross-peaks between H-2” and C-1”. Similarly, the IH NMR signals at & 6.18 (H-3"a),
5.72 (H-3’b) and 1.96 (H-4") and the 13C NMR signals at &c 165.6 (C-1), 135.2 (C-2"),
127.5 (C-3") and 20.9 (C-4") indicated the presence of a methacryloyloxy group. The
presence of this side group was also corroborated by 3 HMBC cross-peak between H-3"a
and C-1", H-3’b and C-4", H-4" and C-1", and 2-HMBC correlation between H-3"b and
C-2’ (Table 1).

The remaining 15 carbons could be assigned to a germacranolide-type sesquiterpenoid
skeleton by analysis of the 2D NMR spectroscopic data, including H-1H COSY, HSQC,
and HMBC data.1516 |n particular, the presence of the 10-membered germacranolide ring
was established by the HMBC cross-peaks between H-1 and C-3, H-3 and C-5, H-9 and C-1,
H-5 and C-7, and H-8 and C-10. The C-14 and C-15 methyl carbons were assigned to C-10
and C-4, respectively, by observation of HMBC cross-peaks between H-1 and C-14, and H-3
and C-15. Moreover, HMBC cross-peaks between H-13 and C-7, as well as H-13 and the
C-12 ester carbonyl carbon (&c 167.1) suggested the presence of an a,B-unsaturated lactone
moiety located at C-6 (&¢c 147.9) and C-7. The acetoxy and methacryloyloxy substituents
were determined to be attached to C-13 and C-8, respectively, based on the HMBC cross-
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peaks between H-13 and C-1”, and H-8 and C-1" (Figure 1). The carbon-carbon double
bonds in the 10-membered ring were assigned as 1(10).Zand 3£ on the basis of a strong
NOESY correlation between H-1 and Hs-14 and the absence of a strong correlation between
H-3 and Hs-15. Strong correlations were also observed between H-3 and H-8 and between
H-3 and H-9a (Figure 1).

Trichospirolide B (2) was isolated as a yellow powder. Its positive ion HRESIMS revealed a
peak for a protonated molecular ion at m/z405.1561 and for a sodium adduct ion at m/z
427.1389, both corresponding to a molecular formula of Co1H»40g. Its IR spectrum
exhibited an additional absorption at 3430 cm~ as compared with the spectrum of 1,
indicating the presence of a hydroxy group, and this coupled with the difference of 18
Daltons between the molecular weights of 1 and 2 suggested that 2 might be a hydration
product of 1. The UV spectrum of 2 had its longest wavelength absorption at 247 nm,
consistent with an enone function. Hydration of the C-5 double bond in 1 was confirmed by
the shielding of the chemical shifts of C-5 and C-6 from & 119.5 (CH) and 147.9 (C) in 1 to
¢ 80.6 (CH) and 86.3 (CH), respectively, in 2. The 1H and 13C NMR data of 2 (Table 1)
were similar to those of 1 except as noted above, and were fully consistent with its structural
assignment as a hydrate of 1 with the hydroxy group at C-5. This assignment was confirmed
by the HMBC cross-peaks shown in Figure 2.

The carbon-carbon double bonds in the 10-membered ring were assigned as 1(10)Zand 3£
on the basis of NOESY crosspeaks between H-1 and H3-14, and H-3 and H-5, and the
absence of a strong crosspeak between H-3 and Hz-15 (Figure 2). The vicinal coupling
constant 3.]5,6 of 8.8 Hz was consistent with a H5-C5-C6-H6 dihedral angle in the 5° — 25° or
the 130° — 150° range.1’

Trichospirolide C (3) had the molecular formula C»1H540g as determined by HRESIMS.
Inspection of 1H and 13C NMR spectroscopic data of 3 in comparison with those of 2 (Table
1) indicated that 3 was also a germacranolide-type sesquiterpenoid lactone, with a similar
structure to 2. However, the C-3 and C-4 signals were shifted from &c 131.8 (CH) and 138.7
(C)in 2to &¢ 52.9 (CHy) and 56.9 (C) ppm in 3, indicating that the alkene group of 2 was
not present in 3. The absence of an OH stretching frequency in the IR spectrum of 3,
together with the 13C chemical shift of C-4, indicated the presence of an epoxide unit
involving C-4 and C-5.8 The vicinal coupling constant 3 g of 8.3 Hz was consistent with a
H5-C5-C6-H6 dihedral angle in the 5° — 25° or the 130° — 150° range.1” The HMBC and
NOESY cross-peaks of 3 (Figure 3) supported the structural assignment; in particular the
1(10) Zdouble bond configuration was assigned on the basis of the H-1/H3-14 NOESY
cross-peak.

Trichospirolide D (4) was also isolated as a yellow powder. Its HRESIMS data showed
peaks for protonated and sodium adduct molecular ions corresponding to the molecular
formula Cp1H240g. Comparison of 1H and 13C NMR spectroscopic data of 4 with those of 2
(Table 1) indicated that both compounds had the same skeleton, as well as acetoxy and
methacryloyloxy groups. However, the carbon signal for C-2 of 4 was shifted from 194.0
ppm in 2 to 108.6 ppm in 4, accompanied by a shielding of the 1H NMR signals for H-1,
H-3 and H-5, suggesting the conversion of a carbonyl group to a hemiacetal group.1®> HMBC

J Nat Prod. Author manuscript; available in PMC 2018 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Du et al.

Page 5

cross-peaks (Figure 4) confirmed the formation of a five-membered ring, with the oxygen of
the hemiacetal unit connecting C-5 and C-2 (Figure 4). The NOESY correlations of 4
(Figure 4) indicated that both the 1(10) and 3 double bonds were Zconfigured, based on the
H-1/H3-14 and H-3/H3-15 NOESY cross-peaks.

The H5-C5-C6-H6 dihedral angle was estimated to be approximately 35° — 55° or 115° —
135° based on the observed 3J5,6 value of 4.5 Hz. Compound 4 proved to be moderately
unstable, and samples decomposed on storage at —23 °C.

Determination of Relative and Absolute Configurations

Determination of both the relative and absolute configurations of compounds 1 — 4 proved to
be a challenging task because the flexibility of the side chains allowed many different
conformations to contribute to the observed NOESY correlations, ECD and UV spectra, and
specific rotations. We thus elected to address the problem by a direct comparison of
experimental and calculated ECD and UV spectra and specific rotations for all possible
stereoisomers of each compound.

Thus, all possible ring conformations for compounds 1 — 4 were established using chemical
intuition due to the limited number of possible structural variations. Additional conformers
involving fluctuations of the side chains on each ring conformer were generated by
systematically rotating torsions within the side chains to generate diverse low-energy
conformers. This conformational search was conducted for all enantiomerically unique
stereoisomers of compounds 1 — 4, resulting in a total of 2,590 structures to be optimized.
Optimized geometries with relative absolute energies less than 106 Hartree were considered
to be duplicate geometries and were not included in subsequent calculations. Of the 2,590
optimized conformer geometries, 1,100 proved to be unique. Boltzmann populations were
also computed for all 1,100 unique conformer geometries in order to determine individual
contributions to the simulated weighted average spectra and specific rotations. Conformers
with a Boltzmann population < 2% were deemed insignificant and were not included in any
further calculations. Of the 1,100 unique optimized geometries, only 185 had significant
contributions to the weighted average spectra and optical rotations. For each of these
conformers with significant Boltzmann populations, weighted average ECD and UV spectra,
specific rotations, and internuclear distances were calculated for comparison to experimental
data. The specified calculations were conducted for all enantiomerically unique
stereoisomers, yielding the associated weighted average spectra and specific rotations for all
possible stereoisomers.

Although the calculated and experimental data did not always agree completely, the
differences between the data for the assigned structures and those with different
configurations were large enough to give confidence in the correctness of the assigned
structures.

In the case of compound 1 the positive z—* Cotton effect at 248 nm (Aey37 = +19.2) could
not be used to assign the absolute configuration of its single stereocenter directly, since the
simple rules proposed by Uchida and Kuriyame for the circular dichroism of a,5
unsaturated-y-lactones® are not applicable in cases where there is an allylic oxygen
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substituent. Calculations of its ECD and UV spectra and optical rotations were carried out
for the Renantiomer of 1. The weighted average distances between hydrogens for the lowest
energy conformers (Boltzmann population > 2%) of the /R enantiomer were calculated for
comparison with the observed NOESY correlations, and the ECD and UV spectra and
specific rotation were calculated from additional data.

The results of these calculations are shown in Figure 5 and Table 2. The calculated and
experimental ECD spectra for 1 agree reasonably well, although the calculated maxima and
minima are shifted to longer wavelengths as compared with the experimental data; this may
be a result of the extended conjugation in 1. The calculated internuclear distances also agree
well with the observed NOESY signal strengths, giving added assurance to the correctness
of the calculated conformations (Table 2). In a final comparison, the experimental and
calculated specific rotations of 1 (- 360 and —1,141 respectively) agreed with each other in
sign, although not in magnitude. The reason for this can be understood from the UV spectra
shown in Figure 5, which show significantly longer wavelength absorptions than observed
for 2 — 4. The DFT absorption around 367 nm lies close enough to the polarized light
wavelength of 589 nm such that the computed rotation is overestimated. This phenomenon
has been described previously.29 Based on these data the structure of trichospirolide A (1)
was assigned as 1(10).Z,3£,5£,7(12) 248 S)-13-acetoxy-8-methacryloyloxy-2-
oxogermacra-1,3,5,7-tetraen-6,12-olide.

The relative and absolute configurations of 2 were established by comparison of
experimental and calculated ECD and UV spectra (Figure 6). Calculations for 2 were carried
out for its RRR, RSR, SRR, and SSR diastereomers. The calculated ECD and UV spectra for
the RRS diastereomer of 2 gave the best agreement with the experimental data (Figure 6)
and with one exception the calculated internuclear distances also agree well with the
observed NOESY signal strengths (Table 3). The coupling constants for three key dihedral
angles of the RRS enantiomer were also in agreement with this configuration (Table 4),
while the experimental and calculated specific rotations of this diastereomer (- 140 and

— 221 respectively) agreed with each other in sign and reasonably well in magnitude. Based
on these data, trichospirolide B (2) is assigned the structure 1(10).Z,3£,7(11) Z-(5R,6 R,
85)-13-acetoxy-5-hydroxy-8-methacryloyloxy-2-oxogermacra-1(10),3,7(11)-trien-6,12-
olide.

Using the same procedure as above, the distance and energy data of the lowest energy
conformations (Boltzmann population > 2%) of the RRRR, RRSR, RSRR, RSSR, SRRR,
SRSR, SSRR, and SSSR diastereomers of trichosporolide C (3) were used to calculate
weighted average internuclear distances and ECD and UV spectra; the resulting data were
only consistent with the RSSS diastereomer of 3. The experimental and calculated ECD and
UV spectra for this diastereomer are shown in Figure 7, and the calculated key internuclear
distances and NOESY data are shown in Table 5. The calculated internuclear distances agree
reasonably well with the observed NOESY correlations, although two correlations were
observed with greater intensity than would have been expected from the calculated
distances. The 3J5'6 value of 9.3 Hz (Table 6) supports the assigned structure, which has a
calculated dihedral angle of — 24.6 °. The experimental and calculated specific rotations of 3
(- 55.2 and - 58.0 respectively) agreed with each other in sign and in magnitude.
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Trichospirolide C (3) was thus assigned as 1(10).2,7(11) Z-(4R,55,6 5,8 5)-13-acetoxy-4,5-
epoxy-8-methacryloyloxy-2-oxogermacra-1,7-dien-6,12-olide. It is structurally related to
glaucolide E, whose structure was confirmed by X-ray crystallography.2? It differs from
glaucolide E by the configurations of the 1(10) double bond and the 4,5-epoxide, and by
having a carbonyl group at C-2 instead of the acetoxy group of glaucolide E.

The ECD and UV spectra and optical rotation of 4 were calculated for its RRRR, RRSR,
RSRR, RSSR, SRRR, SRSR, SSRR, SSSR diastereomers. In the event only the SSSR
diastereomers gave data consistent with the experimental data (Figure 8). Calculation of the
weighted averages of key internuclear distances and comparison with NOESY data (Table 7)
also supported this assignment, as did the 3.]5,6 value of 5.5 Hz through the calculated H5-
C5-C6-H6 dihedral angle of 54.3 °. The experimental and calculated specific rotations of 4
(- 232.2 and — 280.4 respectively) also agreed with each other in sign and magnitude.

Based on these data, the structure of compound 4 was assigned as 1(10)Z,32,7(11) Z-(25,5S,
65,8 R)-13-acetoxy-2,5-epoxy-2-hydroxy-8- O-methacryloyloxygermacra-1(10),3,7(11)-
trien-6,12-olide, based on the good agreement of the spectroscopic data for this structure
with the calculated data.

It is interesting to note that compounds 1 — 4 belong to two different stereochemical
families, with 1 — 3 and 4 having the (85) and (8 R) configurations, respectively. In many
cases a particular plant produces only one stereochemical series, as appears to be the case
for instance with similar sesquiterpenoid lactones from Eupatorium kiirunense.X®> On the
other hand, the existence of enantiomeric natural products is well documented,?2 and in
particular both the /and Senantiomers of germacrene D are produced by Goldenrod
(Solidago canadensis),?3 hence the production of both (8/4) and (85) isomers by 7.
verticillata is not an unprecedented event.

Biological Activities

All the isolated compounds were tested for antiplasmodial activity against the Dd2 strain of
Plasmodium falciparum and for toxicity to HEK?293 cells. Trichospirolide A (1) showed
moderate antiplasmodial activity, with an 1Cgq value of 1.5 UM, but it also showed similar
toxicity to HEK?293 cells and significant antiproliferative activity to A2780 ovarian cancer
cells. Trichospirolides B-D (2-4) showed weak antiplasmodial activities, with 1Cgq values
of 37.0, 12.1, and 44.3 uM, respectively, and correspondingly weak toxicity to HEK293 cells
(Table 8).

Sesquiterpenoid lactones are a series of well-known compounds, which have been reported
to have various bioactivities, including antiplasmodial, antiproliferative, and antifungal
activities.24-26 Several bioactive germacranolide-type sesquiterpenoid lactones have been
isolated recently, most often from the Asteraceae family.27:28 Previous structure-activity
relationship studies indicated that the a,-unsaturated -y-lactone unit, which could target
cysteine residues in proteins by acting as a Michael acceptor, is important for the bioactivity
of germacranolides.?® This a,B-unsaturated y-lactone unit is present in all four
trichospirolides A-D, but their activities are varied due to modifications in the 10-membered
ring. Trichospirolide A (1, £ falciparum I1Csq 1.49 pM) was 25-fold more potent than
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trichospirolide B, and showed the highest antiplasmodial activity among the four
compounds. Trichospirolide D (4), with an 1Cgq value of 44 uM, displayed the least
antiplasmodial activity, and this may be due to the formation of a hemiacetal accompanied
by the loss of an a,B-unsaturated carbony! unit, since the presence of this system in
germacranolides has been reported to be essential for bioactivity, regardless of the presence
of a a,B-unsaturated y-lactone moiety.30 Moreover, the presence of the 4,5-epoxy group
may be responsible for the fact that trichospirolide C (3, ICsg 12.1 uM) displayed a 3-fold
higher potency to 2. falciparum than that of trichospirolide B (2, ICsq 37.1 pM).31

In spite of the promising antiplasmodial activity of trichospirolide A, it is not likely to be an
antimalarial drug candidate because of its toxicity to mammalian cells, in common with
most other germacranolide-type sesquiterpenoid lactones. Its relatively potent
antiproliferative activity to A2780 ovarian cancer cells, only 10-fold less potent than
paclitaxel, might indicate it to be a potential anticancer lead, but this also is unlikely since its
activity is most probably linked to its a,f-unsaturated carbonyl group acting as a Michael
acceptor.

EXPERIMENTAL SECTION

General Experimental Procedures

Optical rotations were recorded on a JASCO P-2000 polarimeter. UV and IR spectroscopic
data were measured on a Shimadzu UV-1201 spectrophotometer and a MIDAC M-series
FTIR spectrophotometer, respectively. ECD spectra were obtained on a JASCO J-815
spectrometer. NMR spectra were recorded in CDClI3 on Bruker Avance 500 or 600
spectrometers. The chemical shifts are given in & (ppm), and coupling constants () are
reported in Hz. Mass spectra were obtained on an Agilent 6220 LC-TOF-MS in the positive
ion mode.

Antiplasmodial Bioassays

The effect of each fraction and pure compound on parasite growth of the £ falcijparum Dd2
strain was measured in a 72 h growth assay in the presence of drug as described previously
with minor modifications. Briefly, ring stage parasite cultures (200 uL per well, with 1%
hematocrit and 1% parasitemia) were grown for 72 h in the presence of increasing
concentrations of the drug in a 5.05% CO,, 4.93% O, and 90.2% N, gas mixture at 37 °C.
After 72 h in culture, parasite viability was determined by DNA quantitation using SYBR
Green | (50 uL of SYBR Green | in lysis buffer at 0.4 uL of SYBR Green I/mL of lysis
buffer). The half-maximum inhibitory concentration (ICsg) calculation was performed with
GraFit software using nonlinear regression curve fitting. 1Csq values are the average of three
independent determinations with each determination in duplicate and are expressed +
SEM.%2

In vitro Cytotoxicity Against HEK293 Cells

Compounds were evaluated for their cytotoxicity against the HEK293 (Human Embryonic
Kidney) normal cell line. Briefly, 10,000 HEK cells per well were plated in a clear bottom
96 well plate. After allowing the cells to adhere, the media was replaced with 100 pL of
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media containing varying amounts of the test compound and incubated for 24 hours. Later,
10 pL of resazurin sodium salt (Sigma) at 0.125 mg/mL was added to each well and
incubated for 2 h. Cell viability was determined by measuring the fluorescence at 585 nm
after excitation at 540 nm.

In vitro Antiproliferative Activity Against A2780 Cells

The A2780 ovarian cancer cell line antiproliferative bioassay was performed at Virginia
Tech as previously reported.33:34 The A2780 cell line is a drug-sensitive ovarian cancer cell
line.3% Paclitaxel was used as the positive control.

Plant Material

Whole plant specimens of 7richospira verticillata L. (S.F. Blake) were collected by
Alexander Rodriguez alongside the main road in La Lagartera, Los Chiles, Alajuela
Province, Costa Rica under the auspices of the National Biodiversity Institute of Costa Rica
(INBIO). A herbarium sample is on deposit at this Institute under the accession number
ARO03477.

Extraction and Isolation

The dried and powdered whole plant of 7. verticillata (731 g) was exhaustively extracted
with EtOH in two 24-hour percolation steps; successive partition of the concentrated extract
with hexanes and DCM gave an active DCM extract (about 10 g). For purposes of
fractionation and purification, 0.517 g of the DCM extract designated 39114-5H was
shipped to Virginia Tech for bioassay-guided isolation. A 0.35 g sample of 39114-5H (ICsg
~5 pg/mL) was suspended in aqueous MeOH [MeOH-H,0 (9:1), 100 mL], and extracted
with hexane (3 x 100 mL portions). The hexanes fraction was evaporated in vacuo to afford
85 mg of material with ICsg 2.5~5 pug/mL. The remaining aqueous MeOH fraction was
centrifuged to give a supernatant (270 mg) with an 1Cgq value of >10 ug/mL.

The hexanes fraction was directly applied on C1g HPLC, and eluted by 40 to 80% MeCN in
H,0 gradient in 60 min to yield compound 2 (6.3 mg), compound 4 (4.3 mg), compound 3
(5.2 mg) and compound 1 (4.7 mg), with retention times of 19.5, 26.5, 31.5 and 34.7
minutes, respectively.

Trichospirolide A (1): yellow powder; [a]p?! —360.3 (¢ 7.16x1074 g/mL, MeOH); UV (c
0.030 MM, MeOH) A nax (€) 298 nm (9464) 252 nm (13939); IR vy 2930, 1773,
1749,1723, 1639, 1231, 1149, 1030 cm™L; ECD (c 0.030 mM, MeOH) Aeygs —14.3, Aeyyg
+19.2; HRESIMS m/z409.1273 [M+Na]* (calcd. for Co1H»,NaO7*, 409.1258) and
387.1441 [M+H]"* (calcd. for Co1Ho30-*, 387.1438); 'H NMR (500 MHz, CDCl3) and 13C
NMR (125 MHz, CDCly), see Table 1.

Trichospirolide B (2): yellow powder; [a]p?! —140.1 (c 3.14x10~* g/mL, MeOH); UV (c
0.034 MM, MeOH) Amax (€) 247 nm (7353); IR vmax 3430, 2930, 1767, 1723, 1639, 1231,
1153 cm~1; ECD (c 0.034 mM, MeOH) Aegss 4.2, Aegsr +3.7, Aeggr —13.2; HRESIMS
m/z 427.1389 [M+Na]* (calcd for Co1H4NaOg*, 427.1363) and 405.1561 [M+H]* (calcd

J Nat Prod. Author manuscript; available in PMC 2018 May 26.
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for Co1Hy50g", 405.1544); 1H NMR (500 MHz, CDCl5) and 13C NMR (125 MHz, CDCls),
see Table 1.

Trichospirolide C (3): yellow powder; [a]p?! —55.2 (¢ 5.62x1074 g/mL, MeOH); UV (c
0.030 MM, MeOH) A max (€) 229 nm (13134); IR vmax 2930, 1773, 1749, 1723, 1689, 1233,
1153 cm™1; ECD (c 0.030 mM, MeOH) Aejy4 +10.1; HRESIMS /7 427.1367 [M+Na]*
(caled. for Co1Hy4NaOg*, 427.1363) and 405.1540 [M+H ]* (calcd. for Cy1Ho508",
405.1544); 'H NMR (500 MHz, CDClI3) and 13C NMR (125 MHz, CDCls), see Table 1.

Trichospirolide D (4): yellow powder; [a]p?! —232.3 (¢ 3.1x107# g/mL, MeOH); UV (c
0.030 MM, MeOH) Amax (€) 234 nm (4227); IR vmax 3427, 2930, 1767, 1721, 1233, 1154,
1041 cm™L; ECD (c 0.030 mM, MeOH) Aegs; —3.4, Aepq7 +14.0; HRESIMS /m/z427.1360
[M+Na]* (calcd. for Co1H24NaOg™, 427.1363) and 405.1554 [M+H]* (calcd. for
Cy1H250g™, 405.1544); 1H NMR (500 MHz, CDCl3) and 13C NMR (125 MHz, CDCls), see
Table 1.

Computational Details

Conformational searches involving fluctuations of the side chains on each ring conformer
were generated using the Open Babel software3® in conjunction with the MMFF94 force
field3” and the Confab systematic rotor conformer generator.38 An energy cutoff was
employed such that all diverse side chain conformers with a relative energy < 10 kcal/mol
were kept. Geometries were optimized at the DFT/B3LYP/6-31G* level of theory39-42
within a MeOH solvent simulated using the polarizable continuum model (PCM).43
Harmonic vibrational frequencies were also computed at the same level of theory to ensure
that no imaginary values were present, thus confirming that all of the structures were minima
on their respective potential energy surfaces. Thermal Gibbs free energies were obtained
using partition functions computed within the harmonic oscillator/rigid rotor
approximations,*4:45 permitting the calculation of room temperature equilibrium Boltzmann
populations. Excitation energies, rotatory strengths, and oscillator strengths for each
transition (in the velocity representation) were calculated for the first 40 electronic states at
the TDDFT/B3LYP/aug-cc-pVDZ level of theory,39:41.4246:47 again including the PCM
description of the MeOH solvent. All quantum chemical calculations were performed using
the Gaussian 09 electronic structure package.*® The ECD spectra were subsequently
simulated by overlapping Gaussian functions for each transition according to*?

o 1 . (0—10a) | 2
A= 5396 x 10 \/EUXH:VO“RO“GXP {_{ o } }

where o is defined as half the bandwidth at 1/e peak height, and vy, and R, are the
excitation energy (in wavenumbers) and rotatory strength for transition 0 — &, respectively.
The o value is an empirical parameter, and we chose a value of 0.40 eV in agreement with
the resolution of the experimental ECD bandwidths. The UV spectra were simulated by
overlapping Gaussian functions for each transition according to

J Nat Prod. Author manuscript; available in PMC 2018 May 26.
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AE(D):(1.3062974 X 108)2‘72‘CXp {{ (0—00a) }2]

o g

where o is defined as half the bandwidth at 1/e peak height, and vy, and £;are the excitation
energy (in wavenumbers) and oscillator strength for transition 0 — &, respectively. The o
value is an empirical parameter, and we chose a value of 0.40 eV in agreement with the
resolution of the experimental UV bandwidths.

Individual proton distances were calculated and averaged (using the Boltzmann populations
above) to permit comparison with experimental NOESY data. In the case of methyl
hydrogens, simple averages of the three individual Boltzmann averaged distances are
reported.

Relative thermal Gibbs free energies and associated room temperature equilibrium
Boltzmann populations of all unique conformers as well as weighted average ECD and UV
spectra for all possible stereoisomers are included in Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
HMBC (red) and NOESY (blue) correlations for 1
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Figure 2.
HMBC (red) and NOESY (blue) correlations for 2
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Figure 3.
HMBC (red) and NOESY (blue) correlations for 3
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Figure 4.
HMBC (red) and NOESY (blue) correlations for 4
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Table 2

Calculated Internuclear Distances and NOESY Signal Strength for 14

Proton Pair

Weighted average distance (A)

NOESY intensity

H5-H15
H3-H9%
H3-H8

H1-H14
H8-H15

3.19
1.94
2.65
3.01
3.85

aSee Sl for details of calculations.
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Table 3

Calculated Internuclear Distances and NOESY Signal Strength for 24

Proton Pair  Weighted average distance (A)

NOESY intensity

H3-H9% 2.16
H3-H9b 3.86
H3-H5 3.71
H3-H8 3.26
H1-H14 3.02
H3'b-H4’ 3.15
H6-H15 4.72
H6-H8 3.35
H8-H15 3.01
H5-H15 2.93

a . .
See S| for details of calculations.
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Table 4
Calculated Dihedral Angles and +values for 22
Dihedral Weighted average dihedral angle  Observed J value
H5-C5-C6-H6 -164.3 8.8
H8-C8-C9-H9%a -88.6 0
H8-C8-C9-H9b 156.9 8.0

a, . .
See Sl for details of calculations.
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Table 5

Calculated Internuclear Distances and NOESY Signal Strength for 34

Proton Pair

Weighted average distance (A)

NOESY Intensity

H1-H14
H1-H3a
H1-H3b
H8-H15
H6-H15
H3a-H15
H3b-H5

3.03
3.65
3.81
4.65
4.44
3.16
3.81

a . .
See S| for details of calculations.
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Table 6
Calculated Dihedral Angle and Jvalue for 34
Dihedral Weighted average dihedral angle  Observed J value
H5-C5-C6-H6 -24.6 9.3

aSee Sl for details of calculations.
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Table 7

Calculated Internuclear Distances and NOESY Signal Strength for 44

Proton Pair

Weighted average distance (A)

NOESY Intensity

H1-H14
H3'b-H4’
H3-H15
H3-H9%
H5-H15

3.03
3.15
3.32
4.99
3.35

aSee Sl for details of calculations.
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