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the Selective TACR2 Antagonist Tumonolide and its
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The macrocyclic tumonolide (1) with enamide functionality and
the linear tumonolide aldehyde (2) are new interconverting
natural products from a marine cyanobacterium with a peptide-
polyketide skeleton, representing a hybrid of apratoxins and
palmyrolides or laingolides. The planar structures were estab-
lished by NMR and mass spectrometry. The relative config-
uration of the stereogenically-rich apratoxin-like polyketide
portion was determined using J-based configuration analysis.
The absolute configuration of tumonolide (1) was determined
by chiral analysis of the amino acid units and computational
methods, followed by NMR chemical shift and ECD spectrum
prediction, indicating all-R configuration for the polyketide

portion, as in palmyrolide A and contrary to the all-S
configuration in apratoxins. Functional screening against a
panel of 168 GPCR targets revealed tumonolide (1) as a
selective antagonist of TACR2 with an IC50 of 7.0 μM, closely
correlating with binding affinity. Molecular docking studies
established the binding mode and rationalized the selectivity
for TACR2 over TACR1 and TACR3. RNA sequencing upon
treatment of HCT116 colorectal cancer cells demonstrated
activation of the pulmonary fibrosis idiopathic signaling path-
way and the insulin secretion signaling pathway at 20 μM,
indicating its potential to modulate these pathways.

Introduction

Marine cyanobacteria have proven to be a rich source of
bioactive natural products that can be used as therapeutic
leads.[1,2] Cyanobacterial natural products display a wide range
of specific pharmacology, targeting ion channels, enzymes such
as proteases, cytoskeletal proteins, GPCRs (G-protein coupled
receptors) and many others.[3] For example, palmyrolide A is a
N-methyl enamide macrolide that acts as an ion channel

inhibitor (Figure 1).[4–7] Laingolides are closely related, differing
by the macrocycle size, substitution patterns, and configura-
tions of the stereocenters (Figure 1). Palmyrolide A was shown
to inhibit calcium oscillations in murine cerebrocortical neurons
and block sodium channels.[7] Apratoxins are a family of potent
cytotoxic agents that inhibit cotranslational translocation by
targeting the Sec61 in the endoplasmic reticulum.[8,9] Structure-
activity relationship (SAR) analysis indicated several crucial
elements with the C33-C43 chain being one of the key units in
the activity of the compounds (Figure 1).[10–14] Furthermore, the
S,S,S,S configuration of the C33-C43 unit, as well as the C-37
methyl group were proven to be crucial for its activity.[12,15–17]

Here we isolated a new macrocyclic natural product, tumono-
lide (1), which contains a similar C9 unit as in apratoxin C but
opposite configuration of all stereocenters, like in palmyrolide A
(Figure 1).[7,13,18,19] Both compounds feature the N-Me enamide
functionality, while tumonolide additionally features two amino
acids (Figure 1). Functionally, all three compound classes are
distinct, having different molecular targets. We have shown that
tumonolide selectively targets the GPCR tachykinin receptor 2
(TACR2) and represents a new structural class of TACR2
antagonists.

GPCRs are the largest family of membrane receptors and
prime targets for drug discovery due to their involvement in
various physiological functions and diseases, being the target of
40% of all approved drugs.[20–22] Currently 134 GPCR’s are
targets of FDA approved drugs.[21] Although previously under-
represented, there is a growing list of GPCR-targeting marine
natural products from cyanobacteria with differential selectivity
profiles.[23] Cyanobacterial compounds can be selective GPCR
antagonists such as brintonamides (CCR10, OXTR, SSTR3,

[a] Dr. S. Kokkaliari, Dr. G. Seabra, Prof. H. Luesch
Department of Medicinal Chemistry and Center for Natural Products, Drug
Discovery and Development (CNPD3)
University of Florida
1345 Center Drive, Gainesville, Florida 32610, United States
E-mail: luesch@cop.ufl.edu

[b] Prof. L. Grauso
Dipartimento di Agraria
Università degli Studi di Napoli Federico II
80055 Portici, Napoli (Italy)

[c] Prof. A. Mangoni
Dipartimento di Farmacia
Università degli Studi di Napoli Federico II
80131 Napoli, Italy

[d] Dr. V. J. Paul
Smithsonian Marine Station at Ft. Pierce
701 Seaway Drive, Ft. Pierce, Florida 34949, United States

Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202401393

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Wiley VCH Dienstag, 03.09.2024

2450 / 359894 [S. 37/52] 1

Chem. Eur. J. 2024, 30, e202401393 (1 of 16) © 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Chemistry—A European Journal 

www.chemeurj.org

Research Article
doi.org/10.1002/chem.202401393

http://orcid.org/0000-0002-4091-7492
https://doi.org/10.1002/chem.202401393
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202401393&domain=pdf&date_stamp=2024-07-18


TACR2) or GPCR agonists such as amantamide (CXCR7).[23,24] One
of the largest neuropeptide families described in animals, from
lower invertebrates to mammals, are the tachykinins which
target three GPCRs, the tachykinin receptors (TACR1/NK1R,
TACR2/NK2R and TACR3/NK3R).[25–27] The tachykinin receptors
are seven-transmembrane-helix receptors belonging to the
rhodopsin-like GPCRs (family 1), and all share the same
structural unit.[28] The tachykinins share a common C-terminal
and show differential affinity, but not selectivity, for the three
receptors (Substance P (SP) for TACR1, Neurokinin A (NKA) for
TACR2 and Neurokinin B (NKB) for TACR3). The receptors are
located in various tissues such as the gastrointestinal tract and
smooth muscles of the respiratory system, with TACR3 being
located in the peripheral tissues, while the other two are found
in both the peripheral and nervous system.[27,29] A TACR1
antagonist, aprepitant, has been approved for chemotherapy
induced nausea and vomiting and postoperative nausea and
vomiting. TACR2 receptor antagonists are involved in various
diseases such as asthma, anxiety and irritable bowel syndrome
and have the potential of being used as therapeutics.[30–32]

Various TACR2 antagonists have advanced to clinical trials
including saredutant, which was evaluated in Phase III studies
for major depressive disorders (MDD) and generalized anxiety
disorder (GAD). Their development was dropped after comple-
tion of the trial and ibodutant, that reached Phase III for irritable
bowel syndrome (IBS), was terminated for not showing efficacy
in primary and secondary endpoints.[33,34] These compounds
showed selectivity for TACR2 compared to TACR1 and TACR3.
The widespread distribution of the receptor and its involvement
in various diseases indicates the importance of identifying
selective antagonists with different scaffolds to further inves-
tigate the role of TACR2. In contrast to tumonolide, the
structures of the existing selective TACR2 antagonists have
common features such as substituted aromatic and indole rings
(Figure S1).[33]

We isolated the TACR2 antagonist tumonolide (1) along
with tumonolide aldehyde (2) from a cyanobacterium collected
in Tumon Bay, Guam in 2016 and 2023. Tumonolide aldehyde
(2) is the linearized form. Due to the aldehyde’s poor stability,
compound 2 could not be subjected to biological testing
(Figure S19).

Results and Discussion

Isolation and Planar Structure Elucidation

The marine cyanobacterium VPG16-37 and a recollection of it
(VPG23-95) were collected in Tumon Bay, Guam. The freeze-
dried sample was extracted with EtOAc:MeOH (1 :1), and the
extract subjected to solvent-solvent partition, silica gel chroma-
tography and reversed phase HPLC, yielding tumonolide (1)
and tumonolide aldehyde (2).

Tumonolide (1) was isolated as a yellow amorphous solid
with a molecular formula of C32H57N3O6 ([M+H]+580.4294,
calcd. for C32H58N3O6, 580.4321) as determined by HRESIMS.
Prominent features of the 1D NMR showed the presence of
three N-Me groups (δH/C 2.75/30.5, 2.90/30.6, 3.06/30.0), one
methoxy group (δH/C 3.37/57.1) and a double bond with a
disubstituted carbon-carbon double bond (δH/C 4.88/110.1, 6.74/
130.7). COSY analysis suggested the presence of four spin
systems, including two N-Me amino acid units, N-Me-Val and N-
Me-Leu (Table 1, Figure 2). For N-Me-Leu, H-2 (δH 4.97) showed
a COSY correlation to H-3 (δH 1.88, 1.57), which in turn showed
a COSY correlation to H-4 (δH 1.54) and that to H-5 (δH 1.05) and
H-6 (δH 0.96) (Figure 2). The adjacent N-Me-Val was established
from the COSY correlations of H-9 (δH 5.09) to H-10 (δH 2.41) and
of that to H-11 (δH 0.86) and H-12 (δH 0.76).

The third unit was determined as a tetrasubstituted
(dioxygenated and dimethylated) nonanoic acid moiety based

Figure 1. Structure of tumonolide (1) and tumonolide aldehyde (2), apratoxins A and C, laingolide, laingolide A and B, palmyrolide A and palmyrolide A
aldehyde and bouillonamide.
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on COSY analysis (Table 1, Figure 2). The position of the C-31
methoxy group (δH 3.37/δC 57.1) was established based on
HMBC to the oxygenated carbon C-23 (δC 76.6). HMBC
correlations from H-22 to C-21, coupled with chemical shift
data, indicated the presence of the carbonyl C-21.

The fourth unit was established to be an unsaturated C6
unit with a terminal polarized double bond. COSY correlations
were observed for H-15 (δH 2.24, 2.15) to H-16 (δH 1.72) and H-
16 to H-17 (δH 2.41, 1.88). The unit was further extended from
the COSY correlation of H-17 to H-18 (δH 4.88) and of H-18 to H-
19 (δH 6.74), indicative of a nitrogenated double bond (enamine)
with trans configuration (JH� 18/H� 19=13.9 Hz), accounting for the
third nitrogen that had to be present based on the odd
molecular weight. The third nitrogen was also methylated (δH
3.06/δC 30.0), and positioning was supported by HMBC
correlations to C-19 (δC 130.7). HMBC correlations from H-15 to
C-14 established the carbonyl functionality.

The four units were readily connected by HMBC analysis.
The amino acid units were linked via an amide bond through
the C terminus of N-Me-Val based on HMBC correlations of H-7
(δH 2.75) to C-2 (δC 58.6) and C-8 (δC 170.3) and of H-9 to C-8
(Figure 2, Table 1). The carbonyl of the enamine-containing
hexenoic acid unit was positioned adjacent to the N-Me-Val
based on the HMBC correlations from H3-13 (δH 2.90) to C-14 (δC
173.3). The enamide was proposed based on HMBC correlations
of H-20 (δH 3.06) to C-21 (δC 169.1) and C-19 (δC 130.1),
supported by the HMBC from H-22 to C-21. The ring closure
was established from the HMBC correlation of H-27 and H-2 to
C-1 (δC 170.7), fulfilling the molecular formula requirement and
completing the planar structure of (1).

Tumonolide aldehyde (2) was isolated as a colorless oil with
a molecular formula of C32H59N3O7 ([M+H]+598.4410, calcd. for
C32H60N3O7 598.4431) as determined by HRESIMS, indicating an
additional oxygen compared with 1. The 1H NMR showed
similarities to that of 1, but lacked the presence of the double
bond and instead featured aldehyde signals (δH 9.78/δC 202.2).
The compound had to be linear to fulfill the five degrees of
unsaturation (Table 1, Figure 3). The two amino acids were
determined as N-Me-Leu and N-Me-Val using COSY and HMBC
correlations. The units were connected from the HMBC
correlations of H-7 (δH 2.99) to C-2 (δC 54.3) and C-8 (δC 171.2)
and of H-9 to C-8 to form the dipeptide as in 1. The
tetrasubstituted nonanoic unit was also present in 1, supported
by COSY and HMBC analysis (Figure 3, Table 1). However, COSYTa
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Figure 2. Key COSY (bold) and HMBC (arrows) data for tumonolide (1).
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correlation of H-20 (δH 2.81) to the broad singlet of the 20-NH
(δH 6.34) indicated the presence of a secondary amide in 2. The
fourth unit was established as a carboxylic acid aldehyde based
on COSY correlations and HMBC correlations of H-15 to C-16 (δC
24.3) and C-17 (δC 21.5) due to the overlap of H-16 and H-17 (δH
1.71). The unit was further extended from the COSY correlation
of H-17 to H-18 (δH 2.47) and of H-18 to the aldehyde H-19 (δH
9.78). This unit was positioned next to the N-Me-Val based on
the HMBC correlations of H-13 (δH 2.93) and H-16 to C-14 (δC
173.0). Compound 2 appeared to be the ring-opened form of 1
(Figures 1 and 3).

Tumonolide aldehyde (2) is the linear aldehyde of 1. There
has been one previous report of a similar aldehyde, palmyrolide
A aldehyde, which was the synthetic byproduct of the
hydrolysis of palmyrolide A, as well as an intermediate in its
total synthesis.[7,19] However, we isolated both compounds from
the cyanobacterial extracts, suggesting that the aldehyde is also
a natural product. Furthermore, monitoring of the 1H NMR of
the two-compound mixture, suggested that 2 slowly converts
in solution into 1, indicating that the configurations of all
stereogenic centers are the same (Figure S19). Ring opening of
1 can be achieved under basic conditions, after treatment with
1 M LiOH for 72 h (Figure S20).

Relative and Absolute Stereochemical Determination

The configurational assignment for the five stereocenters was
made for 1. The absolute configurations of the two amino acids
units were determined using acid hydrolysis followed by chiral
HPLC-MS analysis. Both N-Me-Val and N-Me-Leu were found to
possess L configuration (both S). As mentioned above, H-18 and
H-19 of the enamide unit were determined to be a part of a
trans double bond system, based on their JH,H coupling constant
(J=13.9 Hz). The C-8/N and C-21/N amide bonds were estab-
lished as cis, based on the NOE correlations of H-2 and H-9 and
H-19 and H-22 respectively, while the C-14/N amide was trans
based on the NOE correlations of H-13 to H-15. The relative
configuration of the substituted nonanoic acid unit was
established using Murata’s J based analysis of two- and three-
bond proton-carbon and vicinal proton-proton coupling
constants.[35,36] This type of analysis was initially developed for
acyclic compounds but has since been utilized in macrocycles
and cyclic compounds.[10,36,37] The values were obtained using 1H

NMR and 1D TOCSY for the 3JH,H coupling constants, HETLOC
and HSQMBC experiments for the 2,3JC,H (Figure 4). Due to the
presence of only 1,3-methine systems, all conformers could be
distinguished based on the 2,3JC,H and

3JH,H values. Two medium
values were observed, one for the C22-C23 system and one for
the C26-C27 system. As a result, the possibility of rotamers was
considered, but was eliminated due to the other values of the
same system not being medium as expected from the model
(Figure 4A).[36] The 2D NOESY data were in agreement with the
proposed conformation (Figure 4B). The relative configuration
of the unit was therefore established as either 23S,25S,27S or
23R,25R,27R. Apratoxin A and its analogues have all S config-
uration, which is crucial for the activity of the compound and is
conserved among the members of the family.[10] On the
contrary, the laingolides and palmyrolide A, which share a
similar unit adjacent to the N-Me enamide, have different
configurations, with the oxygenated methine bearing the t-Bu
unit being R. The methyl-bearing methine in the 1,3-dimethine
system is R for palmyrolide A and S for laingolide A (Figure 1),
indicating potentially different specificities within the biosyn-
thetic pathways for the two compounds, as well as for
apratoxins.

To determine the absolute configuration of the unit, we
attempted to hydrolyze 1 using conventional base hydrolysis
methods, such as 1 M NaOH, LiOH and NaOMe/MeOH, in order
to use the newly formed 27-OH for Mosher’s analysis. The
reaction yielded no product with NaOH and LiOH, and resulted
in the generation of multiple diastereomers using NaOMe/
MeOH by LCMS prior to the opening of the lactone ring. Acid
hydrolysis resulted in degradation of the unit.

Therefore, a computational approach was utilized to
determine the absolute configuration of the three remaining
centers.

A quantum mechanical study of the alternative stereo-
isomers 23R,25R,27R-1 and 23S,25S,27S-1 was performed aimed
at predicting their respective NMR, UV and ECD spectra. The
most critical part of this computational study was the conforma-
tional search, which is described in detail below.

Following an established protocol, the conformational
search was performed using molecular dynamics (MD) in the
CVFF force field using the InsightII/Discover suite.[38] A 250-ns
MD at 600 K generated thousands of different conformers for
each stereoisomer, and several hundred of them were within
6 kcal/mol from the lowest energy conformer. Most of these
conformers did not match the conformational features de-
scribed above, i. e. the conformation of the amide bonds and
the gtttg (gauche/trans/trans/trans/gauche) conformation of the
C-21/C-28 segment determined by application of the Murata
method. Moreover, the best conformer that matched NMR-
determined conformational features (hereafter “NMR-compliant
conformers”) was over 3 kcal/mol higher in energy than the
lowest-energy conformer. The conformers were then re-opti-
mized in the MMFF94 force field, but again the NMR-compliant
conformers were not among the lowest-energy conformers,
although we retrospectively found that MMFF94 energies
correlated better than CVFF energies with quantum mechanical
energies.[39]

Figure 3. Key COSY (bold) and HMBC (arrows) data for tumonolide aldehyde
(2).
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Because evaluation of relative energy of conformers in an
empirical force field can be highly inaccurate, we decided to re-
examine selected low-energy conformers at the quantum
mechanical level.[40] Therefore, we selected all the NMR-
compliant conformers, the 30 lowest-energy conformers in the
CVFF force field, and the 30 lowest-energy conformers in the
MMFF94 force field, and optimized all of them using Gaussian
16 at the B3LYP/6-31G(d) level of theory.[41] The energies of the
NMR-compliant conformers were still higher than those of other
conformers, but to a lesser degree (0.76 Kcal/mol for the best
NMR-compliant conformer). Finally, we used the higher B3LYP/
6-311G+ (d,p) level of theory with the SMD solvation model to
re-evaluate the energy of the optimized conformers, and found
the lowest-energy conformers were all NMR-compliant
conformers.[42]

Therefore, the conformational search protocol was defined
as follows: 250-ns dynamics at 600 K in the CVFF force field; re-
optimization in the MMFF94 force field; selection of NMR-
compliant conformers; re-optimization at the B3LYP/6-31G(d)
level; energy evaluation at the B3LYP/6-311G+ (d,p)/SMD. To
achieve a comprehensive search, we applied this search
protocol repeatedly for each stereoisomer, until no new low-
energy, NMR-compliant conformers was found. This identified 9
conformers for RRR-1 and 7 conformers for SSS-1 with

population >1%, which were used for all the subsequent
calculations. The conformers were all similar, with differences
limited to the position of the side chain isopropyl and isobutyl
groups and in the conformation of the three-methylene chain
C-15/C-17 (Figure 5A).

Prediction of 1H and 13C NMR chemical shifts was performed
at the mPW1PW91/6-311+G(d,p)/PCM(CHCl3) level for applica-
tion of the DP4+ statistical analysis, and at the mPW1PW91/6-
311+G(2d,p)/SMD(CHCl3) level to allow the use of the pre-
calculated scaling factors available in the literature for chemical
shift calculation.[43,44] DP4+ statistical analysis showed a good,
but not excellent, overall preference for RRR-1 (89.73%),
although some of the terms of the DP4+ statistics (particularly
the unscaled 1H chemical shifts) favored SSS-1 (Figure S22). The
error of 13C chemical shifts calculated according to ref. [39] was
comparable (RMSD was 1.89 ppm for RRR-1 and 1.90 ppm for
SSS-1) while the error of calculated 1H chemical shifts was
remarkably better for RRR-1 (RMSD was 0.123 ppm vs.
0.151 ppm), again suggesting RRR-1 as the correct structure
(Tables S2–S3 and Figure S23).

Overall, prediction of NMR chemical shift provided strong
suggestion, but not clearcut demonstration of the correct
stereoisomer. This was not surprising, because comparison of
the lowest energy conformation of RRR-1 and SSS-1 showed

Figure 4. A) 3JH,H,
2,3JC,H values that resulted in determining the relative configuration of the C21-C32 unit of tumonolide (1). The magnitude of the coupling

constants was determined as small (S), medium (M) and large (L), B) NOE correlations for the tumonolide (1) polyketide unit (C22-C32), indicating the J-based
analysis matches the NOE data. Hh and Hl indicate the diastereotopic methylene protons observed at higher and lower field, respectively.
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that the C-1/C-15 segments of the molecules are almost
superimposable, whereas the C-17/C-29 segments are almost
enantiomeric (Figure 5B and 5 C). In both segments, therefore,
chemical shifts and coupling constants of RRR-1 and SSS-1 are
expected to be very similar, making it difficult to discriminate
between the two molecules.

Fortunately, clearcut NMR evidence for the 23R,25R,27R
configuration of 1 was found in the intense NOESY correlation
between H3-7 (δH 2.75) and H3-29 (δH 0.88), which could be
interpreted with confidence thanks to the detailed knowledge
acquired about the conformational behavior of RRR-1 and SSS-
1. These methyl groups are very close to each other (the
distance between the closest protons is <2.5 Å) in 6 out of the
9 conformers of RRR-1, which together account for 93.7% of
population (Figure 6). In contrast, owing to the inverted
configuration at C-27, these methyl groups are far from each
other (the distance between the closest protons is >4.5 Å) in all
the low-energy conformers of SSS-1.

Prediction of the ECD spectrum of 1 confirmed the relative
configuration determined from NMR data as well as the
absolute configuration determined by chemical shift prediction

Figure 5. A) Differences between conformers are the positions of the isopropyl and isobutyl side chains and the conformation of the three-methylene chain C-
15/C-17. B) Overlay of RRR-1 (blue) and SSS-1 (red) (respective lowest energy conformers). The C-1/C-15 segments of the molecules are almost exactly
superimposable. C) Overlay of RRR-1 (blue) and the mirror image of SSS-1 (red) (respective lowest energy conformers). The C-17/C-32 segments are almost
exactly superimposable, and therefore they are enantiomeric in RRR-1 and SSS-1.

Figure 6. The lowest energy conformer of RRR-1 showing the diagnostic
NOESY correlation between H3-7 and H3-29, which are too far from each
other in any low-energy conformer of SSS-1.
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and NOE analysis. The UV and ECD transitions of RRR-1 and SSS-
1 were calculated at the B3LYP/TZVP/PCM(MeOH) level, and the
UV and ECD spectra of individual conformers were obtained
using the program SpecDis. Finally, the Boltzmann average of
the UV and ECD spectra of individual conformers (Figure S24)
yielded the predicted UV and ECD spectra. The predicted ECD
spectrum of RRR-1 was very similar to the experimental ECD
spectrum of tumonolide (1), whereas neither the predicted ECD
spectrum of SSS-1 nor its mirror image matched the exper-
imental spectrum (Figure 7).

Biological Evaluation

Due to the large number of drugs targeting the GPCR family,
tumonolide (1) was profiled against a GPCR panel using the β-

arrestin functional assay (Figures 8A,B) at a single concentration
(20 μM) in duplicate.[21] Screening against 168 targets revealed
three primary hits in antagonist mode (>70% inhibition) and
no hit in the agonist mode. The activity of 1 against the three
targets, TACR2, CNR2 and NPSR1b, was further evaluated by
dose-response analysis. The compound showed an IC50 of
7.0 μM against TACR2, but activity against the other two targets
was significantly lower, with IC50 values of 20.0 μM against
NPSR1b and 35.0 μM against CNR2 (Figure 8C, Table 2). Further-
more, from the initial screening it was determined that 1
showed high selectivity for TACR2 compared to the other
members of the tachykinin family of receptors showing over 10-
fold selectivity over TACR1 and TACR3 (IC50 for TACR1>100 μM
and IC50 for TACR3�98.6 μM) (Figure 8D), indicating a remark-
able selectivity to discriminate among family members.

TACR2 is one of the GPCRs that activate a phosphatidylino-
sitol-calcium second messenger system.[45] Stimulation of the
tachykinin receptors leads to elevation of intracellular calcium
through different pathways. The natural ligands, neurokinins,
can activate phospholipase C by binding to the Gi (decreases
cAMP) and Gs (increases cAMP) subunits of the receptors.
Inositol (1,4,5)-trisphosphate (IP3), which can increase the
cytosolic calcium concentration, is the product of the hydrolysis
of phosphatidylinositol 4,5-biphosphate by phospholipase C.[46]

We tested 1 in a TACR2 mobilization assay where it showed an
IC50 of 4.6 μM in the antagonist mode, consistent with the other
functional β-arrestin assays (Figure 8E). We then evaluated the
binding ability of 1. A specific binding assay was performed in
agonist mode to determine the binding affinity of 1 to TACR2,
with the compound showing an IC50 of 2.1 μM and a Ki of
1.2 μM (Figure 8F), indicating a strong correlation between
binding and functional responses across assay systems.

To further examine the activity of 1, we decided to evaluate
the cytotoxicity of 1 in a series of experiments. Tumonolide (1)
showed no cytotoxicity at the highest tested concentration
(100 μM) in HEK293 and RAW264.7 cells, and exhibited an IC50=

53.5�7.5 μM in HCT116 cells (Figure S21). To further probe the
activity of the compound on the transcriptional level for
validation as well as determination of pleiotropic activities, we
decided to proceed with a global approach, using HCT116
colorectal cancer cells. This cell line was chosen because of the
high expression of TACR2 in the gastrointestinal tract and colon
cells.[29,32] HCT116 cells were then treated with tumonolide (1) at
20 μM for 12 h and processed for RNA sequencing. The results
showed that the compound up- and down-regulated selected
genes and activated seven pathways, as determined by

Figure 7. Experimental UV and ECD spectra of tumonolide (1) (black line)
and predicted UV and ECD spectra of RRR-1 (blue line) and SSS-1 (red line).
Level of theory B3LYP/TZVP/PCM(MeOH); σ=0.45 eV; UV shift= � 5 nm.

Table 2. IC50 values for tumonolide (1) in the GPCR screening.

Target IC50 (μM)
β-arrestin pathway

IC50 (μM)
Calcium mobilization

IC50/Ki (μM)
Binding

TACR1 >100 – –

TACR2 7.0 4.6 2.1/1.2

TACR3 �98.6 – –

CNR2 35.0 – –

NSPR1b 20.0 – –
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Ingenuity Pathway Analysis, IPA (Figure 9A, B), including GPCR
signaling, the insulin secretion pathway and also the pulmonary
fibrosis idiopathic signaling pathway (Figure S20, Table 3). Most
of the upregulated pathways could be the result of a different
effect not yet discovered. The upregulation of the GPCR
signaling pathway could be related to the inhibition of TACR2
through feedback, but the direct relationship of TACR2
inhibition and GPCR signaling pathway upregulation would
need to be probed in future experiments.[47–49] The top diseases
and functions identified through IPA are the inhibition of the
degeneration of the nervous system, inhibition of organismal

death and apoptosis and the increase of the size of body and
increase of cellular homeostasis.

Molecular Docking

Next, we aimed to identify the binding mode of tumonolide (1)
to TACR2. In the cryo-EM structure, TACR2 establishes hydrogen
bonds (HB) to Neurokinin-A via Asn86, Tyr93, and Tyr289
(Figure S25).[50] The binding pose obtained shows tumonolide
(1) establishing two of the same interactions with Tyr93 and

Figure 8. GPCR profiling of tumonolide (1). A) Heat map and B) scatter plot showing all GPCR targets at 20 μM, C) Dose response curves for the three targets
that showed >70% inhibition at 20 μM in the primary screen, D) Dose response curves for TACR1, TACR2 and TACR3, E) Calcium mobilization data for 1, F)
specific binding of 1 to TACR2. All experiments were performed in duplicates. Error bars indicate the�SD.
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Tyr289, plus two new hydrogen bonds with Asn90 and Asn110,
and this pose was used as input for 100 ns MD simulations
(Figure S26).

Figure 10 shows a snapshot of the system at the end of the
MD simulation, and Figure 11 shows the most persistent
interactions between tumonolide (1) and TACR2 during the last
80 ns of simulation. The hydrogen bonds to 1 from Gln166 and

Figure 9. RNA sequencing and pathway analysis (HCT116 cells). A) Volcano plot of up- (red) and down- (green) regulated genes by 1 after 12 h of treatment,
with p <0.05 and fold change >2. The genes shown are common between some of the generated pathways. B) Canonical pathways for 1 with a positive z-
score >2.

Table 3. Top canonical pathways with z-scores and p values.

Canonical Pathways p-value z-score Affected genes

Pulmonary Fibrosis Idiopathic
Signaling Pathway

2.14E–05 3 ACTB, ACTG1, ACVR1C, COL13A1, COL16A1, EDNRA, FOS, FZD2, GLI1,
LPAR1, PLAU, SERPINE1

upregulated

Superpathway of Cholesterol
Biosynthesis

9.55E–05 2 HMGCS1, MSMO1, SC5D, SQLE upregulated

Insulin Secretion Signaling Pathway 1.05E–04 2.333 CREB3L2, EIF2AK3, FYN, SEC11C, SEC61A1, SEC61B, SEC61G, SSR1,
SSR3, STAT4

upregulated

ABRA Signaling Pathway 1.26E–04 2.449 ACTB, ACTG1, FOS, MYL9, TAGLN, TPM4 upregulated

Hepatic Fibrosis Signaling Pathway 3.16E–03 2.121 ACVR1C, CREB3L2, EDNRA, FOS, FZD2, GLI1, KLF9, MYL9, PTCH1,
SERPINE1

upregulated

G-Protein Coupled Receptor
Signaling

1.58E–02 2.111 CREB3L2, EDNRA, FICD, FOS, FYN, FZD2, GPR87, LPAR1, MYL9, NFATC4,
RASGRP1

upregulated

LTB4R2 downregulated

Integrin Signaling 3.31E–02 2 ACTB, ACTG1, FYN, MYL9, PPP1R12B upregulated

Autophagy 3.55E–02 2 CREB3L2, EIF2AK3, FOS, OPTN, WIPI1 upregulated
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Figure 10. Structure of tumonolide bound to TACR2 obtained at the end of the molecular dynamics. A) The whole complex shows the membrane limits in red
slabs, tumonolide in green, and TACR2 residues interacting with tumonolide highlighted in blue. B) A close-up on tumonolide binding site. C) Diagram of
interactions between tumonolide and TACR2. Purple arrows indicate hydrogen bonds (donor to acceptor), and grey circles indicate solvent exposure.

Figure 11. Persistence of the interactions during the last 80 ns of molecular dynamics. Interactions highlighted in yellow were present as hydrogen bonds in
the docked structure. Red dots indicate interactions with residues unique to TACR2, orange stars indicate interactions with residues conserved only between
TACR2 and TACR1, and blue stars indicate interactions with residues preserved only in TACR3. Interactions with no indicator are conserved in all three TACRs.
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Tyr289 are maintained for 80% and 92% of the time,
respectively. Gln166 also interacts with 1 through water bridges
another 12% of the time. Other important hydrogen bonds are
Asn86 and Cys181, which are both present ~50% of the time
either as direct bonds or water bridges. The hydrogen bond to
Tyr93 is quickly lost and replaced by hydrophobic interactions
to the leucine residue in 1 The interactions with Asn90 and
Asn110 are still present ~18% and 20% of the time.

To understand the differential binding to TACR1 and TACR3,
the sequences for TACR1–3 were obtained from UniProt and
aligned using the TACR2 sequence as a reference. The docked
pose of tumonolide to TACR2 was used to determine the
binding site residues, as all residues with atoms within 6 Å of
the ligand. The complete sequences of TACR1 and 3 share a
60% and 62% identity to TACR2, respectively. However, when
only the binding site residues are considered (Table 4), TACR1
shares only 65% of its identity with TACR2, while TACR3 shares
84%. Binding site residues that differ from TACR2 are listed in
Table 4.

In the binding site, there are 7 residues conserved only
between TACR2 and 3, five of them are within 4 Å of the ligand.
Gln109, replaced by a histidine in TACR1, makes hydrogen
bonds to Asn90 and Thr179, this last one replaced by a valine in
TACR1. Tyr266 and Tyr269 are both replaced by a phenylalanine
in TACR1. The loss of the hydroxyl group breaks interactions
with neighbor helices that hold the binding site structure.
Phe293 makes a p stacking interaction with Tyr289, positioning
Tyr289 for hydrogen bonding with tumonolide. The replace-
ment of Phe293 by a methionine in TACR1 is likely to weaken
this hydrogen bond (Figures S27–28).

Conclusions

In conclusion, we isolated a selective TACR2 inhibitor, tumono-
lide (1) and its aldehyde (2). The two compounds show the
most structural similarities to palmyrolide A and the semi-
synthetic palmyrolide A aldehyde but also contain an apratoxin
signature. The compounds were fully elucidated through
various NMR and computational methods to obtain their planar
structure and relative and absolute configuration. Tumonolide
aldehyde (2) was not evaluated for its biological activity
because the compound was not stable. Further experiments are
needed to determine the effect of tumonolide in other cell
types and its potential as a selective TACR2 inhibitor, and to
evaluate the effect of it on the pathways identified from RNA-
sequencing data. Furthermore, the reactivity of tumonolide
aldehyde (2) needs to be further examined.

Experimental Section

General Experimental Procedures

Optical rotations were recorded on a Rudolph Research Analytical
Autopol III automatic polarimeter. NMR data were collected on a
Bruker Avance neo 600 MHz, high resolution 5-mm cryoprobe
spectrometer and a Wide Bore 600 MHz spectrometer, both
operating at 600 MHz for 1H and 150 MHz for 13C, using residual
solvent signal (δH 7.27; δC 77.16 ppm CDCl3) as internal standard.
The edited HSQC and HMBC experiments were optimized for 1JCH=

140 Hz nJCH=8 Hz. HRMS data were obtained using a Q Exactive
Focus with electrospray ionization (ESI). Chiral analysis was
performed using an Applied Biosystems 3200 QTRAP triple quad/
linear trap. Circular Dichroism data were obtained on a Chirascan™
Circular Dichroism Spectrometer (Applied Photophysics, Surrey, UK),
using the Pro-Data Chirascan and Pro-Data viewer software 4.7.0.

Biological Material

Samples of this Moorena sp. cyanobacterium, VPG16-37 (28.45 g dry
weight) and VPG23-95 (70.7 g dry weight), were collected from
Tumon Bay in Guam on December 3rd, 2016 and April 6th, 2023,
respectively.

Extraction and Isolation

The cyanobacterium (VPG16-37) was lyophilized and extracted
using EtOAc:MeOH (1 :1) followed by EtOH:H2O (1 :1) to provide
1.69 g and 2.1 g of extract, respectively. The nonpolar extract was
partitioned between EtOAc and H2O, followed by partitioning the
polar layer between n-BuOH and H2O. The EtOAc fraction was
subjected to a silica column using dichloromethane (DCM) and
increasing amounts of i-PrOH to give ten fractions. The silica gel
fraction eluting with 2% i-PrOH in DCM was further purified by
HPLC (Synergi hydro C18 column 250×10 mm, 4.0 mL/min; UV
detection at 220 and 240 nm) with a H2O/MeCN gradient (30% for
5 min, followed by 30–100% over 30 min, then 100% for 5 min)
from which the fraction at tR 29.3 min was pure tumonolide (1)
(7.5 mg). The silica gel fraction eluting with 1% i-PrOH in DCM was
also purified using a H2O/MeCN gradient (25% for 3 min, followed
by 25–100% over 22 min, then 100% for 15 min) by HPLC
(Phenomenex Synergi 4 μ Hydro-RP 80 Å, 250×10 mm, 4 μm; flow
rate, 4.0 mL/min; UV detection at 220 nm and 240 nm), from which

Table 4. Binding site residues that differ from TACR2 (in red). The
proximity column indicates how close the residues are to the ligand in the
docked TACR2 binding pose.

TACR2 Proximity (Å) TACR1 TACR3

Gln109 <4 His108 Gln161

Leu111 <6 Phe110 Phe163

Met117 <6 Val116 Val169

Ala178 <6 Arg177 Arg230

Thr179 <4 Val178 Thr231

Lys180 <4 Val179 Leu232

Val182 <6 Met181 Phe234

Val183 <6 Ile182 Val235

Leu194 <4 Tyr192 His244

Tyr266 <4 Phe264 Tyr315

Tyr269 <4 Phe267 Tyr318

Ile271 <6 Leu269 Ile320

Gly273 <6 Pro271 Thr322

Ser274 <6 Tyr272 Ala323

Tyr280 <4 Tyr278 Asn328

Cys281 <6 Leu279 Arg330

Phe293 <4 Met291 Phe342
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the fraction at tR 24.3 min was pure tumonolide (1) (8 mg). Overall
yield of the compound was found as 0.03% for 1.

The recollection of this cyanobacterium (VPG23-95) was lyophilized
and extracted using EtOAc:MeOH (1 :1) followed by EtOH:H2O (1 :1)
to provide 5.5 g and 1.79 g of extract, respectively. The nonpolar
extract was partitioned as above and was subjected to silica gel
chromatography using an Isolera with DCM and increasing amounts
of i-PrOH to give fourteen fractions. Using LCMS, the fraction in
which 1 was detected was further purified by HPLC (Luna C18
column 250×10 mm, 4.0 mL/min; UV detection at 220 nm) with a
H2O/MeCN gradient (40% for 5 min, followed by 40–100% over
30 min, then 100% for 5 min) from which the fraction at tR 26.2 min
was subjected to a second round of HPLC (Phenomenex Synergi
4 μ Hydro-RP 80 Å, 250×4.6 mm, 4 μm; flow rate, 1.0 mL/min; UV
detection at 220 nm using H2O/MeOH gradient (60% for 5 min,
followed by 60–100% over 30 min, then 100% for 5 min) to yield
pure tumonolide aldehyde (2) tR 26.2 min (1.3 mg) and 1 (35 mg).
Overall yield of the compounds was found as 0.05% of dry weight
for 1 and 0.002% of dry weight for 2.

Tumonolide (1): yellow amorphous solid, [α]20D � 50 (c 0.77, MeOH),
1H NMR, 13C NMR, COSY and HMBC data in CDCl3, see Table 1,
HRESIMS m/z ([M+H]+580.4294, calcd. for C32H58N3O6, 580.4321).

Tumonolide aldehyde (2): white colorless oil, [α]20D � 93 (c 0.09,
MeOH), 1H NMR, 13C NMR, COSY and HMBC data in CDCl3, see
Table 1, HRESIMS m/z ([M+H]+598.4410, calcd. for C32H58N3O6,

598.4431).

Acid Hydrolysis

A portion (50 μg) of 1 or 2 was subjected to acid hydrolysis (6 N
HCl, 116 °C, 18 h) and then evaporated to dryness. The sample was
reconstituted in 50 uL H2O and subjected to chiral analysis
(Chirobiotic TAG (4.6 mm ×250 mm), Supelco; solvent, MeOH �
10 mM NH4OAc (40 :60); flow rate, 0.5 mL/min; detection by ESIMS
in positive mode)]. The retention times (tR, min) were as follows N-
Me� L-Val (10.9) and N-Me� L-Leu (13.2). The authentic standards
eluted at N-Me� L-Val (10.9), N-Me� L-Leu (13.2), N-Me� D-Val (30.0)
and N-Me� D-Leu (70.0).

Base Hydrolysis

Three different routes were utilized. First: A portion (500 μg) of 1
was dissolved in 1 mL of MeOH and treated with 1 M LiOH. The
reaction was stirred at room temperature for 72 h and then
neutralized using dilute HCl. Extraction with DCM gave a mixture of
1 and 2. Second: For the Mosher’s esterification, a portion (500 μg)
of 1 was dissolved in 1 M NaOH or LiOH and stirred at room
temperature for 24 h. It was then neutralized using dilute HCl.
Extraction with DCM gave starting material only. Third: A portion
(1 mg) of 1 was dissolved in 500 uL of MeOH and 50 uL of 0.1 M
NaOMe were added. The reaction was stirred at room temperature
for 24 h before neutralizing with dilute HCl NaOMe. Multiple peaks
were observed by LCMS indicating diastereomers.

Computational Methods

The following computational chemistry software was used: Biovia
Insight II/Discover to build the models and perform molecular
dynamics (MD) simulations, Pcmodel (v. 10.075000) for molecular
mechanics optimizations, Gaussian 16 (Revision C.01) for quantum
mechanical calculations, OpenBabel (v. 3.0.0), GaussView (v. 6.0.16),
and VMD (v. 1.9.3) for format conversion, data analysis, and

visualization. Docking and molecular dynamics of the TACR2-
Tumonolide system used the Schrödinger Suite (v. 2023–3).

Random conformers of the two alternative diastereomers of
tumonolide (1), i. e. 2S,9S,23R,25R,27R (hereafter RRR-1) and
2S,9S,23S,25S,27S (hereafter SSS-1) were built and used as starting
structures for conformational search. Conformational search was
performed using molecular dynamics (MD) in the cvff force field.
MD runs were performed setting the temperature at 600 K to
observe possible slow conformational changes in the short duration
of the simulation. Each MD run lasted 250 ns and coordinates were
saved every 50 ps, yielding 5000 conformers per run. The con-
formers were optimized in the cvff and then in the MMFF force
field, and duplicate conformers (RMSD <0.1 Å) were removed.

Because the conformations of the three amide bonds (E/cis for C8-N
and C-21/N, Z/trans for C14-N) and the conformation of the C21-
C28 segment (gaucheC22-C23/transC23-C24/transC24-C25/transC25-C26/gau-
cheC26-C27) were known from NMR studies, the relevant dihedral
angles of all conformers were measured, and only the conformers
that matched these conformations (i. e., those with jφC2-N-C8-C9 j

<30°, jφC9-N-C14-C15 j >150°, jφC19-N-C21-C22 j <30°, jφC21-C22-C23-C24 j <90°,
jφC22-C23-C24-C25 j >150°, jφC23-C24-C25-C26 j >150°, jφC24-C25-C26-C27 j >150°,
and jφC25-C26-C27-C28 j <90°) were selected for subsequent analysis.

These “NMR-compliant” conformers were used as starting structure
for density functional theory (DFT) calculations. The geometry of
each conformer was optimized at the B3LYP/6-31G(d) level of
theory; the energies calculated at the B3LYP/6-311G+ (d,p) level of
theory with the SMD model for the solvent, CHCl3, were used to
calculate the population of each optimized conformer with the
Boltzmann distribution law at 298 K. The full protocol from the 250-
nm MD run to DFT optimization was repeated until no new
conformers with population >1% were found, which required 4
runs both for RRR-1 and SSS-1. Overall, the conformational searches
identified 9 significantly populated conformers for RRR-1 and 7
significantly populated conformers for SSS-1, which were used for
NMR and UV/ECD calculations. The results of the conformational
searches are summarized in Table S1, and the Cartesian coordinates
of the optimized conformers of RRR-1 and SSS-1 are reported,
respectively, in Tables S4 and S5.

NMR calculations were performed at two levels of theory,
mPW1PW91/6-311+G(d,p) using PCM solvent model for applica-
tion of DP4+ and mPW1PW91/6-311+G(2d,p) using SMD solvent
model for evaluation of chemical shift deviations and calculation of
1H and 13C RMSD.[43] The isotropic shielding calculated for each
nucleus were averaged over the conformers according to their
respective populations, and average isotropic shielding σ were
used directly for application of the DP4+ method, or converted
into chemical shifts using the pre-calculated scaling factors
proposed for the level of theory used, i. e., δ= (186.5242 – σ)/1.0533
for 13C and δ= (31.8018 – σ)/1.0936 for 1H.[44] 1H chemical shift of
methyl protons were calculated as the average of chemical shifts of
the three protons.

When evaluating chemical shift deviations or applying the DP4+

method, it is important to assign the correct 1H chemical shift value
to the proR and proS protons of a diastereotopic pair. For
diastereotopic protons at C-22, C-24, and C-26 stereospecific
assignment was obtained experimentally as a consequence of the
application of the Murata method. For diastereotopic methylene
protons at C-3, C-15, C-16, C-17, for which experimental stereo-
specific assignment was not possible, the assignment was chosen
that gave better agreement with the predicted chemical shifts
(therefore, the assignment of experimental chemical shifts used for
RRR-1 was different from that used for SSS-1, see Table S4). The
same best-fit approach was used to assign experimental chemical
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shifts to the proR and proS geminal methyl pairs C-5/C-6, C-12/C-
13, and C-29/C-30. Average isotropic shieldings, predicted chemical
shifts, and stereospecific assignment of experimental chemical
shifts for RRR-1 and SSS-1 are reported in Tables S2 and S3, and the
detailed results of DP4+ calculations are reported in Table S4 and
Figure S22.

The UV and ECD spectra of RRR-1 and SSS-1 were predicted using
Time Dependent DFT (TDDFT) at the B3LYP/TZVP/PCM(MeOH) level
of theory. The UV and ECD spectra of each conformer were
generated using the program SpecDis setting the σ parameter (half
the bandwidth at 1/e peak height) at 0.45 eV.[51] Average UV and
ECD spectra of RRR-1 and SSS-1 were obtained from them using
Boltzmann statistics (Figure S24). The predicted UV and ECD spectra
were then shifted by � 5 nm to match the predicted (237 nm) and
experimental (232 nm) UV maxima and scaled with scaling factors
1.2 (UV) and 2.9 (ECD) to obtain the best match with experimental
data (Figure 5).

Molecular Docking

The cryo-EM structure of TACR2 in complex with Neurokinin-A
obtained at 2.70 Å resolution was retrieved from the Protein Data
Bank (PDB ID 7XWO) and prepared for docking with Schrödinger
Protein Preparation Workflow, considering a pH of 7.4.[50,52] The
membrane position was obtained from the Orientation of Proteins
in Membranes (OPM) database.[53] The ligand (1) was built with
Maestro 2D Sketcher and prepared for docking with LigPrep. The
ligand was docked into TACR2 with Schrödinger GlideSP with
enhanced sampling and with and without Prime Macrocycle
Sampling.[54–56] The poses obtained were rescored with MM-GBSA
optimization using the OPLS4 force field and VSGB solvation model,
where residues within 5 Å of any ligand atom were allowed to
move.[57–59] The most likely binding pose was selected based on the
MM-GBSA DGbind energy.

To allow for an appropriate comparison of the tumonolide docking
mode in the TACR2 pocket, a different procedure was applied to
generate the structures of tumonolide docked to TACR1 and
TACR3.

The coordinates of the targets were obtained from the Protein Data
Bank with PDBIDs 6HLP (TACR1) and 8JBG (TACR3) and aligned
with the structure for TACR2 obtaied after the MM-GBSA optimiza-
tion as described in the main text. The solvent, lipids, and
crystallization molecules were removed, and the protein was pre-
prepared for docking using Maestro Protein Preparation Protocol at
pH 7.4, in the presence of the co-crystalized ligands. The ligands
were then removed, and the tumonolide ligand from the TACR2
structure copied to the TACR1 and TACR3 structures. The new
complexes were refined with Prime Protein-Ligand refinement
where all residues within 5 Å of the ligand were allowed to move.
Next, a search grid for docking was created centered on
tumonolide, and the ligand redocked into the grid with constraints
to the refined structure. Finally, the complexes obtained were
optimized with MM-GBSA, where all residues with atoms with-in
5 Å of tumonolide were allowed to move.

Molecular Dynamics

The final pose obtained from the MM-GBSA optimization of docking
poses was used as initial inouut structures for the MD simulations
with Desmond (v. 7.6.132), included in the Schrödinger Suite.[60,61]

The system‘s initial configuration was embedded in a POPC bilayer
with SPC water molecules and simulated for 10 ns with the OPLS4
force field in the NPgT ensemble at 300 K and 1 atm.[62] Before

simulation, the system was allowed to relax using the standard
Schrödinger protocol for membrane relaxation.

GPCR screening

GpcrMAX panel biosensor assays were used to characterize
tumonolide (1, 20 μM) (agonist and antagonist mode). The experi-
ments were carried out by DiscoveRx Corporation (Fremont, CA,
USA), using PathHunter β-arrestin enzyme fragment complementa-
tion (EFC) technology.

Dose response curves were obtained by subjecting 1 to a secondary
screening in antagonist mode using the three initial targets (TACR1,
TACR2, TACR3, CNR2, NPSR1b). CHO� K1 cells expressing the TACR1,
TACR2, TACR3 and CNR2 receptors, and U2OS cells expressing
NPSR1b were incubated with 1 for 30 min. The assays were
performed at 10-point concentrations using 3-fold serial dilutions in
duplicate, where the highest concentration was 100 μM for TACR1
and TACR3 and 50 μM for the remaining.

GPCR Binding Assay

Cell membrane homogenates (8 μg protein) are incubated for
60 min at 22 °C with 0.1 nM [125I]-NKA in the absence or presence of
the test compound in a buffer containing 20 mM Hepes/NaOH
(pH 7.4), 1 mM MnCl2 and 0.1% BSA. Nonspecific binding is
determined in the presence of 0.3 μM [Nle10]-NKA(4–10). Following
incubation, the samples are filtered rapidly under vacuum through
glass fiber filters (GF/B, Packard) presoaked with 0.3% PEI and
rinsed several times with ice-cold 50 mM Tris-HCl using a 96-sample
cell harvester (Unifilter, Packard). The filters are dried then counted
for radioactivity in a scintillation counter (Topcount, Packard) using
a scintillation cocktail (Microscint 0, Packard). The results are
expressed as a percent inhibition of the control radioligand specific
binding. The standard reference compound is [Nle10]-NKA(4–10),
which is tested in each experiment at several concentrations to
obtain a competition curve from which its IC50 is calculated.[63]

Cell Viability Assays

HCT116 (American Type Culture Collection, ATCC), RAW264.7
(ATCC) and HEK293-ARE (Signosis) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum at 37 °C humidified air and 5% CO2. Cells were
seeded (9,000/well (HCT116), 20,000/well (HCT11610) and 10,000/
well (HEK293)) in 96-well plates and left to attach overnight. The
cells were then treated with compound or vehicle control for 24 h
(HEK293 and RAW264.7) or 48 h (HCT116), followed by addition of
MTT dye, according to the manufacturer’s protocol (Promega, USA).
IC50 values were calculated using GraphPad prism software.

RNA Extraction

HCT116 cells (ATCC) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum at
37 °C humidified air and 5% CO2. Cells were seeded (4×105/well) in
6-well plates and left to attach overnight. The cells were then
treated with compound or vehicle control for 12 h. Total RNA was
extracted using the RNAeasy Mini Kit l according to manufacturer’s
protocol (Qiagen, Germany).
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RNA Extraction and Illumina Sequencing Library

Sample quality was assessed using the Agilent TapeStation 4200
(Agilent Technologies, Inc). 250 ng of total RNA was used for library
construction using NEB Ultra II Directional RNA-seq library prepara-
tion kit for Illumina according to manufacturer‘s protocol. First, 250
ng of total RNA was used for mRNA isolated using the NEBNext
Poly(A) mRNA Magnetic Isolation Module (New England Biolabs,
catalog # E7490). Then followed by RNA library construction with
the NEBNext Ultra II Directional RNA Library Prep Kit (New England
Biolabs, catalog #E7760) according to the manufacturer‘s user
guide. Briefly, RNA was fragmented in NEBNext First Strand
Synthesis Buffer via incubation at 94 °C for the desired time. This
step was followed by first-strand cDNA synthesis using reverse
transcriptase and random hexamer primer. Synthesis of ds-cDNA
was performed using the 2nd strand master mix provided in the kit,
followed by end-repair and adaptor ligation. At this point, Illumina
adaptors were ligated to the sample. Finally, each library (uniquely
barcoded) was enriched by 11 cycles of amplification, and purified
with Agencourt AMPure beads (Beckman Coulter, catalog #
A63881). 18 barcoded libraries were sized on the Bioanalyzer and
quantified with the Qubit® 2.0 Fluorometer. Finally, these 18
individual libraries were pooled in equimolar concentration.
RNASeq libraries were constructed at the UF ICBR Gene Expression
Core (https://biotech.ufl.edu/gene-expression-genotyping/, RRID:
SCR_019145). The Illumina NovaSeq 6000 was used to sequence
the libraries for 2×150 cycles.

Illumina NovaSeq6000 Sequencing

Sequencing was performed at the ICBR NextGen Sequencing
(https://biotech.ufl.edu/next-gen-dna/, RRID:SCR_019152). Normal-
ized libraries were submitted to the “Free Adapter Blocking
Reagent” protocol (FAB, Cat# 20024145) in order to minimize the
presence of adaptor-dimers and index hopping rates. The library
pool was diluted to 0.8 nM and sequenced on one S4 flow cell lane
(2x150 cycles) of the Illumina NovaSeq6000. The instrument’s
computer utilized the NovaSeq Control Software v1.6. Cluster and
SBS consumables were v1.5. The final loading concentration of the
library was 120 pM with 1% PhiX spike-in control. One lane
generated 2.5–3 billion paired-end reads (~950Gb) with an average
Q30%> =92.5% and Cluster PF=85.4%. FastQ files were gener-
ated using the BCL2fastQ function in the Illumina BaseSpace portal.

Short reads were trimmed using trimmomatic (v 0.36), and QC on
the original and trimmed reads was performed using FastQC (v
0.11.4) and MultiQC.[64–66] The reads were aligned to the tran-
scriptome using STAR version 2.7.9a.[67] Transcript abundance was
quantified using RSEM (RSEM v1.3.1).[68] Differential expression
analysis was performed using DESeq2, with an FDR-corrected p-
value threshold of 0.05.[69] The output files were further filtered to
extract transcripts showing a 2.0-fold change in either direction.
Results were reported for protein-coding genes only, and for all
transcript types. The data were deposited with the GEO accession
number GSE268527.

Ingenuity Pathway Analysis

The RNA-seq data was analyzed using Ingenuity Pathway Analysis
(IPA) (Qiagen, Germany). For the RNA-seq analysis the samples were
compared to the DMSO control. Using the IPA software, the analysis
was done using a cutoff of 1.5-fold change in the gene expression
and a p value <0.05.

Supporting Information

The following supporting information can be downloaded at
xxx Figure S1: Structures of selective TACR2 inhibitors;
FigureS2–20: 1D/2D NMR data of tumonolide and tumonolide
aldehyde in CDCl3; Figure S21–22: Bioassay data of tumonolide;
Figure S23–25: Computational data of tumonolide for the
stereochemical evaluation; Figure S26: Interactions between
TACR2 and NKA; Figure S27: RMSD data; Figures S28–29: Bind-
ing of tumonolide to TACR1 and TACR3; Table S1: Conforma-
tional search results; Table S2–3: Predicted NMR data; Table S4:
Input data for DP4+ model; Table S5–6; Optimized Cartesian
coordinated for RRR-1 and SSS-1.
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