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ABSTRACT: We report here the orchestration of molecular ion networking and a set of computationally assisted structural
elucidation approaches in the discovery of a new class of pyrroloiminoquinone alkaloids that possess selective bioactivity against
pancreatic cancer cell lines. Aleutianamine represents the first in a new class of pyrroloiminoquinone alkaloids possessing a
highly strained multibridged ring system, discovered from Latrunculia (Latrunculia) austini Samaai, Kelly & Gibbons, 2006
(class Demospongiae, order Poecilosclerida, family Latrunculiidae) recovered during a NOAA deep-water exploration of the
Aleutian Islands. The molecule was identified with the guidance of mass spectrometry, nuclear magnetic resonance, and
molecular ion networking (MoIN) analysis. The structure of aleutianamine was determined using extensive spectroscopic
analysis in conjunction with computationally assisted quantifiable structure elucidation tools. Aleutianamine exhibited potent
and selective cytotoxicity toward solid tumor cell lines including pancreatic cancer (PANC-1) with an ICy; of 25 nM and colon
cancer (HCT-116) with an ICg, of 1 zM, and represents a potent and selective candidate for advanced preclinical studies.

B INTRODUCTION improvements in treatment strategies will come as a much-
needed reprieve to patients diagnosed with this uniquely
challenging disease.

Natural products have provided a diversity of valuable drugs
in addition to the identification of key targets for the control of
cancer.””® Tt has been estimated that up to 50% of all present

Pancreatic cancer is one of the most deadly cancers with a S-
year survival rate of less than 8%." The only curative therapy is
surgery for which only 15—20% of patients are eligible and of
those about 20% are long-term survivors.” For metastatic
disease there are essentially only two chemotherapy options: X ; )
the multidrug regime FOLFIRINOX and gemcitabine.z day therapeutics are derlved. from naturagl 1I())roducts, and in the
Although standard chemotherapeutic treatments for pancreatic case of cancer, the'numl?er is near 75%.” The plant-derived
cancer add months to a patient’s overall survival time, there is chemotherapy paclitaxel is one of the most hlfShIY 'documented
little improvement in survival rates.” This disparity, compared treatments from a natural source, and marine invertebrates
to other cancer types, has led to the projection that pancreatic
cancer will become the second most deadly cancer in the Received: October 24, 2018
United States by 2030, surpassed only by lung cancer.” Any Published: February 13, 2019
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have provided lead molecules such as discodermolide,"

halichondrin B, ecteinascidin 743, didemnin B, and the
dolastatins, all in various stages of development.'”~"> Among
the unique marine-derived ring systems, the pyrroloiminoqui-
none alkaloids have been studied for decades.'™'® The
promising biological activities for members of this class and
their unique structures have made these molecules prime
targets for syntheses'®~*' and biosynthesis studies.”*~*

Our discovery of new discorhabdins®® and related
metabolites”” from the North Pacific sponge Latrunculia
(Latrunculia) austini Samaai, Kelly & Gibbons, 2006 (class
Demospongiae, order Poecilosclerida, family Latrunculiidae),
recently reviewed and redescribed in a review of the family
Latrunculiidae,”® prompted a recollection during the NOAA
deep ocean survey and detailed assessment of the National
Cancer Institute (NCI) repository of this genus group to
facilitate the discovery of new brominated alkaloids. Identi-
fication of new molecules early in the workflow using mass
spectrometry (MS), nuclear magnetic resonance (NMR), and
computational tools minimizes time, effort, and the cost of
large screening campaigns.”” A variety of dereplication
strategies have been developed in recent years including
high-performance liquid chromatography (HPLC)-MS, -NMR,
and -NMR-MS or bioactivity fingerprints, such as cytological
profiling or BioMAP;*>*' however, few are as efficient and
useful as the recently developed network analysis tools for the
visualization of observed molecules as familial groupings
generated using MS fragmentation data assessed via vector
correlations and displayed as an MS/MS network.”” The
visualization of networks using Cytoscape enables the direct
observation of similarities as well as differences between two or
more samples in which similar entities within the network are
clustered together while disparate or unique entities are
grouped separately.”® With use of this approach, the discovery
of aleutianamine and assessment of the NCI repository was
strongly facilitated as aleutianamine is a minor constituent co-
occurring with other highly biologically active molecules.

Computational approaches, in conjunction with spectro-
scopic methods, provide a powerful and emerging method for
the assignment of atom connectivity, relative conﬁ§uration,
and absolute configuration of complex molecules.***> Highly
noteworthy is the protocol developed recently by Martin and
Williamson et al.*° incorporating anisotropic NMR parameters
with computational approaches to determine the structures of
complex natural products. The successful characterization of
karlotoxin 2 (KmTx2) followed by KmTx8 and KmTx9 was
supported by NMR chemical shift calculation tools including
gauge-including atomic orbitals (GIAO) and DP4+ probability
studies in conjunction with heteronuclear single quantum
coherence (HSQC) spectroscopy studies.”” *° Excited-state
time-dependent density functional theory (TDDFT) calcu-
lations were applied here in conjunction with experimental
electronic circular dichroism (ECD) spectroscopy to deter-
mine the absolute configurations of the natural products.*'~*
We also used comparison of experimental and calculated 'H
and C NMR chemical shifts of different regioisomers
matching the chemical formula of aleutianamine to help verify
that the structure was correctly assigned. The protocol
presented here involves orchestration of a number of
computational methods in combination with spectroscopic
analyses, leading to the discovery and establishment of the
well-defined structure for aleutianamine.
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B RESULTS AND DISCUSSION

Computationally Assisted Discovery and Structural
Elucidation for Aleutianamine. The frozen sponges were
extracted with ethanol, and the extract was analyzed by LCMS.
The MS/MS molecular ion networking (MoIN) data were
collected from the injection of both various global extracts of
Latrunculia species (Table S2, Supporting Information) and
the isolated standards discorhabdin A, E, F, Y, 3-dihydrodisco-
thabdin A, and 3-dihydrodiscorhabdin D standards. The
organized landscape of the MoIN (Figure 1) was generated
using Cytoscape (for details see Supporting Information) and
showed several discorhabdin-related compounds. An unre-
ported brominated alkaloid signal (m/z 398.065) was
identified using the networking map.

To further explore the structure and distribution of this
unknown molecule, extraction and purification of specimens of
L. austini, collected during NOAA Alaska’s trawling surveys
and remotely operated collections, led to isolation of the
potential target mass m/z 398 that resulted from MoIN
analysis (vide supra) as a green-yellow solid with the molecular
formula of CgH;;BrN;OS generated by high-resolution mass
spectrometry analysis. The presence of 18 carbons was
validated using '*C NMR data. A pyrroloiminoquinone moiety
was initially proposed by comparing the aromatic region of the
C NMR spectrum with the known natural product
discorhabdin A.***” The presence of this moiety was
confirmed by the COSY correlation of H-16 with H-17,
ROESY correlations of H-14 with H-13 and H-16, and HMBC
correlations indicated in Figure 2A. Interestingly, H-17b
displayed an additional HMBC correlation with a secondary
carbon (8¢ 62.8) of which the attached proton (5 5.20, t, | =
2.8) also displayed an HMBC signal to C-17 (Figure 2B). This
evidence suggested that the latter, C-3 (5 62.8), was connected
to the pyrroloiminoquinone moiety likely via the imine
nitrogen (N-18). The presence of this connection was secured
by the "H-"N HMBC correlation of H-4b (vide infra) to N-18
(5 143.2). N-18 was thereby positively charged.

Further analysis indicated that the nitrogenated secondary
C-3 was also connected to a methylene group C-4 (5 31.4, 8y
2.50, 8y, dd, J = 2.7, 12.7, 8y, 2.60, dd, J = 2.7, 12.7) as
suggested by the COSY correlations among H-3, H-4a, and H-
4b, and connected to a disubstituted olefinic moiety C-2 (¢
117.2) and C-1 (8¢ 128.4, 8y 7.20, s), as suggested by the
HMBC correlations of H-3 to C-2 and C-1 (Figure 2B). C-3 is
vicinal to C-2 instead of C-1 since neither COSY nor ROESY
correlation was observed between H-3 and H-1, but H-1
displayed HMBC correlation with C-3. This assignment was
also corroborated by DP4+ calculations (vide infra). To this
end, a key iminium N-18—C-3 bond that connects the
pyrroloiminoquinone scaffold and a major not yet fully
uncovered functionality (the eastern hemisphere) was present.

The structural elucidation continued with C-4 which was
connected to C-S (6c 48.7), a key heteroatom-containing
tertiary carbon serving as a linchpin (Figure 2C) to unite the
Western and Eastern hemispheres. This connection was
suggested from three-bond HMBC correlations of H-3 with
C-5 and H-4b with C-21, and two-bond HMBC correlations of
H-4a,b with C-5. Moving further to assign the connections of
the other two bonds of C-S led us to revisit the spectroscopic
information on the C-1—C-2 bond (Figure 2D). H-1 displayed
HMBC correlations not only to C-5 but also to two additional
carbons (8¢ 141.4 and 111.9), the last two unassigned carbon
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Figure 1. Molecular ion network (MoIN) cluster for alkaloids from
various global Latrunculia species collected by NOAA Alaska and
from the NCI Natural Products Repository.

resonances in the downfield region of the *C NMR spectrum.
In addition, H-4a,b also showed HMBC correlations with the
carbon at O 141.4. This correlation pattern demonstrated that
these two carbons comprised the A%7) double bond
conjugated with the C-1-C-2 bond, and C-6 connecting
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Pyrroloiminoquinone Scaffold Key Iminium Connection

Heteroatom-containing
Tertiary Carbon Linchpin
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Q Key Structural Linchpin

Figure 2. Elucidation of the key functionalities and 2D structure of
aleutianamine.

both C-1 and C-S. This connectivity pattern was confirmed by
a strong ROESY signal of H-7 with H-1. At this stage, the new
azabicyclo[3.3.1]nonane ring system fused at the pyrroloimi-
noquinone moiety was assigned (Figure 2D).

Advancing to the last unassigned carbon resonance (8¢
64.6), which was determined by HSQC to be a methine (5y
6.02, brd), this carbon (C-8) was not only connected to C-7, as
demonstrated by the COSY correlation of H-7 and H-8 (&
6.02, brd) (Figure 2E), but also to N-9, as suggested by a
three-bond HMBC correlation of H-8 with C-10. This
connection was secured by ROESY correlations of H-8 with
both H-9 and H-7, a two-bond HMBC correlation of H-8 with
C-7, and a three-bond HMBC correlation of H-8 with C-6.

Assignment of the thio and bromo substituents was
straightforward. H-8 displayed an HMBC correlation with C-
S (Figure 2F), as indicated by a three-bond correlation via a
sulfur bridge between C-8 and C-5. The bromo group is
therefore attached to C-2 to complete the last assignment of
bond connection.

With the 2D structure of aleutianamine determined, the
relative configuration was elucidated next. Because of the
tetrahedral geometry of C-5, C-3, and C-8, and the resulting
ring constraint, only one relative configuration is possibly
stable; that is, the sulfur bridge between C-$ and C-8 and the
C-4 methylene bridge are syn-periplanar relative to each other
(Figure 3). This configuration (Figure 4) was modeled and
subjected to computational analysis. The structure was
optimized using hybrid density functional theory (DFT)
calculations at the B3LYP/6-311++G(3d,3p) level with PCM
(polarizable continuum solvation model) using a dielectric
constant representing dimethylsulfoxide. A notable feature of
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Figure 4. ROESY correlations and the DFT-calculated distances (A)
between the protons (ROESY correlations are indicated as red
arrows; carbon atoms are colored in gray; nitrogen atoms in blue;
oxygen atoms in red; bromine atoms in dark red; and hydrogen atoms

in cyan).

this structure is the near orthogonal arrangement of the
bromotetrahydrobenzo[b] thiophene and dihydropyrrolo-
[4,3,2-de] quinoline-8(1H)-one moieties, which suggested a
highly strained ring system. Notably, all the calculated distances
between nonexchangeable protons were under the classified

ROESY distance constraint ranges which were deduced from
the signal integration values (Table S3, Supporting Informa-
tion). Highly noteworthy, the experimental values of the signal
intensities were correlated with the computed distances (Chart
S1, Supporting Information) in an exponential function d =
—0.355 In(i) + 1.65 and with high agreement with the
computational data. This new protocol that correlates ROESY
signal intensities with calculated proton distances thereby
provided an efficient quantifiable verification of the structural
assignment.

With the relative configuration established, the absolute
configuration was the next focus. ECD calculations were
performed for the determination of the absolute configuration
via excited-state calculations using the TDDFT method. The
calculated excitation energies and rotatory strengths were fitted
with Gaussian functions to generate the simulated ECD
spectra. By comparison of the calculated spectra to the
experimental spectra (Figure $), the absolute configuration of
aleutianamine was assigned as (3R, SR, 8S).

Computational Validation of the Structure of
Aleutianamine. Assigning the position of the Br-substituted
sp” and the non-Br-substituted sp’ carbons, based solely on
NMR spectroscopic analysis, is challenging.** However, in
optimal cases, a Br-substituted carbon can be identified by 'H
and '3C NMR chemical shift calculations using the GIAO* ™"
method at the PCM/mPWI1PW91/6-311+G(d,p) level of
theory®' for DP4+ calculations.” Two possible regioisomers of
aleutianamine having the bromo substituent at C-1 [aleutian-
amine-1" (3R, SR, 8S)] or C-2 [aleutianamine-1 (3R, SR, 8S)],
respectively, and a regioisomer with swapped positions of NH
and S [aleutianamine-1” (3R, SR, 8R)] were employed for
DFT and DP4+ calculations to validate the correct structure of
aleutianamine and to further validate the utility of the
technique in the assignment of regiochemistry (cf. Supporting
Information, section 3.2, for details on the methods, Tables
S9—S11 for the relative energies of the different conformations,
and Figures $24—S26 showing the 3D structure of the different
conformations of the regioisomers). The calculated chemical
shifts of aleutianamine-1, aleutianamine-1’, and aleutianamine-
1” were compared to the experimental '"H and *C NMR
chemical shifts via the corrected mean absolute error (CMAE),
the corrected total absolute deviation (CTAD), and DP4+
probability chemical shift analysis (Tables S12—S17, Figure

1.40

—Calculated ECD (gas phase)
—Calculated ECD (methanol)
=—Experimental ECD 25ug/mL
—Experimental ECD 12ug/mL

-0.10

Ag (M~1cm~1),R (10~*0cgs)
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Figure S. Overlaid experimental ECD spectra with the TDDFT computed ECD curves at the B3LYP/6-31G(d,p) level.
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S27, Supporting Information). The CMAE and CTAD results
showed that aleutianamine-1 was the most probable isomer
(Figure 6). These results were corroborated by the DP4+

O
H . .
HN @§;>; Aleutianamine-1
A ) Type DP4+  CMAE CTAD
| 4 Proton 98.96% 0.17 1.86
N* Carbon 100.00% 2.66 47.90
.”// Both 100.00% 2.83 49.76
Br
O
Aleutianamine-1"
HN
Type DP4+ CMAE CTAD
NN Proton  1.04% 0.19 2.12
| Carbon 0.00% 3.33 59.90
N* Both 0.00% 3.52 62.02
O
HN S:>‘ Aleutianamine-1"
HN™ =
A Y/ Type DP4+ CMAE CTAD
| 7 Proton 0.00% 0.33 3.64
N* Carbon 0.00% 5.12 92.11
.”// Both 0.00% 5.45 95.75
Br

Figure 6. Corrected total absolute deviation (CTAD), corrected
mean absolute error (CMAE), and DP4+ probability analysis (sarotti-
NMR.weebly.com) for 1 (aleutianamine-1) and two of its
regioisomers (Gibbs free energies at the PCM/mPWI1PW91/6-
311+G(d,p) level were used for the analysis).

statistical analysis, which predicted aleutianamine-1 to be the
correct regioisomer with a probability of 100%, on the basis of
utilization of both 'H and *C NMR data (Figure 6 and Figure
S27, Supporting Information). Collectively, the excellent
agreement between NMR spectroscopic and computational
data strongly supported the (3R, SR, 8S) absolute config-
uration of aleutianamine and its 2-bromo substituent.

Biosynthetic Pathway of Aleutianamine. It is surprising
that the complex molecular architecture of aleutianamine
appears to have arisen from only two standard amino acids L-
tryptophan and L-tyrosine, generating a strained ring system
without the rearrangement of carbon. From a biosynthetic
perspective, the phenolic moiety of makaluvamine F may serve
as a suitable precursor and could undergo oxidation to form
quinone methide A (Figure 7).

A Stork-type enamine Michael addition/cyclization followed
by an imine cyclization would lead to B with the novel
azabicyclo[3.3.1]nonane ring system constructed. Reduction of
the latter would furnish the structure of aleutianamine.
Another possible precursor is discorhabdin A, found in
abundance in this species, and the proposed biosynthetic
conversion from discorhabdin A to aleutianamine is shown in
Figure S28 of the Supporting Information.

Bioassay. Aleutianamine, with its unique ring system,
showed solid tumor selectivity in a differential cytotoxicity
zone assay used for discovery of solid tumor selective

4342

(¢] o
H H H N H H
N ’; N N HN N
[O] S cyclization S” =
\ = N\ | [/ FEN ,I//
+ |
NH NH* N
HO "
Br O Br HO Br
Makaluvamine F A B
o
N
HN 3 HN
[H] é>€ e
------- - N B2 N
| «--ooo--
N ~
Br GooH Br
Aleutianamine L-Tryptophan L-Tyrosine

Figure 7. Proposed biosynthesis of aleutianamine.

anticancer leads.”® Selectivity of cell killing was noted for
murine colon cancer 38, human breast cancer MCF-7, human
prostate cancer LNCaP, and human pancreatic cancer PANC-1
compared to those of both murine and human leukemia cells
which are typically more sensitive. This breadth of selectivity is
unusual for active compounds which usually demonstrate
selectivity to only one of the cell types assayed. The ICs, value
for aleutianamine tested against human HCT-116 colon cancer
cells was 1 #M and against PANC-1 pancreatic cancer cells was
25 nM, indicating significant potency and selectivity.
Clonogenic studies were carried out using HCT-116 cells to
define the concentration-survival relationship as a function of
exposure time.”° The end point used, S,, (10% survival of
clonogenic cells for exposure time t) provides information
essential for future preclinical therapeutic studies. These
clonogenic studies yielded a ,S;, value of >5 uM, a S,
value of 0.75 uM, and a S,  value of 0.1 M. The clonogenic
data indicated that, depending upon the pharmacokinetics and
maximum tolerated dose of aleutianamine, a chronic treatment
might be expected to be efficacious. The principal structural
feature of discorhabdins is the core of a planar iminoquinone
moiety which has been shown to intercalate and cleave DNA
as well as inhibit the action of topoisomerase IL'® The
makaluvamines have been shown to be topoisomerase II
inhibitors acting via cleavable complex formation, or via the
direct induction of DNA double-strand breaks. Makaluvamines
A and C are re3ported to decrease tumor size in a solid human
tumor model.>> However, discorhabdins A and C exhibited no
inhibition of topoisomerase II despite their significant
cytotoxicity with the same core iminoquinone skeleton,
supporting a dual mechanism against cancer.'® On the basis
of the data generated thus far, aleutianamine showed
significantly higher cytotoxicity than discorhabdin A toward
cancer cell lines and demonstrated selective inhibition to
pancreatic cancer cell lines, making it a promising candidate for
synthesis, biosynthesis, and further development.

B CONCLUSION

Extensive spectroscopic data analysis in conjunction with
advanced computational approaches established a quantifiable
structure elucidation protocol that led to assignment of the
sulfur-bridged seven-membered ring incorporated with a
bromine-substituted eight-membered moiety, yielding a new
class of pyrroloiminoquinone alkaloid with potent bioactivity
toward solid tumor cell lines. This special type of ring
arrangement formed a rigid and highly fused system which is
fully constructed by multibridge rings, unlike the typical spiro
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ring system previously established for the discorhabdins and
the other reported pyrroloiminoquinone alkaloids. A similar
constrained bridge ring system with an olefinic carbon on the
bridge head can also be found in paclitaxel. Such strain may
feasibly contribute to the overall electrophilicity and potent
bioactivity of this unique molecule, thus necessitating future
SAR studies. A biogenesis map was proposed (Figure S28,
Supporting Information) to infer a possible biomimetic total
synthesis and biosynthetic study of aleutianamine and other
pyrroloiminoquinone alkaloids.
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