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Abstract: Only few naturally occurring cyclic imines have been fully structurally elucidated or
synthesized to date. The configuration at the C-4 carbon plays a pivotal role in the neurotoxicity of
many of these metabolites, for example, gymnodomines (GYMs) and spirolides (SPXs). However,
the stereochemistry at this position is not accessible by nuclear Overhauser effect—nuclear magnetic
resonance spectroscopy (NOE-NMR) due to unconstrained rotation of the single carbon bond between
C-4 and C-5. Consequently, the relative configuration of GYMs and SPXs at C-4 and its role in protein
binding remains elusive. Here, we determined the stereochemical configuration at carbon C-4 in the
butenolide ring of spirolide- and gymnodimine-phycotoxins by comparison of measured 13C NMR
shifts with values obtained in silico using force field, semiempirical and density functional theory
methods. This comparison demonstrated that modeled data support S configuration at C-4 for all
studied SPXs and GYMs, suggesting a biosynthetically conserved relative configuration at carbon C-4
among these toxins.

Keywords: gymnodimines; spirolides; marine biotoxins; stereochemistry; shielding tensors;
simulated NMR

Key Contribution: The stereochemical configuration at carbon C-4 in the butenolide ring of spirolide-
and gymnodimine-phycotoxins was determined in silico. All phycotoxins annotated in this study
had S configuration at C-4, suggesting that this stereoisomerism is likely a conserved feature of
these toxins.

1. Introduction

Macrocyclic imine (CI) phycotoxins are produced by several marine dinoflagellates and share the
spiroimine structural motif [1]. The structural analogues of CI toxins pose no apparent oral toxicity to
humans but administration by intraperitoneal injection results in lethal neurotoxic effects in mice [2].
CI toxins include several toxin classes (e.g., pinnatoxins, gymnodimines (GYMs), spirolides (SPXs),
pteriatoxins) with striking structural diversity. These compounds are potent inhibitors of the nicotinic
(nAChR) and muscarinic acetylcholine receptors [3]. The structural motifs most commonly linked to
their bioactivity are the spiroimine and spiroketal rings [4]. Due to their prominent effect on nAChR,
SPXs received attention as agents against neurodegenerative diseases [5–7]. SPXs and GYMs are highly
similar CI analogues with several common structural features (Figure 1) because they are presumably
encoded by the same genes [8]. Yet, only few naturally occurring CIs have been fully structurally

Toxins 2020, 12, 685; doi:10.3390/toxins12110685 www.mdpi.com/journal/toxins

http://www.mdpi.com/journal/toxins
http://www.mdpi.com
https://orcid.org/0000-0003-2991-9312
https://orcid.org/0000-0003-3173-6806
https://orcid.org/0000-0002-8207-4382
https://orcid.org/0000-0002-2780-2236
http://dx.doi.org/10.3390/toxins12110685
http://www.mdpi.com/journal/toxins
https://www.mdpi.com/2072-6651/12/11/685?type=check_update&version=2


Toxins 2020, 12, 685 2 of 13

elucidated or synthesized to date, giving rise to the notion if and how the stereochemistry of different
CIs may influence receptor binding and bioactivity.

Most centers of chirality in GYMs and SPXs can be identified by nuclear magnetic resonance (NMR)
measurements of the nuclear Overhauser effect (NOE). The configuration at the C-4 carbon, however,
is not accessible by NOE-NMR due to unconstrained rotation of the single carbon bond between C-4
and C-5. Thus, the relative configuration of GYMs and SPXs at C-4 has remained elusive [9,10].

The stereochemistry at carbon C-4 plays a pivotal role in the toxicity of GYMs and SPXs because
the configuration of the butenolide ring sterically interacts with the receptor protein [11]. The only
structural analogues with confirmed relative stereochemistry at C-4 are: GYM A (1, determined
by X-ray diffraction of the saturated imine derivate as S configuration [12] and synthesis [13]),
16-desmethyl GYM D (2, determined by circular dichroism (CD) spectroscopy as S configuration [14]),
and 13,19-didesmethyl SPX C (3, determined by computational techniques as R configuration [9]).
Additionally, X-ray diffraction analysis of 13-desmethyl SPX C (4) attached to nicotinic acetylcholine
receptor [11] and NMR analysis of a synthesized partial substructure (7,6-spirocyclic imine, 5) in
comparison to the natural products of 13-desmethyl SPX C (4) and 13,19-didesmethyl SPX C (3) [10]
suggested S configuration at C-4. Notably, Minamino et al. [10] argued that R configuration of
13,19-didesmethyl SPX C (3) proposed in silico by Ciminello et al. [8] was contradictory to their
analysis of synthesized epimers of 7,6-spirocyclic imine (5). Together, these studies question if there is
a conserved assignment of stereochemistry at C-4 among CI toxins.

Given this ambiguity, we addressed two objectives: (1) to develop a reliable in silico method to
determine the relative configuration at C-4, and (2) to investigate if S configuration at carbon C-4 of the
butenolide ring was a conserved feature of GYMs and SPXs. Specifically, we tested our approach on
GYMs and SPXs with known configuration at carbon C-4, namely GYM A (1), 16-desmethyl GYM D
(2), 13,19-didesmethyl SPX C (3), 13-desmethyl SPX C (4), 7,6-spirocyclic imine (5), and then applied
our method on cyclic imines with unknown configuration at carbon C-4, i.e., 12-methyl GYM B (6),
20-hydroxy-13,19-didesmethyl SPX C (7), and 20-hydroxy-13,19-didesmethyl SPX D (8).

Figure 1. Structures of gymnodimines, spirolides, and 7,6-spirocyclic imine used in this study.
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Conceptual Idea

Conceptually, we measured 13C chemical shifts in SPXs and GYMs and compared these with
calculated values obtained in silico using force field, semiempirical and density functional theory (DFT)
methods both on the level of individual carbons as well as via the DP4+ approach [15]. The synthetic C-4
epimers of GYM A (1) and 7,6-spirocyclic imine (5) revealed a strong influence of C-4 stereochemistry
on NMR shifts of neighboring nuclei, as such C-6 and C-24 in 1, C-6 and C-35 in 5 showed the greatest
difference of 13C chemical shifts [10,13]. This observation likely resulted due to the clear preference of
the conformation with proton H-4 facing towards the methyl-group at cyclohexene ring B [8] (C-26 in 1;
C-37 in 5, |α|H-4,C-4,C-5,C-6 = 40–60◦, Appendix B Figure A2). Consequently, the spatial orientation of the
oxygen between carbon C-1 and C-4 and the double bond (C-2, C-3) of the butenolide ring is determined
by the conformational isomerism at C-4. The different chemical environment in combination with the
spatial proximity of the imine ring and the methylene group at C-30 in 1 and 5 affect the chemical
shift of C-24 in 1 and C-35 in 5 (Figure 2). The difference between the chemical shifts at C-6 is due
to a similar effect; here the spatial proximity of C-6 and the stereochemistry at C-7 induce a different
chemical environment at C-6 in both C-4 epimers. Therefore, we predicted C-4 stereochemistry by
comparing experimental and simulated chemical shifts (∆δ = |δsim − δmeas|) at these distinct carbon
positions in combination with DP4+ probability.

Figure 2. Effect of stereochemistry at carbon C-4 [green] on the chemical shift of the methylene carbon
next to C-5 (C-24 in GYMs [blue] and C-35 in SPXs and 7,6-spirocyclic imine (5) [red]).

2. Results and Discussion

2.1. Simulation of Shielding Tensors

Representative geometries of each isomer are prerequisite for the simulation of shielding
tensors [16–18]. Therefore, we used a diverse set of 200 possible geometries generated by a simulated
annealing procedure with subsequent geometry optimization on the semiempirical level of theory
(AM1). These geometries were ranked and binned in groups based on their dihedral angles by principle
component analysis. Representative geometries with the lowest potential energy were chosen from
each group, which had at least one geometry with a potential energy of maximal 10 kJ mol−1 higher
than the conformer with the lowest potential energy. The representative geometries were subjected to
geometry optimization and simulation of shielding tensors on the B3LYP level of theory including the
conductor-like polarizable continuum model (CPCM) as the solvation model. The shielding tensors of
each conformer were averaged based on the Boltzmann distribution and scaled by using the measured
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chemical shifts. The scaling factors were determined individually for each isomer. In addition to the
comparison of the chemical shift at distinct positions, the DP4+ probability [15] was calculated.

The shielding tensors of 16-desmethyl GYM D were simulated at different levels of theory with
and without prior optimization (Table 1). The objective was to achieve optimal accuracy at the lowest
possible computational cost.

Table 1. Tested levels of theory for optimization and determination of shielding tensors for 16-desmethyl
GYM D (C-4: S) compared via root mean square error (RMSE).

Level of Theory 13C Level of Theory 13C

Optimization Shielding Tensors RMSE Optimization Shielding Tensors RMSE

B3LYP,CPCM B3LYP,CPCM 2.02 none B3LYP,CPCM 3.09

B3LYP B3LYP 2.00 none TPSSh, CPCM 3.20

B3LYP PBE0 2.40 none B3LYP 2.86

B3LYP RHF 3.89 none RHF 4.88

RHF RHF 4.10

Shielding tensors obtained with B3LYP optimization showed the lowest root mean square errors
(RMSEs) regardless of the application of the solvation model (Table 1). The MP2 theory improved the
prediction for the nuclei C-6 and C-24 (GYM-A) in comparison to DFT, however, it did not improve
the overall agreement between simulated and measured chemical shifts (Table 2). It is common that
the application of MP2 does not improve the prediction of chemical shifts [19,20]. The difference in
RMSE due to the application of CPCM as solvation model was minuscule. Given that the NMR data
were obtained in different solvents [8,10,13,14,21–24], the application of a solvation model seemed
advantageous nonetheless [25]. Therefore, DFT with the B3LYP functional and CPCM solvation model
was applied for the simulation of shielding tensors in this study.

Table 2. Comparison of simulated and measured chemical shifts of C-4 epimers of 1 by root mean
square error (RMSE) at different levels of theory for all carbons and C-6 and C-24 only.

DFT MP2

RMSEall RMSEC-6,C-24 RMSEall RMSEC-6,C-24

S epimer 2.909 3.751 3.478 1.957
R epimer 3.030 5.637 3.284 3.404

2.2. Individual Carbon Atoms

The simulation and comparison of individual NMR frequencies at carbon C-4 in R versus S
configuration revealed a general downfield for 13C-shifts in R configuration, specifically for C-6 as well
as the methylene carbon adjacent to C-5. This downfield shift was ~2.6 ppm for C-6 in 1, ~4.4 ppm
for 5, ~1 ppm for the methylene carbon adjacent to C-5 in 1 (C-24), and ~1.4 ppm for the 5 (C-35).
The simulated frequencies for C-24 in 1 were in good agreement with measured shifts of the natural
product (∆ = 0.1 ppm for S and 0.3 ppm for R). For all other carbon atoms, however, the simulated shifts
of both analogues showed higher simulated frequencies in comparison to measured data (Figure 3).

Although the predicted chemical shifts differed from measured values, their trends (up- or
downfield shift) were predicted correctly (Figure 3). This allowed to assess the effect of carbon C-4 on
spatially close nuclei of other SPXs and GYMs. Specifically, we addressed the hypothesis that a chemical
shift towards higher frequencies, i.e., to lower magnetic field, at C-6 and the methylene carbon adjacent
to C-5 is common for R epimers. This was clearly the case (Figure 3) as evidenced by simulations of the
epimers of GYM A (1), 16-desmethyl GYM D (2), 13,19-didesmethyl SPX C (3), 13-desmethyl SPX C (4),
12-methyl GYM B (6), 20-hydroxy-13,19-didesmethyl SPX C (7), and 20-hydroxy-13,19-didesmethyl
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SPX D (8). Consequently, all GYMs and SPXs with known full relative stereochemistry, as well as three
CI toxins with unidentified configuration at C-4 but high structural similarity to 4 or 1, respectively,
revealed a chemical shift towards higher frequencies as a conserved feature. Importantly, neither the
imine ring size of GYMs and SPXs nor different ring systems in the side chain, e.g., in 1 and 4, nor
the hydration of the C-2, C-3 bond in 4 versus 8, altered this characteristic trend of chemical shifts at
C-6. Therefore, different structural motifs of the sidechain did not affect the chemical shift of C-6 at
given stereochemistry of C-4. The same applied to the methylene carbon adjacent to C-5 among all
CI toxins under investigation. Moreover, the predicted chemical shifts for the methylene group of
the respective C-4 S epimers were either in agreement with or at lower field compared to measured
data. The only exception to this trend was observed in predictions with 8. This is likely due to the
deshielding effect of the double bond between C-2 and C-3 on the carbon of the methylene group
adjacent to C-5. The chirality of 7 resembled that of 4 with R configuration at C-20 based on NOE-NMR
(Appendix C Figure A3). The high similarity of chemical shifts between 7 and 8 suggested the same
stereochemistry of both compounds.

Figure 3. Chemical shifts of C-6 (left panel) and the methylene carbon adjacent to C-5 (right panel)
for four SPXs, 7,6-spirocyclic imine, and three GYMs. Dots show 13C shifts relative to measured 13C
shifts of the respective natural product (blue); simulated C-4 in S configuration (black), simulated C-4
in R configuration (grey); measured synthetic epimer in R configuration (orange). Relative chemical
shift ranges of S and R epimers are shaded in green and yellow, respectively. The four C-2 isomers of
20-hydroxy-13,19-didesmethyl SPX D were modeled individually (separated by dotted line).

2.3. DP4+ Probability

DP4+ weighs the accuracy of predicted chemical shifts, resulting in a higher score for lower ∆δ
values, based on Student’s t-distribution [15]. The DP4+ probability indicated S configuration at C-4
of all compounds under investigation (Table 3). 12-methyl GYM B showed the lowest probability
(93.27%) and was therefore above the confidence threshold of 90% [15].



Toxins 2020, 12, 685 6 of 13

Table 3. DP4+ probability for all studied compounds for the different C-4 ep mers.
For 20-hydroxy-13,19-didesmethyl SPX D, all four possible combinations of C-2 and C-4 stereochemistry
were considered.

C-4 Configuration S R

GYM A (1) 99.49% 0.51%

12-methyl GYM B (6) 93.27% 6,73%

16-desmethyl GYM D (2) 100.00% 0.00%

7,6-spirocyclic imine (5) 96.21% 3.79%

13-desmethyl SPX C (4) 100.00% 0.00%

13,19-didesmethyl SPX C (3) 99.99% 0.01%

20-hydroxy-13,19-didesmethyl SPX C (7) 100.00% 0.00%

C-2 Configuration S R S R

20-hydroxy-13,19-didesmethyl SPX D (8) 0.01% 99.99% 0.00% 0.00%

The additional chirality center at C-2 of 20-hydroxy-13,19-didesmethyl SPX D adds an additional
degree of freedom to this compound. As for individual chemical shifts, all possible combinations of C-2
and C-4 were included in the calculations. The results suggested that 20-hydroxy-13,19-didesmethyl
SPX D had R configuration at C-2 and S configurations at C-4 (99.99%). In conclusion, DP4+ probability
assigned C-4 S configuration to all GYMs and SPXs considered in this study.

2.4. Re-Examination of C-4 in 3

The comparison of individual chemical shifts and DP4+ probability suggested S configuration
at C-4 as a conserved feature among all studied GYMs and SPXs. This result corroborated earlier
studies showing S configuration at C-4 with other methodologies, such as X-ray diffraction (1 [12]),
CD spectroscopy (Appendix A 4 Figure A1, 2 [14]), and chemical synthesis (5 [10]).

Yet, this conclusion disagreed with the stereochemistry reported for C-4 in 3 [8]. In their study,
Ciminiello et al., assigned the configuration to C-4 by considering single conformers [8], concluding
that among modeled conformers, the gauche conformer with R configuration at C-4 (α = −53◦; Table 3)
was most plausible, whereas the S conformer was incompatible with the spatial proximity of H-4
and H-35b.

We reexamined the data for 3 [8] according to Bifulco et al. [16] because the Boltzmann distribution
(Table A1) suggested that 3 did not have dominant conformers and therefore required the averaging
of multiple conformers. When applying this rule, the modeled average distances between H-4 and
H-35b were either the same or shorter among C-4 S epimers than R epimers (Table A1), indicating
S configuration at C-4. The simulation of NMR shifts in silico, the comparison of simulated spatial
distances in comparison to NOE signals (both this study), and the interpretation of a partial structural
motif of spirolides [10] suggested S configuration at C-4 for 3.

3. Conclusions

The in silico assessment of the C-4 stereochemistry indicated S configuration for all GYMs and SPXs
tested in this study. Our data confirmed previous results obtained by X-ray diffraction, synthesis, and CD
spectroscopy (13-desmethyl SPX C (4), GYM A (1) and 16-desmethyl GYM D (2) [10–14]). Our data
revised the C-4 stereochemistry of 13,19-didesmethyl SPX C (3) and annotated the C-4 stereochemistry
for 12-methyl GYM B (6), 20-hydroxy-13,19-didesmethyl SPX C (7), and 20-hydroxy-13,19-didesmethyl
SPX D (8). Our results highlight that S stereoisomerism at C-4 is likely a conserved feature of
these toxins.

Since many marine-derived natural products are often isolated in minute amounts and possess
complex and/or remote chiral centers within the molecules, the process of determining correct
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stereochemical assignments is often very challenging. The correct assignment of natural products is
critical to many researchers since potent bioactive marine natural products often become synthetic
targets, pharmaceutical leads, or molecular probes to characterize biological functions. These studies
require accurate electron density models (Appendix D Figure A4: electrostatic potential surface of
13-desmethyl SPX C, 20-hydroxy-13,19-didesmethyl SPX C and 16-desmethyl GYM D) and receptor
binding simulations to identify the molecules’ mode of action and to extrapolate their toxicity.

4. Materials and Methods

4.1. Parameter Setup

Simulations were either performed on a Lenovo ThinkPad workstation or on the Linux cluster
Cray CS400 “Ollie” at the Alfred Wegener Institute’s computing center. The initial three- dimensional
coordinates for all stereoisomers of compounds under investigation were obtained with the Avogadro
software package [26]. The data were used for Visual Molecular Dynamics (VMD) [27] and
Swissparam [28] to obtain the force field parameters for a simulated annealing procedure in the
Nanoscale Molecular Dynamics program (NAMD).

4.2. Conformational Search

A simulated annealing procedure [29] by Nanoscale Molecular Dynamics (NAMD) [30] was applied
to search for conformers according to the simulation parameters described in Ciminiello et al. [8].
The simulation was performed with a time step length of 1 fs. The distance-dependent dielectric
constant was set to the value of methanol (ε = 33 × r). After an initial geometry optimization, a total of
200 simulated annealing cycles were performed under the following settings: Equilibration (10 ps) at
300 K, stepwise temperature increase (∆T = 10 K) with 4 ps equilibration at each step, equilibration
(20 ps) at 1000 K, stepwise temperature decrease (∆T = 20 K) with 4 ps equilibration at each step,
equilibration (2 ps) at 300 K.

The geometries obtained in each cycle of the simulated annealing were subjected to geometry
optimization with force field and semiempirical on AM1 level of theory [31]. The semiempirical AM1
structure optimization and frequency analysis were performed with the General Atomic Molecular
and Electronic Structure System (GAMESS) software package [32].

The AM1 conformers were ranked by conformational energy values and grouped into families
according to dihedral angles through principal component analysis (PCA). For each group within a
tolerance of 10 kJ mol−1 above the lowest conformational energy, a representative geometry was chosen.
The chosen geometries were geometry optimized on the B3LYP/ def2-TZVPP/RIJCOSX/def2/J level of
theory in ORCA [33]. The deuterated solvents were simulated with the conductor-like polarizable
continuum model (CPCM) [34] and parameters of non-deuterated solvents.

4.3. Determination of Shielding Tensors and NMR Chemical Shifts

Representative geometries were subjected to shielding tensor simulation in ORCA [33].
The simulation utilized the gauge-independent atom orbital model (GIAO) [35] with CPCM on
the B3LYP/ def2-TZVPP/RIJK/def2/JK and the B3LYP/6-31+G** level of theory for individual chemical
shifts and the DP4+ mechanism, respectively [15,36,37] (see SI for single point energies, shielding
tensors and geometries). The shielding tensors of conformers were averaged by Boltzmann distribution
of their potential energy. The DP4+ probabilities were determined under application of an Excel
sheet, provided by Grimblat et al., (sarotti-NMR.weebly.com) [15]. For individual chemical shifts,
the averaged shielding tensors of each nuclei were correlated with the respective NMR shift and based

sarotti-NMR.weebly.com
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on a linear regression translated into a simulated chemical shift. By comparison of simulated and
measured NMR shifts, the root mean square error (RMSE) was determined according to Formula (1):

RMSE =

√√√
1
N

N∑
i=1

(δi,simulated − δi,measured)
2. (1)

4.4. Circular Dichroism Spectroscopy

The representative geometries of both C-4 isomers of 13-desmethyl SPX C were subjected to
simulation of rotatory strengths applying time dependent DFT at the B3LYP level of theory with
def2-TZVPP/def2/J, RIJCOSX approximation, and the CPCM solvation model (water). The simulated
CD spectrum of 13-desmethyl SPX C was obtained by applying Gaussian broadening to each transition
as previously described by Li et al. [38] and adjusted manually to the height of the experimental data.

4.5. Electrostatic Potential Surface

The wavefunction of both C-4 epimers was obtained with ORCA (DFT, B3LYP/def2-
TZVPP7def2-JK) and analyzed with Multiwfn [39].

4.6. Reference NMR Spectra

Based on the simulated shielding tensors, NMR chemical shifts were simulated by comparison with
published data of the respective compounds: 20-hydroxy-13,19-didesmethyl SPX C [14] (Supplementary
Materials Table S1), and 20-hydroxy-13,19-didesmethyl SPX D [14] (Table S1); 13-desmethyl SPX C [23]
(Table S1); 13,19-didesmethyl SPX C [8] (Table S1); 7,6-spirocyclic imine [10] (Table S2), GYM A [21,22]
(Table S2 “C-4: S; NP”); C-4 R epimer of GYM A [13] (Table S2 “C-4: R; syn”); 12-methyl GYM B [24]
(Table S2), 16-desmethyl GYM D [14] (Table S2). The ROESY spectra of 20-hydroxy-13,19-didesmethyl
SPX C in MeOD were recorded in 1.7 mm microtubes at 292 K with an AVANCE II 600 MHz NMR
spectrometer (Bruker) and a CPTCI micro-cryoprobe.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/11/685/s1,
Table S1. Measured chemical shifts of SPXs, Table S2. Measured chemical shifts of GYMs, Table S3. Simulated
chemical shifts of 20-hydroxy-13,19-didesmethyl SPX D and 20-hydroxy-13,19-didesmethyl SPX C, Table S4.
Simulated chemical shifts of 13,19-didesmethyl SPX C, 13-desmethyl SPX C and 7,6-spirocyclic imine, Table S5.
Simulated chemical shifts of GYM A, 16-desmethyl GYM D and GYM E, and the single geometries with single
point energies and shielding tensors (xlsx).
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Appendix A. CD Spectroscopy of 13-desmethyl SPX C

The configuration of C4 in 13-desmethyl SPX C was independently tested by simulation and
measurement of circular dichroism (CD) spectra, as previously reported for 16-desmethyl GYM D [14].
The measured spectrum (Figure A1, black) was compared to simulated spectra of both C4 epimers
(both B3LYP optimized). The experimental CD spectra and simulated CD spectra (Figure A1, S epimer:
green, R epimer: red) of 13-desmethyl SPX C confirmed the S configuration at C-4.

http://www.mdpi.com/2072-6651/12/11/685/s1
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Figure A1. Measured CD-spectrum (black) of 13-desmethyl SPX C with simulated spectra for both
configurations at C-4 (S in green, R in red).

Appendix B. Reanalysis of 13,19-didesmethyl SPX C

Table A1. Dihedral angle values (α) and related intramolecular distances measured in AM1-modeled
conformers of C-4 R- and S-isomers of 13,19-didesmethyl SPX C according to Ciminiello et al. [8] with
their Boltzmann distribution (this study). Averaged intramolecular distances of 13,19-didesmethyl SPX
C were obtained from AM1-modeled conformers (this study).

Family/Compound Dihedral
Angle α

H-3–H-37/Å H-4–H-37/Å H-4–H-35b/Å Probability/%

C4: R

13,19-didesmethyl SPX
C: anti 168◦ 3.3 3.8 2.5 0.0

13,19-didesmethyl SPX
C: gauche− −53◦ 2.5 2.1 3.3 50.0

13,19-didesmethyl SPX
C: gauche+ 43◦ 4.7 2.3 3.7 50.0

13,19-didesmethyl SPX
C: averaged 3.7 ± 0.5 1.9 ± 0.4 3.5 ± 0.4

C4: S

13,19-didesmethyl SPX
C: anti −176◦ 3.4 3.7 2.2 0.0

13,19-didesmethyl SPX
C: gauche+ 39◦ 2.3 2.3 3.7 58.0

13,19-didesmethyl SPX
C: gauche− −41◦ 4.2 2.4 3.7 42.0

13,19-didesmethyl SPX
C: averaged 2.6 ± 0.7 2.2 ± 0.3 3.3 ± 0.2

measured NOE strength weak strong very weak
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Figure A2. The probability of a geometry to occur according Boltzmann (292 K) versus dihedral angle
α between H-4, C-4 and C-5,C-6.

Appendix C. Stereochemistry of 20-Hydroxy-13,19-didesmethyl SPX C

The preliminary stereochemistry assignments for 20-hydroxy-13,19-didesmethyl-SPX C reduced
the number of possible stereoisomers (cf. Figure A3 for important NOEs). The NOE between H-7 and
H-38 indicated E configuration at the double bond between C-8 and C-9. A linkage between the stereo
centers C-7 and C-29 was indicated by a NOE between H-7 and H-27, implying either S configuration
at C-7 and R configuration at C-29, or both configurations inverted. However, the configuration (C-7 S
and C-29 R) was indicated by the NOEs of H-34b to H-7 and H-34a to H-33. The strong NOE between
H-42 and H-43 indicated an equatorial position of both methyl groups. These methyl groups of the
modeled geometries of 13-desmethyl SPX C have an equatorial orientation. Therefore, both C-31 and
C-32 were assigned with S configuration in analogy to 13-desmethyl SPX C.

Proton H-22 showed NOEs to other protons in the macrocycle (e.g., H-25, H-11), whereas H-17
and H-12 did not reveal such NOEs. Therefore, H-22 is directed towards the macrocycle and H-12
and methylene groups of the ether ring in the middle (C-16 and C-17) are directed away from the
macrocycle. H-19 faces away from the macrocycle as indicated by the NOE between H-17 and H-19.
Further, the proton H-19 showed a NOE to H-21 and H-20 in addition to a small coupling constant
(3JHH near 0 Hz). In conclusion, the proton H-19 has axial orientation, while an equatorial orientation is
assigned to H-20. The NOE between H-22 and both protons of at C-25 indicated equatorial orientation
for H-22. Therefore, S configuration was assigned at C-12 and R configuration at C-15, C-18, C-19,
C-20, and C-22. The configuration at C-4 and C-10 is to be elucidated by the integration of in silico
methods. In analogy to C-4, we focused on neighboring carbon atoms with a spatial proximity to
another center of stereochemistry, namely C-9 and C-12. The simulated chemical shifts of C-9 and
C-12 for the C-10 S epimer were in good agreement with the measured chemical shifts (∆δS = 0.1 ppm;
∆δR = 2.5 − 2.6 ppm). Therefore, we suggest S configuration at C-10 for 20-hydroxy-13,19-didesmethyl
SPX C.
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Figure A3. Simulated and measured chemical shift of C-9 and C11 for 20-hydroxy-13,19-didesmethyl
SPX C (a) and important ROESY correlations for assignment of stereochemistry of
20-hydroxy-13,19-didesmethyl SPX C (b).

Appendix D. Electrostatic Potential Surface of SPXs and GYMs

The electrostatic potential (ESP) surface depict the size, shape, charge density, and site of
chemical reactivity of molecules [40]. The comparison of ESPs for different GYMs and SPXs supports
the observation of similar mode of actions of the two compound groups. Further, the change of
stereochemistry at the C4 carbon has a strong effect on the ESP, as shown for 13-desmethyl SPX C
(Figure A4).

Figure A4. The electrostatic potential (ESP) surface of 13-desmethyl spirolide C for both C4 epimers
(S left; R right), 16-desmethyl GYM D and 20-hydroxy-13,19-didesmethyl SPX C.

References

1. Stivala, C.E.; Benoit, E.; Aráoz, R.; Servent, D.; Novikov, A.; Molgó, J.; Zakarian, A. Synthesis and biology of
cyclic imine toxins, an emerging class of potent, globally distributed marine toxins. Nat. Prod. Rep. 2015, 32,
411–435. [CrossRef] [PubMed]

2. Otero, A.; Chapela, M.-J.; Atanassova, M.; Vieites, J.M.; Cabado, A.G. Cyclic Imines: Chemistry and
Mechanism of Action: A Review. Chem. Res. Toxicol. 2011, 24, 1817–1829. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C4NP00089G
http://www.ncbi.nlm.nih.gov/pubmed/25338021
http://dx.doi.org/10.1021/tx200182m
http://www.ncbi.nlm.nih.gov/pubmed/21739960


Toxins 2020, 12, 685 12 of 13

3. Kharrat, R.; Servent, D.; Girard, E.; Ouanounou, G.; Amar, M.; Marrouchi, R.; Benoit, E.; Molgó, J. The marine
phycotoxin gymnodimine targets muscular and neuronal nicotinic acetylcholine receptor subtypes with
high affinity. J. Neurochem. 2008, 107, 952–963. [CrossRef]

4. Hu, T.; Curtis, J.M.; Walter, J.A.; Wright, J.L.C. Characterization of biologically inactive spirolides E and F:
Identification of the spirolide pharmacophore. Tetrahedron Lett. 1996, 37, 7671–7674. [CrossRef]

5. Boente-Juncal, A.; Méndez, A.G.; Vale, C.; Vieytes, M.R.; Botana, L.M. In Vitro Effects of Chronic Spirolide
Treatment on Human Neuronal Stem Cell Differentiation and Cholinergic System Development. ACS Chem.
Neurosci. 2018, 9, 1441–1452. [CrossRef] [PubMed]

6. Alonso, E.; Otero, P.; Vale, C.; Alfonso, A.; Antelo, A.; Gimenez-Llort, L.; Chabaud, L.; Guillou, C.; Botana, L.M.
Benefit of 13-desmethyl Spirolide C Treatment in Triple Transgenic Mouse Model of Alzheimer Disease:
Beta-Amyloid and Neuronal Markers Improvement. Curr. Alzheimer Res. 2013, 10, 279–289. [CrossRef]
[PubMed]

7. Alonso, E.; Vale, C.; Vieytes, M.R.; Laferla, F.M.; Giménez-Llort, L.; Botana, L.M. 13-Desmethyl spirolide-C is
neuroprotective and reduces intracellular Aβ and hyperphosphorylated tau in vitro. Neurochem. Int. 2011,
59, 1056–1065. [CrossRef] [PubMed]

8. Ciminiello, P.; Catalanotti, B.; Dell’Aversano, C.; Fattorusso, C.; Fattorusso, E.; Forino, M.; Grauso, L.; Leo, A.;
Tartaglione, L. Full relative stereochemistry assignment and conformational analysis of 13,19-didesmethyl
spirolide C via NMR- and molecular modeling-based techniques. A step towards understanding spirolide’s
mechanism of action. Org. Biomol. Chem. 2009, 7, 3674. [CrossRef]

9. Van Wagoner, R.M.; Misner, I.; Tomas, C.R.; Wright, J.L.C. Occurrence of 12-methylgymnodimine in a
spirolide-producing dinoflagellate Alexandrium peruvianum and the biogenetic implications. Tetrahedron Lett.
2011, 52, 4243–4246. [CrossRef]

10. Minamino, K.; Murata, M.; Tsuchikawa, H. Synthesis of 7,6-Spirocyclic Imine with Butenolide Ring Provides
Evidence for the Relative Configuration of Marine Toxin 13-desMe Spirolide C. Org. Lett. 2019, 21, 8970–8975.
[CrossRef]

11. Bourne, Y.; Radic, Z.; Araoz, R.; Talley, T.T.; Benoit, E.; Servent, D.; Taylor, P.; Molgo, J.; Marchot, P. Structural
determinants in phycotoxins and AChBP conferring high affinity binding and nicotinic AChR antagonism.
Proc. Natl. Acad. Sci. USA 2010, 107, 6076–6081. [CrossRef]

12. Stewart, M.; Blunt, J.W.; Munro, M.H.; Robinson, W.T.; Hannah, D.J. The absolute stereochemistry of the
New Zealand shellfish toxin gymnodimine. Tetrahedron Lett. 1997, 38, 4889–4890. [CrossRef]

13. Kong, K.; Moussa, Z.; Lee, C.; Romo, D. Total Synthesis of the Spirocyclic Imine Marine Toxin
(−)-Gymnodimine and an Unnatural C4-Epimer. J. Am. Chem. Soc. 2011, 133, 19844–19856. [CrossRef]
[PubMed]

14. Zurhelle, C.; Nieva, J.; Tillmann, U.; Harder, T.; Krock, B.; Tebben, J. Identification of Novel Gymnodimines
and Spirolides from the Marine Dinoflagellate Alexandrium ostenfeldii. Mar. Drugs 2018, 16, 446. [CrossRef]

15. Grimblat, N.; Zanardi, M.M.; Sarotti, A.M. Beyond DP4: An Improved Probability for the Stereochemical
Assignment of Isomeric Compounds using Quantum Chemical Calculations of NMR Shifts. J. Org. Chem.
2015, 80, 12526–12534. [CrossRef]

16. Bifulco, G.; Dambruoso, P.; Gomez-Paloma, L.; Riccio, R. Determination of Relative Configuration in
Organic Compounds by NMR Spectroscopy and Computational Methods. Chem. Rev. 2007, 107, 3744–3779.
[CrossRef]

17. Bühl, M.; Von Ragué Schleyer, P. Application and Evaluation of ab Initio Chemical Shift Calculations for
Boranes and Carboranes. How reliable are “accurate” Experimental Structures? J. Am. Chem. Soc. 1992, 114,
477–491. [CrossRef]

18. Onak, T.; Diaz, M.; Barfield, M. Ab Initio/NMR Studies on Per-B-F and Per-B-Cl Derivatives of C4B2H6 and
C2B4H6: “Classical” vs. “Carborane-Cage” Structures. Correlation of 11B, 19F, and 35Cl NMR Data among
Related Fluoroboron and Chloroboron Compounds. J. Am. Chem. Soc. 1995, 117, 1403–1410. [CrossRef]

19. Dokalik, A.; Kalchhauser, H.; Mikenda, W.; Schweng, G. NMR spectra of nitrogen-containing compounds.
Correlations between experimental and GIAO calculated data. Magn. Reson. Chem. 1999, 37, 895–902.
[CrossRef]

20. Zuschneid, T.; Fischer, H.; Handel, T.; Albert, K.; Häfelinger, G. Experimental gas phase 1H NMR spectra
and basis set dependence of ab initio GIAO MO calculations of 1H and 13C NMR absolute shieldings and
chemical shifts of small hydrocarbons. Z. Naturforsch. Sect. B J. Chem. Sci. 2004, 59, 1153–1176. [CrossRef]

http://dx.doi.org/10.1111/j.1471-4159.2008.05677.x
http://dx.doi.org/10.1016/0040-4039(96)01721-2
http://dx.doi.org/10.1021/acschemneuro.8b00036
http://www.ncbi.nlm.nih.gov/pubmed/29518322
http://dx.doi.org/10.2174/1567205011310030007
http://www.ncbi.nlm.nih.gov/pubmed/23036025
http://dx.doi.org/10.1016/j.neuint.2011.08.013
http://www.ncbi.nlm.nih.gov/pubmed/21907746
http://dx.doi.org/10.1039/b907649b
http://dx.doi.org/10.1016/j.tetlet.2011.05.137
http://dx.doi.org/10.1021/acs.orglett.9b03373
http://dx.doi.org/10.1073/pnas.0912372107
http://dx.doi.org/10.1016/S0040-4039(97)01050-2
http://dx.doi.org/10.1021/ja207385y
http://www.ncbi.nlm.nih.gov/pubmed/22023219
http://dx.doi.org/10.3390/md16110446
http://dx.doi.org/10.1021/acs.joc.5b02396
http://dx.doi.org/10.1021/cr030733c
http://dx.doi.org/10.1021/ja00028a013
http://dx.doi.org/10.1021/ja00109a027
http://dx.doi.org/10.1002/(SICI)1097-458X(199912)37:12&lt;895::AID-MRC581&gt;3.0.CO;2-7
http://dx.doi.org/10.1515/znb-2004-1012


Toxins 2020, 12, 685 13 of 13

21. Miles, C.O.; Wilkins, A.L.; Stirling, D.J.; MacKenzie, A.L. New Analogue of Gymnodimine from a Gymnodinium
Species. J. Agric. Food Chem. 2000, 48, 1373–1376. [CrossRef] [PubMed]

22. Miles, C.O.; Wilkins, A.L.; Stirling, D.J.; MacKenzie, A.L. Gymnodimine C, an Isomer of Gymnodimine B,
from Karenia selliformis. J. Agric. Food Chem. 2003, 51, 4838–4840. [CrossRef] [PubMed]

23. Hu, T.; Burton, I.W.; Cembella, A.D.; Curtis, J.M.; Quilliam, M.A.; Walter, J.A.; Wright, J.L.C. Characterization
of Spirolides A, C, and 13-Desmethyl C, New Marine Toxins Isolated from Toxic Plankton and Contaminated
Shellfish. J. Nat. Prod. 2001, 64, 308–312. [CrossRef]

24. Strangman, W.; Anttila, M.; Tomas, C.; Wright, J. (5S)-5-[(4aR,8aS,9E,11S,13R,14S,16R,17R,19S)-11,19-
Dihydroxy-8,10,13,16-tetramethyl-18-methylidene-3,4,5,6,8a,11,12,13,14,15,16,17,18,19,20,21-hexadecahydro-
2H-14,17-epoxybenzo[2,3]cyclohexadeca[1,2-b]pyridine-7-yl]-3-methylfuran-2(5H)-one
(12-Methylgymnodimine B). Molbank 2016, 2016, M896. [CrossRef]

25. Pierens, G.K. 1H and 13C NMR scaling factors for the calculation of chemical shifts in commonly used
solvents using density functional theory. J. Comput. Chem. 2014, 35, 1388–1394. [CrossRef]

26. Hanwell, M.D.; Curtis, D.E.; Lonie, D.C.; Vandermeersch, T.; Zurek, E.; Hutchison, G.R. Avogadro: An
advanced semantic chemical editor, visualization, and analysis platform. J. Cheminform. 2012, 4, 17.
[CrossRef]

27. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38.
[CrossRef]

28. Zoete, V.; Cuendet, M.A.; Grosdidier, A.; Michielin, O. SwissParam: A fast force field generation tool for
small organic molecules. J. Comput. Chem. 2011, 32, 2359–2368. [CrossRef]

29. Kirkpatrick, S.; Gelatt, C.D.; Vecchi, M.P. Optimization by Simulated Annealing. Science 1983, 220, 671–680.
[CrossRef]

30. Phillips, J.C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.; Skeel, R.D.; Kalé, L.;
Schulten, K. Scalable molecular dynamics with NAMD. J. Comput. Chem. 2005, 26, 1781–1802. [CrossRef]

31. Dewar, M.J.S.; Zoebisch, E.G.; Healy, E.F.; Stewart, J.J.P. AM1: A New General Purpose Quantum Mechanical
Molecular Model1. J. Am. Chem. Soc. 1985, 107, 3902–3909. [CrossRef]

32. Gordon, M.S.; Schmidt, M.W. Advances in electronic structure theory. In Theory and Applications of
Computational Chemistry; Elsevier: Amsterdam, The Netherlands, 2005; pp. 1167–1189. ISBN 9780444517197.

33. Neese, F. Software update: The ORCA program system, version 4.0. WIREs Comput. Mol. Sci. 2018, 8, e1327.
[CrossRef]

34. Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. Energies, structures, and electronic properties of molecules in
solution with the C-PCM solvation model. J. Comput. Chem. 2003, 24, 669–681. [CrossRef] [PubMed]

35. Ditchfield, R. Self-consistent perturbation theory of diamagnetism I. A gauge-invariant LCAO method for
N.M.R. Chemical shifts. Mol. Phys. 1974, 27, 789–807. [CrossRef]

36. Stephens, P.J.; Devlin, F.J.; Chabalowski, C.F.; Frisch, M.J. Ab Initio calculation of vibrational absorption
and circular dichroism spectra using density functional force fields. J. Phys. Chem. 1994, 98, 11623–11627.
[CrossRef]

37. Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence
quality for H to Rn: Design and assessment of accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297–3305.
[CrossRef] [PubMed]

38. Li, X.-C.; Ferreira, D.; Ding, Y. Determination of Absolute Configuration of Natural Products: Theoretical
Calculation of Electronic Circular Dichroism as a Tool. Curr. Org. Chem. 2010, 14, 1678–1697. [CrossRef]

39. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592.
[CrossRef]

40. Gupta, V.P. Electron Density Analysis and Electrostatic Potential. In Principles and Applications of Quantum
Chemistry; Elsevier: Amsterdam, The Netherlands, 2016; pp. 195–214, ISBN 9780128034781.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/jf991031k
http://www.ncbi.nlm.nih.gov/pubmed/10775400
http://dx.doi.org/10.1021/jf030101r
http://www.ncbi.nlm.nih.gov/pubmed/14705921
http://dx.doi.org/10.1021/np000416q
http://dx.doi.org/10.3390/M896
http://dx.doi.org/10.1002/jcc.23638
http://dx.doi.org/10.1186/1758-2946-4-17
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1002/jcc.21816
http://dx.doi.org/10.1126/science.220.4598.671
http://dx.doi.org/10.1002/jcc.20289
http://dx.doi.org/10.1021/ja00299a024
http://dx.doi.org/10.1002/wcms.1327
http://dx.doi.org/10.1002/jcc.10189
http://www.ncbi.nlm.nih.gov/pubmed/12666158
http://dx.doi.org/10.1080/00268977400100711
http://dx.doi.org/10.1021/j100096a001
http://dx.doi.org/10.1039/b508541a
http://www.ncbi.nlm.nih.gov/pubmed/16240044
http://dx.doi.org/10.2174/138527210792927717
http://dx.doi.org/10.1002/jcc.22885
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Simulation of Shielding Tensors 
	Individual Carbon Atoms 
	DP4+ Probability 
	Re-Examination of C-4 in 3 

	Conclusions 
	Materials and Methods 
	Parameter Setup 
	Conformational Search 
	Determination of Shielding Tensors and NMR Chemical Shifts 
	Circular Dichroism Spectroscopy 
	Electrostatic Potential Surface 
	Reference NMR Spectra 

	CD Spectroscopy of 13-desmethyl SPX C 
	Reanalysis of 13,19-didesmethyl SPX C 
	Stereochemistry of 20-Hydroxy-13,19-didesmethyl SPX C 
	Electrostatic Potential Surface of SPXs and GYMs 
	References

