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Preface to ”Selected Papers from XVI MaNaPro and XI

ECMNP”

The International Symposium on Marine Natural Products (MaNaPro) and the European

Conference on Marine Natural Products (ECMNP) are two of the top three most prestigious

conferences on marine natural products. MaNaPro started in 1975 and ECMNP began in 1997,

and they are conducted in triennial and biennial frequencies, respectively. Both conferences focus

on studies related to marine chemistry. The MaNaPro symposia are the world’s most noteworthy

events in marine natural products. The ECMNP mission is to promote the participation of younger

researchers in high-quality scientific meetings in this field and encourage collaborations worldwide.

In 2019, the 2nd joint XVI MaNaPro and XI ECMNP meeting (http://wmnp2019.ipleiria.pt/)

was held in Peniche, Portugal, from the 1st to the 5th of September. A Special Issue dedicated to

this symposium entitled “Selected Papers from the XVI MaNaPro and XI ECMNP” was developed to

maximize the impact of this conference in the marine natural products community. The conference

Special Issue resulted in 1 conference report and 12 articles published inMarine Drugs (https://www.

mdpi.com/journal/marinedrugs/special issues/MaNaPro-ECMNP-2019).

The 12 articles are included in this volume and provide a good representation of the richness

of the joint XVI MaNaPro and XI ECMNP conference topics: (1) the development of an advanced

floating chirality distance geometry approach that uses anisotropic NMR parameters to support

the determination of the relative configuration of natural products; (2) the use of a phenotarget

approach for identifying an alkaloid that interacts with the tuberculosis protein; (3) the discovery

of anti-inflammatory cembranoids from the soft coral Sarcophyton cherbonnieri; (4) the finding of

anticancer metabolites from the marine sediment-derived fungus Aspergillus flocculosus; (5) the

discovery of dolabellanes and secosteroids that potentiate proteasome inhibition from the soft coral

Clavularia flava; (6) the investigation of avarone, avarol, and the novel semisynthetic thiazinoquinone

analog thiazoavarone as antiparasitic agents; (7) the assessment of napyradiomycins from the

marine-derived actinomycetes Streptomyces aculeolatus as antifouling agents; (8) the evaluation of

amentadione from the alga Cystoseira usneoides as an osteoarthritis protective agent; (9) the study

of the antifouling properties of saponin-containing crude extracts from sea cucumbers; (10) the

discovery of new benthic cyanobacteria from Guadeloupe Mangroves as producers of antimicrobials;

(11) the uncovering of the core microbiome and distribution of palmerolide in Synoicum adareanum

across the Anvers Island, Antarctica; and (12) the light-mediated toxicity of porphyrin-like pigments

from a marine polychaeta.

This collection of selected scientific publications provides a comprehensive overview of the

wide diversity of marine bioresources, the relentless search for new tools for advancing structure

elucidation and configuration assignment and for the rapid discovery of bioactive natural products,

and the interdisciplinary nature of the research of marine natural products and their extensive

medical and biotechnological potential.

Susana P. Gaudêncio, Rui Pedrosa, Vitor Vasconcelos

Editors
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The Advanced Floating Chirality Distance Geometry
Approach—How Anisotropic NMR Parameters Can
Support the Determination of the Relative
Configuration of Natural Products
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Abstract: The configurational analysis of complex natural products by NMR spectroscopy is still
a challenging task. The assignment of the relative configuration is usually carried out by analysis
of interproton distances from NOESY or ROESY spectra (qualitative or quantitative) and scalar (J)
couplings. About 15 years ago, residual dipolar couplings (RDCs) were introduced as a tool for the
configurational determination of small organic molecules. In contrast to NOEs/ROEs which are local
parameters (distances up to 400 pm can be detected for small organic molecules), RDCs are global
parameters which allow to obtain structural information also from long-range relationships. RDCs
have the disadvantage that the sample needs a setup in an alignment medium in order to obtain the
required anisotropic environment. Here, we will discuss the configurational analysis of five complex
natural products: axinellamine A (1), tetrabromostyloguanidine (2), 3,7-epi-massadine chloride (3),
tubocurarine (4), and vincristine (5). Compounds 1–3 are marine natural products whereas 4 and 5 are
from terrestrial sources. The chosen examples will carefully work out the limitations of NOEs/ROEs in
the configurational analysis of natural products and will also provide an outlook on the information
obtained from RDCs.

Keywords: chirality; configurational analysis; distance geometry; NMR spectroscopy; NOE data;
residual dipolar couplings

1. Introduction

The determination of the relative and absolute configuration of natural products is essential to
understand their interactions in the biological field and to allow their procurement through total
synthesis. The structure determination of natural products by NMR spectroscopy [1–3] is usually
divided into two more or less “independent” approaches: (a) constitutional assignment and (b)
configurational and conformational assignment (see Figure 1). The constitutional assignment will not
be covered in the present manuscript. We will focus on the discussion of the assignment of the relative
configuration and conformation only.

Mar. Drugs 2020, 18, 330; doi:10.3390/md18060330 www.mdpi.com/journal/marinedrugs1
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Figure 1. Structure elucidation of natural products by NMR spectroscopy.

1.1. NOEs/ROEs in Structure Elucidation

So far, there is no general NMR method for a secure assignment of the relative configuration of
non-crystallizable natural products [4–6]. Valuable information is provided by NOEs or ROEs which
allow to derive actual interproton distances by volume integration of the cross-peaks in the NOESY
or ROESY spectrum. The H, H distances are obtained by the comparison of the peak volume with a
cross-peak of known distance (the so-called calibration or reference peaks). The determination of the
relative configuration from NOE- or ROE-derived interproton distances can be accomplished in different
ways [3]. In the past, this was mainly carried out in a qualitative way using molecular-mechanics or
density functional theory (DFT) derived structure models. In particular, the DFT approach is restricted
to relatively small systems because these types of calculation quickly become prohibitively expensive
for larger structures or large numbers of diastereomers that need to be considered.

Another possibility would be to run rEM (restrained energy minimization) [7] or rMD (restrained
molecular dynamics) [8,9] simulations for all possible relative configurations, and generally, the one
with the lowest error with respect to the experimental restraints is chosen as the correct relative
configuration of the investigated molecule. The disadvantage of this approach is that it is very
time consuming, especially for molecules with many unknown stereogenic centers because for
every diastereomer separate simulations need to be run (2n−1 calculations), albeit these may be
automated in computer-assisted structure elucidation protocols [10,11]. However, MD simulations
are biased by the choice of the force-field (for uncommon structural fragments these might even lack
appropriate parameters at all) and the user’s choice of the initial geometry (“starting configuration and
conformation”). Relative conformational energies obtained from DFT calculations may be inaccurate
up to ~1–2 kcal/mol−1 (amounting to errors in Boltzmann weights of conformers differing by factors of
~0.20–0.03 at 300 K!) depending on the treatment of electron-electron correlation and/or dispersion
interactions [12].

One method of choice for small molecules with several stereogenic centers is the combination
of distance geometry (DG) [13–16] and distance bounds driven dynamics (DDD) calculations
using NOE/ROE-derived distance restraints (r) [3,5,16–19]. The most important aspects of the
NOE/ROE-restrained DG/DDD method (rDG/DDD) is the possibility to allow configurations to
dynamically change during the simulation (floating chirality, fc) and therefore to determine the
conformation and the relative configuration of small organic molecules simultaneously (fc-rDG/DDD).
The DG approach (see Figure 2) considers holonomic distance restraints as lower (dmin) and upper
(dmax) bounds of atom-atom distance relations, which are derived from the molecular constitution
(which must be known!), as well as 1,2- (bonds), 1,3- (angles), and 1,4-connectivities (torsions) and
experimental NOE/ROE-derived restraints can be added to this set of limits. Within these restraints,
structure models are generated solely based on distance information, removing the bias to any initial
input reference model, and these models are further refined in a simulated annealing approach.
Chirality is incorporated in the DG approach using signed chiral volumes, which basically describe
the volume enclosed by the substituents on tetrahedral centers, and which simultaneously encode for
opposite configurations through sign inversion (see Section 4).
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Figure 2. Workflow of rDG/DDD calculations: Based on distance restraints such as bond lengths
(1,2-distance), angles and torsions (1,3- and 1,4-distances), excluded van der Waals volumes, and
NOE/ROE derived distance limits, a matrix of upper (top right triangle) and lower (bottom left triangle)
distance bounds between all atom-atom pairs i, j is constructed (a). Based on these distance limits,
initial guess structure models of arbitrary configuration and conformation are generated through a
“metrization” procedure in 4D space (b, for clarity shown as 3D models). These models are subsequently
refined through an automated sequence of simulated annealing steps in 4D and 3D space (c), by which
finally the correct configuration evolves as the best-fit structures of lowest pseudo energy (total error).
In particular step (a) ensures that the final structures generated are not biased by any input structure,
and through step (b,c), evolve solely on the basis of experimental data. At no point of a rDG/DDD
simulation, neither a conventional parametrized force-field is involved, nor are any presumptions
on conformational preferences implied. All relative configurations of stereogenic centers emerge
exclusively based on experimental data.

The concept of floating chirality (fc) was introduced for the assignment of diastereotopic protons
or methyl groups in proteins. This approach was first applied in 1988 to distance geometry (DG)
calculations [20] and in 1989 to rMD simulations [21]. In DG calculations, floating chirality is achieved
by not using chiral restraints (chiral volumes) for unknown prochiral and stereogenic centers, whereas
in rMD, floating chirality is achieved by reducing or removing the force constants of the angles which
define the chiral centers. Even more, DG uses no energy penalty or additional out-of-plane terms to
guarantee that the full set of permutations for all stereogenic centers is generated. In general, DG uses
a single chiral volume restraint on one selected stereogenic center only in order to avoid enantiomeric
configurations (see discussions below). However, in contrast to rMD simulations, DG does not use any
physical force-field of any type, and thus removes any intrinsic bias imposed on the results by this
choice. DG relies solely on experimental data like distances between atoms or anisotropic data (see
below) and all stereogenic centers are allowed to adopt their relative configuration in accordance with
the experimental data.

Moreover, the strength of the DG approach is that all structure models are first generated in
four-dimensional (4D) space before these are transferred into “real” 3D space. The extra dimension
provides additional degrees of freedom to assemble structures of different configurations and
conformations within the limits of the distance bounds. Most notably, the sequence of 4D and
3D simulated annealing steps has major benefits for the robustness and quality of configurational
sampling, as inversions of 3D objects (e.g., stereogenic centers) become simple rotations in 4D, and
thus the “energy” barriers between alternate diastereomers are effectively lowered or even removed
altogether (see Figure 2, and in the Section 4, Figure 12).

NMR-derived experimental data such as NOE/ROE distances, scalar couplings, residual dipolar
couplings (RDCs), residual quadrupolar couplings (RQCs), and residual chemical shift anisotropies
(RCSAs) can be incorporated in this DG approach. Here, all experimental parameters are accounted for
as sums of squared violations ΔX2 = (Xexp −Xcalc)

2
of experimental versus back-calculated values, and

these deviations are added up in a harmonic approximation as pseudo energy terms E = 1/2K
∑

ΔX2

3
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with empirical force constants K. In total, the sum of these terms based on NMR data, and violations of
distance bounds or, if applicable chiral volume restraints, define a dimensionless total penalty or pseudo
energy function, which must not be confused with a MD- or DFT-derived “real” molecular energy,
and the lower this pseudo energy penalty becomes, the better the restraints based on experimental
data are fulfilled. A comprehensive description of all energy terms is given in the Section 4. In this
context, these violation energies, and in particular their partial derivatives ∂Etotal/∂r with respect 4D
and 3D Cartesian atomic coordinates, are considered as forces which drive the structure evolution in a
simulated annealing type approach–and thus the structures evolve from the data rather than being
evaluated against pre-calculated structures only.

Up till now a general application of the DG approach to all different kind of natural products
was hindered by the fact that NOEs/ROEs cover only short-range interactions (up to 400 pm for
small molecules) and was hampered or even impossible for proton-deficient structures. This can now
be overcome by the use of anisotropic NMR parameters (RDCs, RQCs, and RCSA) in the structure
under investigation.

1.2. RDCs in Structure Elucidation

In contrast to NOEs/ROEs, residual dipolar couplings (RDCs) are anisotropic NMR parameters,
which are global in nature and independent from the distances between the vectors connecting the
coupling nuclei. RDCs, RQCs, and RCSAs are NMR observables that can now be used within the
fc-rDG/DDD method using the recently published software ConArch+ [22,23]. Within this investigation,
only the usage of RDCs will be discussed here.

Standard NMR investigations are carried out in isotropic solutions, where usually the dipolar
couplings are averaged out by isotropic tumbling of the molecules. If this is not the case, either
by the presence of paramagnetic metal ions [24] or anisotropic susceptibility of diamagnetic
macromolecules [25] or, more general, the presence of an anisotropic medium, the molecules will be
partially oriented with respect to the external magnetic field, and residual dipolar couplings (RDCs) can
be measured (detailed reviews can be found at [26–31]). An anisotropic environment is generated by
an alignment medium (AM), examples for AMs are stretched gels [32–40] or lyotropic liquid crystalline
(LLC) phases [41–49].

The size of 1DCH RDCs depends on the time-averaged orientation of the CH-vector and its
averaged angle with respect to the external magnetic field B0 (see Figure 3). The one-bond (CH)
dipolar coupling is usually obtained by comparison of HSQC-type experiments run in isotropic and
anisotropic environment [50,51]. A very popular variant of these HSQC experiments is the so-called
CLIP/CLAP-HSQC [52], which is run without F2 decoupling in order to observe the one-bond coupling
in F2. The residual dipolar coupling adds to the scalar coupling leading to a total coupling constant
(1TCH) from which the residual dipolar coupling (1DCH) can be calculated (1TCH =

1JCH + 2 1DCH).
Analysis of RDC data is less straightforward than the interpretation of isotropic data such as

chemical shifts and scalar coupling. However, given a molecular geometry for the compound analyzed,
RDCs can be back-calculated from the experimental data and this structural model in a parameter-free
fashion using natural constants only, and an alignment tensor can be computed which describes
the average orientation of the molecule in relation to the magnetic field [53]. Frequently, alternative
relative configurations of analytes imply different relative orientations of CH vectors, and thus RDCs
are very sensitive configuration probes even for cases, where stereogenic centers are separated by
many bonds. Usually, the configuration which displays the best correlation between experimental
and back-calculated RDC data (Dexp vs. Dcalc) is considered as the correct one (see Figure 3). RDC
analysis is based on the assumption that the chemical shifts in the isotropic and anisotropic phases
do not change or change only slightly. The standard procedure does not include a re-assignment of
the molecule under study in the anisotropic phase, but the assignment could be questionable if larger
changes in the chemical shifts are observed.

4
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(a) 

 
(b) 

Figure 3. Matching of RDC data against two alternative diastereomers of tubocurarine (4), which
differ in their configuration at C-24: (a) correct, and (b) wrong relative configuration of C-1 and
C-24. The stereogenic centers C-1 and C-24 are marked in green and orange, respectively, and the
directionality of the corresponding methine C-H bonds is indicated by the colored vectors in both
structure models. The differing average orientation of each of these C-H bond vectors relative to the
external magnetic field (blue vector) of the NMR spectrometer leads to different RDCs back-calculated
for both diastereomers (colored values in the plots of Dexp vs. Dcalc ), the better correlation between
experimental and back-calculated data identifies (a) as the correct relative configuration of 4, whereas
(b) could be ruled out.

However, crucial for the interpretation of RDC data is the fact that accurate structure proposals
must be provided at first hand, which are then evaluated against the experimental NMR data, and a
thorough error analysis has to be carried out in order to ascertain configurational assignments [23].
The necessity for pre-evaluation of conformational preferences may become problematic for flexible
or larger molecules. Moreover, this type of analysis has to be repeated for all 2n−1 diastereomers
if the molecule contains n stereogenic elements. In a recent report [22], we have demonstrated on
how to include RDC information in DG simulations in both 4D and 3D space, using a pseudo energy
penalty function ERDC = 1/2KRDC

∑
(Dexp −Dcalc)

2
similar as described above. This now provides

the advantage that the prerequisite of the beforehand structure generation is dropped altogether.
Instead, the correct configuration emerges from these RDC-driven rDG types of simulations as a direct
consequence and within the boundaries of these experimental restraints.

Though the mathematical details for the treatment of NOEs/ROEs and RDCs differ vastly, the
pseudo energy error function allows to arbitrarily combine these different types of restraints within DG,
and structures are generated fulfilling all experimental parameters best. However, there is one additional
fundamental difference between NOE and RDC data. For the former, only a single NOE “data set” can
be obtained, whereas for the latter RDCs multiple “data sets” can be obtained when measuring the NMR
data under different alignment conditions (i.e., different alignment media [23,54–57], multi-component
multi-phase AM [46], temperature dependent AM [43,58], etc.). Though this might entail considerable
experimental effort, these multi-alignment data sets can also be exploited in the DG implementation
of ConArch+ [22]. Under the assumption that the conformational preferences of the analyte do not
change significantly for alternate alignment conditions, different sets of RDCs can provide crucial
additional and independent structure information, which may contribute significantly to the certainty
with which configurational assignments are supported by experimental data [23,54–57].

In the sequel, the application of the fc-rDG/DDD method will be demonstrated on five complex
natural products (see Scheme 1). The dimeric cyclic pyrrole-imidazole alkaloid (PIA) axinellamine A
(1) isolated from the marine sponge Axinella sp. in 1999 [59] is the first compound to study. The second
example is also a dimeric cyclic PIA from the marine sponge Stylissa caribica, tetrabromostyloguanidine
(2) from 2007 [60], and the synthetic massadine derivative 3,7-epi-massadine chloride (3) is the last one of
the PIA series from 2008 [61]. Finally, the terrestrial plant alkaloids tubocurarine (4) from Chondrodendron
tomentosum [62] and vincristine (5) from Catharanthus roseus [63] are examples discussed here to illustrate

5
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the limitations of configurational analysis based on NOE/ROE data solely, and only the combined
approach of using distance as well as RDC data allows to deduce their configurations unequivocally.

epi

 
Scheme 1. Structural formulae of the investigated molecules with atom numbering: axinellamine A
(1), tetrabromostyloguanidine (2), 3,7-epi-massadine chloride (3), tubocurarine (4), and vincristine (5).

2. Results and Discussion

Compounds 1–3 are cyclic dimeric pyrrole-imidazole alkaloids (PIAs) with eight contiguous
stereogenic centers each, resulting in 128 possible relative configurations (diastereomers),
respectively. Axinellamine A (1) and 3,7-epi-massadine chloride (3) possess tetracyclic cores, whereas
tetrabromostyloguanidine (2) features an even more complex hexacyclic core. For the PIAs 1–3

only ROE-derived interproton distances were used. The interproton distances were extracted from
a ROESY spectrum with a mixing time of 100 ms (in case of 3: 300 ms). For all compounds the
interproton distances ±10% were used as distance restraints in the floating chirality restrained DG/DDD
calculations (fc-rDG/DDD), additional details on the calculations on 1–3 are given in the Section 4 and
the Supporting Information. As NMR can anyhow determine relative configurations only, in all rDG
simulations a single stereogenic center of 1–3 each was fixed by applying a chiral volume restraint in
order to avoid enantiomeric structures. The number of the generated structures in the fc-rDG/DDD
calculations was set to 1000 to allow for reasonable sampling of the configurational and conformational
space. Additional simulations applying different chiral volume restraints and/or sampling lengths,
as well as in-depth analyses of the rDG runs are described in the Supporting Information. In the
following, we report the application of the fc-rDG/DDD method to assign the relative configuration of
all stereogenic centers for compounds 1–3 simultaneously, and based on ROE data alone.

2.1. Configurational Assignment with ROEs Only

2.1.1. Axinellamine A (1)

For the configurational assignment of axinellamine A (1) 35 interproton distances from ROESY
spectra were used (the complete list of ROEs of 1 is given in the SI, Table S1). As mentioned above,
one stereogenic center of 1 was fixed and set as reference (C-14). In the traditional approach of
pre-calculating structures, this would entail the necessity to evaluate a total of 128 diastereomers.
Indeed, inspection of the output on the rDG protocol shows that all 128 configurations are actually
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generated by the “metrization” process in 4D space, but many of these molecular geometries severely
violate the restraints imposed by the ROE data even in this higher dimension, and thus do not “survive”
even the 4D refinement of simulated annealing. At the end of the 4D sampling phase, 40 alternative
configurations were obtained (see Supplementary Figures S2 and S3), out of which even only 37 did
emerge finally from the 3D sampling, albeit many of these structures display severe ROE violations.

The over-all exceedingly high efficiency of configurational sampling by rDG, and the results for
1000 generated possible structural candidates of axinellamine A (1) are shown in Figure 4a (“best 700”)
as a graphical representation of the total error (dimensionless) for each structure, ordered according
to ascending total errors. The first wrong structure (wrong configuration of 1) in respect to the eight
stereogenic centers is No. #598 (red circle in Figure 4a). This structure differs from structures #1 to
#597 by the configuration of C-1. The first “pseudo-configurational” change was already observed at
structure No. #365 (orange circle in Figure 4a). This is the alternative assignment of the diastereotopic
protons at the methylene group C-1′. Mathematically there is no difference between stereogenic and
prochiral centers, which means that for axinellamine A (1) altogether ten centers needed to be assigned.
Chemically only the stereogenic centers are of importance for the differentiation of the stereoisomers,
but the prochiral centers are important to support the configurational assignment. In this example,
only C-1′ is used, whereas the second prochiral center (C-1′’) does not contribute to the results since no
ROE to both H’s of C-1′’ have been observed.

Most notably, the first wrong configuration of 1 (#598) appears rather late in this sequence of energy
sorted structures sampled, visualizing the efficiency of sampling (the total number of structures with the
correct configuration for axinellamine A (1) is even 760/1000). Additionally, the second best (first wrong)
alternative configuration is separated from the best-fit global energy minimum structure by significant
energy steps and a large pseudo energy difference of the penalty error function (ΔEtotal = 3.15). Within
the rDG approach, both of these characteristics are indicative for an unambiguous configurational
assignment of 1 based on the experimental NMR data used, and the plot in Figure 4b shows, that all
structures #1 to #597 indeed feature the same relative configuration of all stereogenic centers.

Figure 4a illustrates very well that the correct relative configuration of axinellamine A (1) appears
in different conformations with respect to the orientation of the side chains. There are already six
steps before a different configuration is observed, which originate from alternate local conformational
changes that mainly include the orientation of the side chains (see Figure 4b). The inset plot in Figure 4a
shows the first “energy” step in detail.

It must be stressed, that this rDG simulation is actually a single, fully automated sequence of
calculations–and not 128 individual calculations on alternate diastereomers–by which the correct
configuration of axinellamine A (1) is quickly and highly reliably identified. At no point of this
simulation is a physical force-field involved, and the final assignment emerges based on experimental
data only irrespective of the starting configuration.

2.1.2. Tetrabromostyloguanidine (2)

For the configurational assignment of tetrabromostyloguanidine (2) 27 interproton distances from
ROESY spectra were used (the complete list of ROEs of 2 is given in the SI, Table S2). Using the same
methodology as in case of axinellamine A (1), the results for the 1000 generated possible structures of
tetrabromostyloguanidine (2) are shown in Figure 5a (“best 400”) as a graphical representation of the
total error (dimensionless) for each structure, ordered according to ascending total errors. As already
discussed for 1, one stereogenic center of 2 was again set as reference and fixed by the application of a
chiral volume restraint (C-10). In order to verify and demonstrate that the results of the fc-rDG/DDD
calculations do not depend on the choice of the stereogenic center that is fixed, these calculations
were also repeated for all eight centers of 2 and are reported in the Supporting Information (see
Supplementary Figures S5–S7).

7



Mar. Drugs 2020, 18, 330

 
(a) 

 
(b) 

Figure 4. (a) Plot of the total “pseudo energy” of ranked rDG structures of axinellamine A (1), showing
the first 700 out of 1000 structures generated (KNOE = 10.0 Å−2), the minimum energy level is indicated
by the green line. The dashed lines at higher energies indicate the differentiability of the best-fit solution
with respect to alternate assignments of diastereotopic methylene protons (orange) or wrong (red)
configurations, the corresponding ΔE values are given on the right. The inset plot shows the first 100
structures with all-correct assignments and their separation into distinct conformational families by
smaller energy steps. (b) Molecular structures of axinellamine A (1) showing the superposition of
all DG structures identified up to the first wrong configuration (597 structures); the central fragment
(green circle) of the DG best-fit (lowest pseudo energy) structure is plotted below, displaying the correct
configuration of 1.

The first wrong structure with respect to the eight stereogenic centers is No. #378 (red circle
in Figure 5). This structure differs from structures #1 to #377 by the configuration of C-20, which is
actually the same position (different atom numbering, see Scheme 1) for the first change as observed in
case of axinellamine A (1). The first “pseudo-configurational” change, i.e., an alternative diastereotopic
assignment of methylene protons of the exocyclic methylene group C-19, was already observed at
structure No. #99 (orange circle in Figure 5) with a very low energy difference of ΔE = 0.14, indicating
some ambiguity in the assignment of these CH2-protons. The second and more characteristic “jump” in
energy is observed at structure No. #203. This jump in energy includes both either a new conformation
of 2 and its side chains, or an alternative assignment of the diastereotopic protons at the endocyclic
methylene group C-13, both changes have similar penalties in experimental versus calculated NMR
parameters. At structure No. #277 the alternative assignment of the diastereotopic protons at C-13
is observed, and at structure No. #302 both methylene groups are inverted and both changes are
manifested in rather small changes in pseudo energy only. The total number of structures with the
correct configuration for tetrabromostyloguanidine (2) generated is 702/1000. Though all 128 relative
configurations of 2 were initially generated by the rDG “metrization” step, only a few “survived” the
4D (36 configuration) and 3D (19 diastereomers) stages of sampling, and of the latter, all 18 wrong
configurations appear after structure No. #377, and are ranked in their pseudo energy significantly
higher (ΔE ≥ 5.32) than the best-fit geometry of 2 with correct configuration (see discussion of 1).

The diastereotopic assignment of the methylene protons can also be alternatively obtained by a
J coupling approach (3JHH and HMBC intensities). Using this information within the fc-rDG/DDD
calculation, the results can still be improved (see Supporting Information, Figures S8 and S9). For this
calculation the two methylene groups are used with a fixed chiral volume, changing the number of
floating centers from nine to seven (C-10 fixed). The first wrong structure for this calculation in respect
to the eight stereogenic centers changes from No. #378 to No. #420, and many of the smaller steps in
pseudo energy originating from alternate CH2-assignments vanish altogether.
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Figure 5. (a) Plot of the total “pseudo energy” of ranked rDG structures of tetrabromostyloguanidine (2),
showing the first 400 out of 1000 structures generated (KNOE = 10.0 Å−2), the minimum energy level
is indicated by the green line. The dashed lines at higher energies indicate the differentiability of the
best-fit solution with respect to alternate assignments of diastereotopic methylene protons (orange)
or wrong (red) configurations. (b) Molecular structures of tetrabromostyloguanidine (2) showing the
superposition of all DG structures identified up to the first wrong configuration (377 structures); the
central fragment (green circle) of the DG best-fit (lowest pseudo energy) structure is plotted below,
displaying the correct configuration of 2.

In total, the relative configuration of all stereogenic centers in 2 is unequivocally determined by
the ROE data used, although some ambiguities remain on the assignment of diastereotopic protons.
However, both the unambiguity of the configurational assignment, as well as the ambiguity of the
CH2-assignments is again established by a single rDG simulation, without any other assumptions or
restraints used rather than experimental NMR data exclusively.

2.1.3. 3,7-epi-Massadine chloride (3)

For the configurational assignment of 3,7-epi-massadine chloride (3) 36 interproton distances from
ROESY spectra were used (the complete list of ROEs of 3 is given in the SI, Table S3). Results for the
1000 generated structures of 3,7-epi-massadine chloride (3) are shown in Figure 6a (“best 200”) as a
graphical representation of the total error for each structure, ordered according to ascending total
errors. As already discussed for 1 and 2 one stereogenic center of 3 was set as reference (C-13).

The first wrong structure in respect to the eight stereogenic centers is No. #56 (red circle in
Figure 6). This structure differs from the preceding structures by a configurational change of C-3 and
C-7, which represents the original massadine configuration. The first “pseudo-configurational” change
was again observed earlier at structure No. #25 (orange circle in Figure 6a), which represents the
alternative assignment of the diastereotopic protons at the methylene group C-1′’. The results of the
calculations for 3 can be improved if a diastereotopic assignment of the methylene protons is carried
out prior to the DG/DDD calculations (see discussion of compound 2). In this case, the first wrong
structure becomes No. #123 (see Figures S11 and S12). The diastereomeric differentiability in this case
is not as pronounced as for compounds 1 and 2. This becomes obvious just by looking at the occurrence
of the first wrong structure (1: #597, 2: #377, and 3: #56), but it is still an unambiguous result. Another
difference to the first two examples is the energy difference between the different configurations, which
is much lower for 3. This indicates that the extent and certainty with which the experimental data does
differentiate between the different structures (diastereomers) is not as pronounced as it was observed
for 1 and 2. For 3,7-epi-massadine chloride (3), the NMR data set was less well defined because of the
longer mixing time of the ROESY experiment.
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Figure 6. (a) Plot of the total “pseudo energy” of ranked rDG structures of 3,7-epi-massadine chloride (3),
showing the first 200 out of 1000 structures generated (KNOE = 10.0 Å−2), the minimum energy level
is indicated by the green line. The dashed lines at higher energies indicate the differentiability of the
best-fit solution with respect to alternate assignments of diastereotopic methylene protons (orange)
or wrong (red) configurations. (b) Molecular structures of 3,7-epi-massadine chloride (3) showing the
superposition of all DG structures identified up to the first wrong configuration (55 structures); the
central fragment (green circle) of the DG best-fit (lowest pseudo energy) structure is plotted below,
displaying the correct configuration of 3.

2.2. Configurational Assignment with NOEs and RDCs

The terrestrial alkaloids tubocurarine (4) and vincristine (5) form the completion of the current
investigation. In case of 4 only one stereogenic center relative to a second one needs to be assigned
and is therefore a seemingly rather simple model for the described approach, but was chosen for
demonstration purposes and its long-range separated stereogenic centers. Vincristine (5) is a more
complex structure with nine stereogenic centers. In both examples, NOEs involving diastereotopic
protons of methylene groups were used as unassigned and averaged restraints only, and in the case of
4, the o/o’-protons of the p-disubstituted aryl ring were treated similarly (see Supplementary Tables S4
and S5 and Figure S4). As it will be demonstrated later in the manuscript, NOEs are not sufficient for
the unambiguous assignment of the relative configuration of compounds 4 and 5. Further data was
necessary for a complete assignment. Due to the lack of experimental RDC data, we have decided to
use synthetic RDC data sets for both compounds. Though one might argue that is a general weakness
of the method, it is important to know for demonstration purposes that additional NMR parameter
may help to solve the structural problem. Where applicable, RDCs involving CH2-groups were also
treated as unassigned values, and only the sum of both individual 1DCH methylene RDCs are used as
restraining parameters. Though this reduces the quality of the data set that might be experimentally
accessible, this method was chosen to reduce the amount of prior information to learn more about the
limits of the DG based structure analysis described here. The full data sets of NOEs and RDCs used for
4 and 5 are listed in Supplementary Tables S4–S7. As this data explicitly does not allow to differentiate
diastereotopic CH2-protons, we will not get into a debate on the subject of assignments on prochiral
centers in this chapter.

2.2.1. Tubocurarine (4)

The toxic alkaloid (“arrow poison”) tubocurarine (4) was chosen as a model compound with only
two stereogenic centers (C-1 and C-24) being nine bonds apart from each other (either counting the
orange or the blue pathway in the macrocycle; see Figure 7). Additionally, along either way only three
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out of the eight atoms in between have a proton attached, and thus 4 represents a prototype example
where the relative configuration of the two remote stereogenic centers is expected to be indefinable on
the basis of NOE data alone. The question is now: can RDCs contribute significantly to the assignment
of the relative configuration of tubocurarine (4)?

Figure 7. Structure of tubocurarine (4). The two stereogenic centers (C-1 and C-24) are represented
as orange circles. The nine bonds between the two centers (either way) are printed as bold orange or
blue lines.

For the configurational assignment of tubocurarine (4), a total of 17 NOE-derived interproton
distances and 16 1DCH RDCs were used for up to three independent alignment media, respectively, the
RDC data for 4 was taken from Ref. [22] (see also Supplementary Tables S4 and S5).

Results for 1000 structures of tubocurarine (4) are shown in Figure 8a (“best 500”) as a graphical
representation of the total error for each structure, ordered according to ascending total errors.
Following the methodology outlined in the previous chapter for 1 to 3, one stereogenic center of 4 was
set as reference and fixed by a single rDG chiral volume restraint (C-1), and therefore, only one center
needed to be assigned in the calculations. Using NOE data exclusively, the first wrong structure is No.
#80 (black curve/circle in Figure 8a). The energy difference between the two structures of opposite
configuration at C-24 is extremely low (ΔEtotal = 0.04, see black symbols in Figure 8a). Accordingly,
the total number of structures for tubocurarine (4) generated by rDG is almost equally distributed
between both possibilities (the correct and the wrong configuration), and therefore a differentiation of
the two alternative relative configurations of 4 by the NOE data set used here is impossible, as long as
no further assumptions are made or additional experimental data is included.

The results can be significantly improved by adding RDC data to the restraints. A single alignment
medium RDC data set with 16 individual 1DCH RDCs added to the restraints of the rDG/DDD
simulation leads to a clearly recognizable step in pseudo energy separating the first occurrence of a
structure with wrong configuration (#334) from the energy minimum family of structures displaying the
correct configuration of 4 (blue line and symbols in Figure 8a). This already pronounced diastereomeric
differentiability is improved considerably when adding a second (Figure 8a, green line) or even third
(Figure 8a, dark red line) RDC data set. Though these data sets require NMR measurements under
different alignment conditions (alignment media) and are associated with quite some experimental
effort, the resultant additional structural restraints add valuable information to the discrimination of
diastereomers. With an increasing number M of alignment data sets used, the rDG/DDD simulations
show a significantly increasing step in pseudo energy (M = 1: ΔE = 0.95, M = 2: ΔE = 1.73, and M =
3: ΔE = 11.33, cf. Figure 8a) between both alternate configurational assignments of 4, and the total
number of correctly identified structures increases consistently. The second and third AM RDC data
sets remove the last remaining doubts on the configuration of 4 that might prevail after single-AM
analysis. The predictive power of AM data sets cannot be estimated in advance of a measurement,
but needs to be evaluated thoroughly after the NMR data has been acquired. For the experimentalist,
this is of high significance, as adding further data and re-running a rDG/DDD simulation is very
straight-forward–it simply requires adding a new RDC table in an additional input file–and within a
couple of minutes a clear-cut answer on the decidability of a given structural problem is provided by
the DG method presented here.
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Figure 8. (a) Plot of the total “pseudo energy” of ranked rDG structures of tubocurarine (4), showing
the first 500 out of 1000 structures generated (KNOE = 10.0 Å−2, KRDC = 1.5/M Hz−2) using only NOE
restraints (black symbols) and an increasing number M of additional RDC data sets (blue, green, and
dark red with M = 1–3 alignment media). The dashed lines and ΔE values on the right indicate the
energy levels of the first wrong configuration identified (M = 1: #334, M = 2: #342, M = 3: #429),
respectively, and thus the increasing differentiability of the correct configuration when using an
increasing number of RDC restraints. The inset plot shows the corresponding data obtained using only
RDCs (M = 1–3 data sets) without any NOE restraints. (b) Superposition of the first 428 DG structures
(top plot) of correct configuration (M = 3), and backbone representation of the best-fit geometry (lowest
pseudo energy, bottom plot, hydrogen atoms not connected to stereogenic centers have been omitted
for clarity) of tubocurarine (4).

The main plot of Figure 8a shows the combined usage of NOE and RDC data, whereas the inset
graph reveals, that the discriminative power for alternate configurations based on RDCs alone is smaller
than the combined usage of NOE and RDC data. Though the level of differentiation still increases with
the number of alignment media data sets applied, the energy is smaller and less significant (M = 1:
ΔE = 0.41, M = 2: ΔE = 0.41, and M = 3: ΔE = 2.86, cf. Figure 8a, inset plot).

2.2.2. Vincristine (5)

The alkaloid vincristine (5) from the pink-colored catharanthe (Catharanthus roseus) was chosen
as very complex natural product. Vincristine (5) is an approved drug in cancer therapy. It has nine
stereogenic centers, six of which are arranged consecutively in a six-membered ring and three are
located in a remote ring fragment connected to the former segment by a single rotatable bond only,
and therefore 5 is a challenging goal for a configurational analysis by NMR spectroscopy. For the
configurational assignment of vincristine (5) altogether 23 NOEs and 24 RDCs in up to three AM,
respectively, were used (all restraints were again used without assignments of diastereotopic methylene
protons as described for 4). The RDC data for 5 were taken from Ref. [22] for three independent
alignment scenarios, respectively (see also Supplementary Tables S6 and S7). It also must be noted that
due to the absence of NOE and RDC associated with the substituents of C-42 (a quaternary carbon
carrying a hydroxyl group and a COOMe ester moiety), the configuration of this stereogenic center is
not assignable based on the data used here, and thus C-42 was excluded from any further analysis.

Results for 1000 structures of vincristine (5) are shown in Figure 9a (“best 100”) as a graphical
representation of the total error for each structure, ordered according to ascending total errors. Again,
a single stereogenic center of 5 was set as reference and fixed (C-9). Using NOE data only, the first
wrong structure is already the structure No. #1 ranked best (black curve/circle in Figure 9a), which
is a clear indication that NOEs alone are insufficient to accomplish the configurational analysis of

12



Mar. Drugs 2020, 18, 330

vincristine (5). In analogy to the methodology employed in the case of 4, the results can be improved
by further adding RDC data to the restraints.

 
(a) 

 
(b) 

Figure 9. (a) Plot of the total “pseudo energy” of ranked rDG structures of vincristine (5), showing the
first 100 out of 1000 structures generated (KNOE = 10.0 Å−2, KRDC = 1.5/M Hz−2) using only NOE
restraints (black symbols) and an increasing number of additional RDC data sets (blue, green, and dark
red with M = 1–3 alignment media). The dashed lines and ΔE values on the right indicate the energy
levels of the first wrong configuration identified, respectively, and thus the increasing differentiability
of the correct configuration when using an increasing number of RDC restraints. The inset plot shows
the corresponding data obtained using only RDCs (M = 1–3 data sets) without any NOE restraints. (b)
Superposition of the first 86 DG structures (top plot, M = 3) of correct configuration, and backbone
representation of the best-fit geometry (lowest pseudo energy, bottom plot, only hydrogen atoms
connected to stereogenic centers are shown) of vincristine (5).

Successively adding multiple AM, RDC data sets slowly increases the certainty with which the
correct configuration of 5 can be assigned: with M = 1 (blue curve), 2 (green), and 3 (dark red) AMs
(see Figure 9a). However, the level of differentiability of the correct configuration from alternate wrong
diastereomers is at first very low (M = 1: ΔE = 0.04, and M = 2: ΔE = 0.12), but raises constantly
to ΔE = 1.63 when using RDCs from three alignment media (M = 3). In the latter case, the first
wrong structure is No. #87 (dark red triangle in Figure 9a), and this diastereomer is already separated
from the best-fit (pseudo energy minimum) correct diastereomer of 5 by a now significant step in the
error function, which is due to a configurational change of the quaternary carbon C-17 (at structure
#87). Another step (not shown) follows at structure #245 (ΔE = 6.04) due to a misassignment of C-41.
In conclusion, the most problematic stereogenic centers to be determined for vincristine (5) are–as
discussed above–C-42, C-17, and C-41 (in this order), whereas the reliability with which any of the
other six stereogenic centers is differentiated from alternate configurations is high when NOE and RDC
data is used in combination (see Figure 10 for a traffic-light type encoded pictorial description of these
assignment probabilities). The problems associated with C-17 arise from limited RDC data available
for the rotating ethyl side chain, and for C-41, only a single CH RDC and two NOEs indicate some
preference for the correct configuration over a wrong assignment. However, Figure 9a and the inset
plot therein clearly indicate the importance of using combinations of both NOE and RDC data sets, as
neither NOEs nor RDCs alone provide conclusive evidence for the correct configuration of 5, and in
particular calculations relying on RDCs only gave much less conclusive results as compared to the
combined approach.
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Figure 10. Structure of vincristine (5). The color-coded atom markers in the formula of 5 correspond to
difficulties in the configurational assignment (for details, see text).

3. Conclusions

In this study, we have shown with the aid of five examples of natural products, that the ROEs
or NOEs/RDCs driven floating chirality distance geometry (fc-rDG/DDD) approach represents a
valuable method to assign the configuration (and conformation) of complex molecules in just one single
calculation. Given the known constitution of a compound, the method produces all configurations
that are in accordance with the experimental NMR data, without the necessity to carry out separate
configurational and conformational analyses on 2n−1 diastereomers for n stereogenic centers. In
the case of the marine natural products 1–3, the relative configuration of eight stereogenic centers
is unequivocally derived in just one instead of individual 128 simulations. In addition, it was
demonstrated for the terrestrial alkaloids 4 and 5, that the DG method also clearly reveals remaining
ambiguities if NOE data alone is insufficient for configurational assignments–as e.g., for the long-range
separated stereogenic centers of 4–and indicates to the NMR spectroscopist that additional data such
as RDCs has to be acquired. Successively adding RDC data obtained for different alignment media as
additional restraints to the DG calculations is straight forward, and can be easily repeated until the
level of confidence of the assignment is raised beyond any reasonable doubt.

The method discussed here neither requires individual treatment of alternate diastereomers under
consideration, nor does it rely on force-field based MM/MD or DFT derived pre-calculated structures.
In particular the use of force-field parameters–which may not even be available for uncommon
structural fragments of natural products–in the traditional MD approach introduces an implied bias
towards low-energy structures (in a thermodynamic sense) that might be misleading as in the case of
tetrabromostyloguanidine (2). Here, the correct configuration of two trans-anellated five-membered
rings is about 24 kJ mol−1 less favorable than the more stable wrong configuration with cis-fused rings
(which represents the original palau’amine configuration from 1993 [64–68]; see Figure 11), and any MD
approach would have to overcome this pronounced bias in order to identify the correct configuration
of 2.

Most importantly, the methodology outlined here does not depend on pre-calculated structures
that are traditionally evaluated against experimental data, but DG represents the opposite approach,
which produces structures that evolve from experimental restraints exclusively. The “FF- and DFT-free”
types of simulations are unbiased, reliable, and fast (completed within minutes), and the NMR data
itself governs the mode with which these structures emerge.

The full methodology outlined here for the interpretation of NOEs/ROEs and RDCs has been
implemented in our ConArch+ (Configurational Architect) program, which also produces convenient
pseudo energy and configuration sorted lists that were used for all plots presented here. The software
can be obtained along with the source code (free of charge for academic institutions) from our web site
(https://www.chemie.tu-darmstadt.de/reggelin).
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Figure 11. Selected structure plots underpinning the importance of an unbiased rDG/DDD approach
compared to the traditional force-field based rMD approach: the left plot of tetrabromostyloguanidine
(2) features a wrong configuration of two C–11/C–12 cis-anellated five-membered ring systems, which
is energetically significantly favored over the correct configuration with an trans-type anellation of
both ring systems (energy difference given based on DFT B3LYP/6-311+G(2d,p) optimized structures
including thermal corrections at T = 298.15 K, the lower dibromopyrrole ring and the side chain have
been removed for clarity).

4. Methods

4.1. NMR Data

The ROEs for compounds 1–3 were taken from refs [60,69]. For compounds 1 and 2 three ROESY
spectra with different mixing times (100, 150 and 200 ms) were measured [60,69]. In the case of 3, only
one ROESY spectrum with a mixing time of 300 ms was recorded [69]. The spectra were integrated
with TOPSPIN and SPARKY.

For the compounds 4 and 5, sets of NOEs were predicted using the corresponding X-ray structures
and all proton-proton contacts ≤ 3.5 Å. All NOEs involving CH3– or CH2– groups were treated as
averaged values between unassigned (diastereotopic) protons only, in order to reduce the amount
of prior information, thus simulating situations where no diastereotopic assignment was possible.
The ortho- and ortho’-protons of the central benzene ring (C-17 to C-22) were treated equivalently (see
Tables S4 and S5). Simulated RDC data for 4 and 5 was taken from Ref. [22] for three independent
alignment scenarios, respectively.

4.2. DG/DDD

The ROE-/NOE-interproton distances as well as the RDCs served as input for the distance geometry
(DG) and distance bounds driven dynamics (DDD) calculations. The DG pseudo force-field employed
for all simulations presented in this study takes the form defined by Equation (1):

Etotal = Edist + Echir + ENOE + ERDC + EDBL, (1)

where the dimensionless total pseudo energy Etotal is a sum of distance (holonomic bond lengths)
errors (Edist), chiral volume violations (Echir), NOE (ENOE), and RDC (ERDC) deviations of experimental
data from values back-calculated from structures and a special term denoting the deviations of double
bonds from planarity (EDBL). There are no additional or customary atom-type dependent force-field
parameters of physical force-fields used. All pseudo energy terms take the form of sums of squared
violations (ΔX)2 as defined by Equation (2):

EX =
1
2

KX

∑
(ΔX)2, (2)

with ΔX = Xexp −Xcalc, and empirically chosen force-constants KX to appropriately account for the
size and allowed ranges of each type of parameter violations ΔX.
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Edist and Echir (Equation (1)) represent the violations originating from differences in holonomic
distances Δri, j (i.e., bond lengths) and ΔVi (chiral volumes). The latter are defined by the scalar triple

product Vchir =
→
a ·(→b ×→c ) of three vectors spanning planar sp2-type (Vchir = 0) or tetrahedral sp3-type

atomic centers (i.e., stereogenic centers with Vchir � 0), thus encoding for the configuration of the

latter through opposite signs (
∣∣∣∣V(S)

chir

∣∣∣∣ =
∣∣∣∣V(R)

chir

∣∣∣∣), respectively (see Figure 12a). For reference, holonomic
distance bounds (for all atom-atom pairs for which upper and lower bounds of inter-atom distances
can be established based on the molecular constitution) and chiral volumes are obtained from an initial
guess (input) structure of arbitrary configuration and conformation. As these values depend solely on
the constitution (which must be known), the DG approach is completely independent from the structure
initially assumed [22]. Here, chiral volume restraints were used only on a single stereogenic center
simply to avoid enantiomeric structures, as well as on CH3-groups (to keep them tetrahedral) and all
sp2-centers (to keep them planar, Vchir = 0). Thus, through the deliberate absence of chiral volume
restraints, all stereogenic centers (except one), and all CH2-groups with diastereotopic protons were
allowed to “float” and thus their configurations and/or assignments evolve on the basis of experimental
NMR data (NOEs and/or RDCs) only.

In Equation (1), ENOE denotes the deviations of back-calculated (and < r−6 > averaged where
applicable) NOE distances from experimental upper and lower distance bounds with Δr defined
as follows:

Δr =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
ri, j − rlower for ri, j < rlower

0 for rlower ≤ ri, j ≤ rupper

ri, j − rupper for ri, j > rupper

. (3)

In this study, all NOE bounds rlower and rupper were derived from the corresponding NMR volume
integrals and used as rmean ± 10%, with force-constants KNOE = 10.0 Å−2 unless stated otherwise.

The mathematics of RDC calculations used here has been taken from Glaser et al. [53], and
the formalism on how to include RDC data in 4D and 3D DG simulations (see below) has been
described in full detail in Ref. [22]. The harmonic RDC “pseudo energy” ERDC is based on violations
ΔD = Dexp −Dcalc between experimental and back-calculated values, and RDC data sets derived
from multiple alignment media can be used simultaneously as an increasing number of experimental
NMR restraints in our ConArch+/DG approach simply by expanding the corresponding sum in ERDC.
Empirically, it proved best to scale the force-constant KRDC used with the number of RDCs, or
equivalently, with the number M of alignment media used, and thus we employ KRDC = 1.5/M Hz−2

in this study.
In addition to the application of chiral volume restraints on sp2-type atomic centers (Vchir = 0),

the term EDBL in Equation (1) is used to reasonably restrain double bonds and aryl rings to planarity
(restraining Vchir = 0 on neighboring atomic centers alone is not sufficient). Here, ΔX (used cf.
Equation (2)) is defined as ΔX = 1 − cos2 φ, where φi, j,k.l are the corresponding torsion angles
i − j − k − l with sp2-sp2-type central bonds, and ΔX vanishes for φ = 0◦ and φ = 180◦ only (cis-
and trans-configurations). The rather high force-constant KDBL = 100 used here efficiently removes
local energy minima which originate from slight bending of C=C-double bonds and aromatic rings,
revealing more distinctive energy steps separating alternate conformational families. In general, the
final best-fit energy-minimum structures have very low distortional energy terms of EDBL ≤ 5× 10−3,
and the efficiency with which different configurations and conformations are sampled on the basis of
experimental NMR data is largely unhampered by these types of restraints.
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Figure 12. (a) Definition of chiral volumes as scalar triple products Vchir =
→
a ·(→b ×→c ) for sp3- and

sp2-type atomic centers. (b) In analogy to 2D chiral objects that can be transformed into each other
through a rotation in higher dimensions (3D), the configuration of 3D-chiral objects can be inverted
by simple rotations in 4D (see text for details). (c) Projection mode of higher dimensional objects into
lower dimensional space (here visualized as 3D→2D) along the eigenvector associated with the largest
eigenvalue λ3 of the inertia tensor (with λ1 < λ2 . . . < λn ). Similar projections 4D→3D optimally
preserve interatomic distances. (d) Temperature dependent scaling factors of projection forces applied
to 4D simulated annealing smoothly transforms higher dimensional objects into 3D structures (τT = 150
K, see text for details).

The initial input structure is used by DG only for setting up the holonomic bounds and distance
matrices (±1% bond lengths), and subsequent configurational and conformational sampling is carried
out by our ConArch+/DG approach in an automated sequence of steps. First, molecular structures are
generated in four-dimensional (4D) space (“metrization” step, i.e., embedding based on holonomic
distance bounds), followed by a 4D “floating-chirality” restrained DG (fc-rDG) and distance bounds
driven dynamics (DDD) simulation (simulated annealing). After reduction of dimensionality, the
simulated annealing is repeated in 3D space, and each simulation in 4D and 3D is concluded by a
gradient-descent type optimization of structures against all restraints, minimizing the total pseudo
energy Etotal. In all dynamics and optimization calculations, the partial derivatives ∂Etotal/∂rα of all
energy terms with respect 4D and 3D Cartesian atomic coordinates (α ∈ x, y, z(, w) for all atoms) are
interpreted and used as forces governing the evolution of the system. All derivatives are calculated
analytically by ConArch+/DG. During each step of the rDG/DDD runs using RDCs, full updates of the
Saupe or alignment tensors are computed based on a singular value decomposition (SVD) algorithm.

Sampling molecular structures first in 4D very efficiently generates diastereomeric geometries
as inversion barriers can be overcome easily [70,71]. Configurational inversion in 3D is reduced to a
simple rotation in 4D (see Figure 12b), and consequently during simulated annealing in 4D space with
chiral restraints removed on all but selected chiral centers (fc-DDD), the transition barriers between
diastereomers are significantly lowered or removed altogether.

For an increased sampling efficiency, it is crucial to transport as much 4D information as possible
into 3D, in order to produce chemically relevant structure models. Projection from higher to lower
dimensionality optimally preserves atom-atom distances when carried out along the eigenvector
associated with the largest eigenvalue of the inertia tensor I defined by Equation (4):

I =
∑

k

((
→
r k·→r k)E−→r k

⊗ →
r k), (4)

where the sum runs over all atomic positional vectors (
→
r k for k particles) centered about the origin

(
∑→

r k = 0) and weighted with unity mass (see Figure 12c) [72]. During 4D simulated annealing, we
apply a temperature dependent scaling factor f = exp (−(T/τT)

2) with an empirical temperature
coupling factor τT = 150 K to forces acting along this eigenvector, which gradually restrain the 4D
molecular models into a 3D subspace thereof (see Figure 12d). At high temperatures (T > 300 K),
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all structures evolve freely, but are restrained increasingly and smoothly to 3D sub-space during the
cooling phase (T < 300 K) of the simulated annealing. Finally, all models are projected into pure 3D
space and are subjected to an additional simulated annealing therein.

In this study, for each compound 1–5 a total of 1000 structures (configurations and conformations)
were generated initially in 4D space. All consecutive simulated annealing simulations in 4D and
3D used 5000 steps of equilibration (T = 300 K) and 5000 steps of cooling (T→ 0 K) each (2 fs time
steps). The final structures were collected, sorted by their pseudo energy, and a final selection of the
ranked structures of lowest energy were used for the plots presented here. For the global energy
minimum best-fit structures, errors in calculated RDCs are estimated from Monte-Carlo bootstrapping
analysis including tensor updates [22,23]. Total single processor CPU (Intel(R) Core(TM) i7-4790 CPU
@ 3.60GHz) wall time used was about 7–8 min. for each compound 1–3, and up to approx. 50 min
for 4 and 5 when three alignment media RDC data sets are used. However, the entire process can be
parallelized very efficiently on an arbitrary number of shared memory CPU cores, reducing the total
wall time accordingly to a few minutes only.
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Abstract: In recent years, there has been a revival of interest in phenotypic-based drug discovery
(PDD) due to target-based drug discovery (TDD) falling below expectations. Both PDD and TDD
have their unique advantages and should be used as complementary methods in drug discovery. The
PhenoTarget approach combines the strengths of the PDD and TDD approaches. Phenotypic screening
is conducted initially to detect cellular active components and the hits are then screened against
a panel of putative targets. This PhenoTarget protocol can be equally applied to pure compound
libraries as well as natural product fractions. Here we described the use of the PhenoTarget approach
to identify an anti-tuberculosis lead compound. Fractions from Polycarpa aurata were identified with
activity against Mycobacterium tuberculosis H37Rv. Native magnetic resonance mass spectrometry
(MRMS) against a panel of 37 proteins from Mycobacterium proteomes showed that a fraction from
a 95% ethanol re-extraction specifically formed a protein-ligand complex with Rv1466, a putative
uncharacterized Mycobacterium tuberculosis protein. The natural product responsible was isolated
and characterized to be polycarpine. The molecular weight of the ligand bound to Rv1466, 233 Da,
was half the molecular weight of polycarpine less one proton, indicating that polycarpine formed a
covalent bond with Rv1466.

Keywords: PhenoTarget approach; MRMS; protein-ligand complex; polycarpine

1. Introduction

Drug discovery research and development has experienced two periods with different centric
strategies, namely phenotypic-based drug discovery (PDD) and target-based drug discovery (TDD)
(Figure 1). Commonly PDD refers to an approach without prior knowledge of the target. In
phenotypic-based screening, compounds that modify a phenotype to generate a positive outcome
in cell culture or in a whole organism are identified. TDD examines a specific drug target which is
hypothesized to play an important role in disease.
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Figure 1. The evolution of technologies and screening strategies in drug discovery from 1910 to 2020.
Adapted from [1,2].

Before the 1980s, the era without recombinant DNA technology, PDD was the primary approach in
drug discovery. Most drugs at that time were discovered serendipitously by phenotypic assays in live
animals or isolated tissues [3]. Examples are penicillin isolated from a Penicillium species in 1928 [2,4]
and ivermectin isolated from Streptomyces avermitilis in 1975 [5]. From the 1990s, the development of
genomics allowed the identification of drug target proteins. The advent of high-throughput screening
and combinatorial libraries enabled the screening of target proteins in high throughput. Due to the
development of technologies including X-ray crystallography, computational modeling and screening
(virtual docking), visualization of the interaction of target protein and compound greatly facilitated the
later stage of structure-based development. The development of these technologies appealed to the
pharmaceutical industry and academic researchers who then switched to focus on TDD during the last
three decades.

In the era that mainly focused on TDD, the total number of new molecular entities (NMEs)
and new biologics approved by the Food and Drug Administration was far below expectations [6].
The timeline of cumulative NME approvals from 1950 to 2008 was contributed to by the three most
productive companies in the industry and showed almost straight lines, indicating that productivity
continued at a constant rate for almost 60 years [1]. The introduction of new molecular biology
tools such as recombinant DNA technology, deep sequencing, mining of Expressed Sequence Tagged
(cDNA) libraries and the draft human genome did not facilitate drug innovation as expected. This
was also indicated in a later NMEs analysis with a timeline spanning over five years to 2013 [7].
More dishearteningly, while the number of NMEs per year has remained relatively constant for the
past four decades, the investment in pharmaceutical research and development (R&D) has increased
dramatically to over 50 billion USD per year. Today the number of NMEs launched per billion dollars
of investment is well below the return for an equivalent billion-dollar investment 50 years ago [1]. The
asymmetrical output raises questions about the limitation of the popular target centric strategy of R&D
in recent decades.

Consequently, there is a revival of interest in PDD. A significant analysis by Swinney demonstrated
that the majority of NMEs approved by the FDA during the 10-year period between 1999 and 2008
were discovered using phenotypic assays, where 28 came from phenotypic screening approaches and
17 came from target-based approaches [8]. It was suggested that the lack of successful NMEs in the
post-genomic era was mainly due to the limited use of phenotypic screening. Because an organism is a
complex biological system, a simplified single protein assay may not efficiently represent the disease
pathogenesis [8] The effects on a single protein may not be translated to meaningful therapeutic efficacy.
Conversely, phenotypic screening is an approach for unbiased targets. Phenotypic-based screening is,
therefore, being reconsidered for screening compounds due to the realization that results for a single
target protein may not fully correlate in the context of a complex biological process [9]. Phenotypic
screening also holds the unique promise to uncover new mechanisms of action for currently untreated
diseases such as rare diseases and/or neglected diseases [2].
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The current phenotypic based approach should not be regarded as a step back to the classical
phenotypic screening but as a new discipline [7]. Currently, in vivo and in vitro approaches are involved
in phenotypic screening, of which in vitro cell-based phenotypic assays can be easily adapted to a
high-throughput format for automated phenotypic analysis. New technologies such as gene expression,
genetic modifier screening, resistance mutation and computational inference are increasingly being
applied in phenotypic screening. These sophisticated phenotypic screening methodologies enhance
the identification of novel compounds as well as their mechanism of action [10].

Target identification is a crucial part of drug discovery. Most large pharmaceutical companies
strongly recommend target identification because failing to assign the mechanism of action is frequently
regarded as a major risk factor for clinical development and regulatory approval [8]. Even with the
most advanced phenotypic screens, in most cases, it is still difficult to determine the mechanism of
action. Target identification is the key value of TDD [6]. With the target protein in hand, detailed
drug-protein characterization is possible and this provides a better understanding of structure-activity
relationships, which is a challenge in phenotypic screening without a known target [11].

Considering the strengths and weaknesses of PDD and TDD, these two approaches should not
be treated monolithically but as complementary approaches that can work together to increase the
productivity of drug discovery and development. This article describes an approach that combines
PDD and TDD: PhenoTarget screening to identify active compounds from natural resources. As
a proof of principle, we apply this combination approach to probe fractions of natural product
libraries for compounds active against Mycobacterium tuberculosis H37Rv, the etiological agent
responsible for tuberculosis (TB). The active fraction was then screened against a panel of 37 unique
mycobacterial proteins to identify the potential compound and protein responsible for the activity
against M. tuberculosis.

2. Results

A combined approach of phenotypic screening and target screening, which we refer to as a
PhenoTarget approach, was used to identify lead compounds against Mycobacterium tuberculosis from
natural resources. The PhenoTarget approach started from the phenotypic screening of a natural
product fraction library to identify fractions that were active in an HTS screen against M. tuberculosis
H37Rv. Following phenotypic screening, native mass spectrometry was used to simultaneously identify
the target protein and the molecular weight of the compound bound to the protein in pooled fractions
using a panel of 37 purified mycobacterial proteins. The proteins in the panel were selected because
they were all essential enzymes or virulence factors, their three-dimensional structures had been
solved by the Seattle Structural Genomics Center for Infectious Diseases (SSGCID); [12,13] and SSGCID
was able to supply purified proteins for the PhenoTarget screens. Screening of the pooled fractions
against this protein panel of 37 putative anti-TB targets was conducted by a magnetic resonance mass
spectrometry (MRMS) system equipped with an automated chip-based Nanomate system. A summary
of the PhenoTarget approach is described in Figure 2.
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Figure 2. The cascade of PhenoTarget screening for identifying lead compounds and target proteins is
shown. The Nature Bank (NB) lead-like enhanced (LLE) fraction library was established following
the procedure described by Camp et al. [14]. A high throughput phenotypic screening of 202,983
NB LLE fractions against M. tuberculosis H37Rv was initially performed. Active fractions with an
MIC value of less than 6.1 μge/μL were identified and chosen for protein screening against a panel
of 37 putative anti-TB targets from Mycobacteria species. To lower sample consumption, especially
protein, nine active fractions were pooled (Pool Fractions 1 to 40) and incubated with each of the
target proteins. Native mass spectrometry was then used to identify free target protein (P, blue) and
protein-ligand (P-L) complexes. The mass shift between the P (black) and the P-L (red) peaks provided
the molecular weight of the bound ligand (L, purple) and this facilitated the isolation and identification
of the active compound.

2.1. Native Mass Spectrometry

Figure 3 compares the native MRMS spectra for free Rv1466, a protein associated with [Fe–S]
complex assembly and repair (a) and NB LLE Pool Fraction 4 (b) and 5 (c). All three spectra contain
clusters of ions with three different charged states (+8, +7, and +6). However, the spectra with Pool
Fractions 4 and 5 both contain a cluster of ions shifted to high m/z values by identical amounts relative
to the free Rv1466 ions. These new ions are also of higher intensity than the free Rv1466 ions and
correspond to Rv1466-ligand (P–L) complexes. From the charge and m/z differences between the cluster
of P and P–L ions it is possible to obtain the molecular weight of the ligand-bound to Rv1466, 233 Da.
Because the ligand that was bound to Rv1466 from Pool Fraction 4 and 5 had the same molecular
weight, and likely the same compound, and appeared to have a high affinity for Rv1466 as deduced by
the P:P-L intensity ratio, we chose to pursue the identity of this compound.
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Figure 3. Overlay of the native magnetic resonance mass spectrometry (MRMS) spectra for free Rv1466
(a) and Rv1466 incubated with Pool Fraction 4 (b) and 5 (c). In the spectrum of free Rv1466 (P), clusters
of ions corresponding to three different charged states for Rv1466 were observed. The same cluster of
ions was observed in the spectra with Pool Fraction 4 and 5 but at lower intensities. Accompanying the
ions for free Rv1466 in the spectra with Pool Fractions are clusters of larger intensity ions shifted to
high m/z values that correspond to Rv1466-ligand (P-L) complexes. The mass shift for the differently
charged cluster pairs (P and P-L) was identical in both Pool Fractions, identifying the molecular weight
of the bound ligand: Pool Fraction 4: MW = (2109.60372 – 2076.30627) × 7 = 233 Da; Pool fraction 5:
MW = (2109.60378 – 2076.30627) × 7 = 233 Da.

2.2. Target Fraction Confirmation

A feature common to Pool Fractions 4 and 5 was that they contained LLE fractions (LLE-2
and LLE-3, respectively) from the same marine biota, Polycarpa aurata, suggesting that a compound
from P. aurata had interacted with Rv1466. A detailed high-resolution mass spectrometry (HRMS)
investigation of all nine fractions from Pool Fraction 5 indicated that no fractions showed an ion at 233
m/z. In this case, MS investigation of the fractions did not confirm the presence of a ligand, so native
MS was used to identify the correct fraction for isolation. Thus, five fractions were generated from a
re-extraction of P. aurata by 95% ethanol and named Fractions A, B, C, D and E (Figure 4a). HRMS
analysis of the constituents of Fraction C by a quadrupole-time-of-flight (Q-TOF) mass spectrometer
identified an ion at m/z 236 as well as a higher mass ion at m/z 469 corresponding to a 468 +H+ ion
(Figure 4b). Another round of native MRMS screening confirmed that a compound in Fraction C
interacted with Rv1466 and the molecular weight of the bound species was 233 Da (Figure 4c). Because
the molecular weight of the ligand bound to Rv1466 was approximately half the molecular weight of
the major species in Fraction C, our attention was drawn towards a potentially symmetrical parent
compound with a molecular weight of 468 Da as the agent reacting with Rv1466.
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Figure 4. (a) Five fractions (Fractions A, B, C, D and E) were collected from a fresh 95% ethanol extraction
of P. aurata; (b) the HRMS analysis of Fraction C identified ions at m/z 236 and 469; (c) comparison of
the native MRMS spectrum for free Rv1466 (top, red) with the incubation of Rv1466 with Fraction C
(bottom, blue). A similar ionization pattern was observed as described in Figure 3 with Pool Fractions
4 and 5. Ions corresponding to free Rv1466 (P) and the Rv1466-ligand complex (P-L) are labeled.
Molecular weight of ligand in Fraction C: MW = (2462.51133 – 2423.66863) × 6 = 233 Da.
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2.3. Binding Compound Isolation and Structure Elucidation

Separation of P. aurata extracts by reverse phase semi-preparative HPLC (Figure 5) gave a
compound identified as polycarpine, C22H24N6O2S2, a dimeric disulfide alkaloid previously identified
from P. autara [15] and in a related species, Polycarpa clavata [16] (Figure 6). As illustrated in Figure 5a,
the resonances observed in the one-dimensional 1H spectrum of pure polycarpine (bottom, red)
are present in the one-dimensional 1H NMR spectrum for Fraction C (top, black). Moreover, pure
polycarpine elutes with a retention time identical to a band in the LC profile for Fraction C (Figure 5b).
The mass spectra of both bands are identical (Figure 5c) and consistent with a species with a molecular
weight of 468 Da.

Figure 5. Cont.
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Figure 5. (a) 1H NMR (recorded in DMSO-d6) of Fraction C (black, top) and polycarpine (red, bottom).
The inset, an expansion of the downfield regions of the spectra circled in blue. (b) HPLC analysis of
Fraction C (top) and polycarpine (bottom), (c) Mass spectral analysis of both HPLC bands circled in a
blue rectangle from Fraction C and polycarpine showed an identical ion at 234 Da.

Figure 6. The structure of polycarpine.

2.4. Pseudo-KD Value Determination of Polycarpine with Rv1466

An advantage of native mass spectrometry is that in addition to the qualitative identification of
protein-ligand formation, the technique also provides quantitative information on the strength of the
interaction [17,18]. This is because it is possible to estimate the dissociation constant, KD, from the
ratio of free and bound protein observed in the MS chromatograms. It is accomplished by collecting
MRMS data at a fixed protein concentration with increasing concentrations of the ligand (Figure 7a).
Figure 7b displays twelve mass spectra of samples containing 9 μM Rv1466 and increasing amounts of
polycarpine (0.1–300 μM). A ligand concentration was reached where the intensity of the protein-ligand
complex reached a plateau. The ratios of the intensity of protein-ligand peak and sum of protein peak
and protein-ligand peak were plotted against the concentration of polycarpine (Figure 7c). Using these
ratios and Equations 1 and 2, a pseudo-KD of 5.3 ± 0.4 μM was calculated for polycarpine binding
to Rv1466. A real KD cannot be calculated because after binding a covalent bond forms between the
ligand and Rv1466 in a time-dependent manner, pushing the equilibrium to the product.
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Figure 7. Direct determination of pseudo-KD for polycarpine using a dose-response curve. (a) Cartoon
representation of the Rv1466 structure (5IRD) closest to the average structure in the calculated ensemble.
The α-helices and β-strands are colored gold and blue, respectively; (b) Overlay of twelve mass
spectra of samples containing Rv1466 (9 μM) incubated with varying concentrations of polycarpine
(0.1–300 μM); (c) The relative mass responses of protein-ligand complex with protein, [P-L]/([P-L]+[P]),
plotted against the concentration of polycarpine. The pseudo-KD was determined to be 5.29 ± 0.39 μM.

3. Discussion

Using the PhenoTarget approach, a ligand from a natural product fraction library was identified
that bound to the M. tuberculosis protein Rv1466. The ligand molecular weight from the native MRMS
spectrum was 233 Da. The compound was shown to be polycarpine with a molecular mass of 468 Da.
The ligand MW of 233 Da was half the molecular weight of polycarpine less one proton, indicating that
polycarpine formed a covalent bond with Rv1466. Under mild silica chromatography, the polycarpine
disulfide bond has been shown to be cleaved [15,16]. Rv1466 has a single cysteine and the structure of
Rv1466 (5IRD) indicates this residue is exposed on the surface of the protein so that it could attack the
disulfide bond of polycarpine to form a covalent disulfide linked complex. The polycarpine-Rv1466
pseudo-KD was determined to be 5.3 ± 0.4 μM. P. aurata, a species of tunicate in the family Styelidae,
is rich in alkaloids containing sulfur such as polycarpine, polycarpaurine A, polycarpaurine B and
polycarpaurine C [15,16,19,20].

In the PhenoTarget approach, phenotypic screening is conducted initially to detect cellular
active components. In our case a natural product fraction library was used, however, this could be
equally applied to pure compound libraries. Mass spectrometry using a protein panel of putative
targets provided sufficient throughput to analyze the phenotypic hits. Native mass spectrometry
offers the further advantage that it can be used for cloned, expressed and purified proteins that
lack structural information. This opens the option to explore the proteome of many species, in
our case, the Mycobacterium proteome. As well as its high sensitivity, high-throughput capability
and in time observation of protein-ligand interaction, it can also provide exact mass information of
the binding compound [21]. The mass information is useful for isolating the compound from the
fraction mixture using mass-guided isolation. In addition, mass spectrometry has been reported as an
alternative technique for the quantitative characterization of protein–ligand interactions in solution,
that is, the determination of equilibrium constants for protein–ligand association (Ka) or dissociation
(Kd = 1/Ka) [22,23]. Among all the mass spectrometers, MRMS provides the highest accuracy and
resolution. Nanoelectrospray was used for sample delivery. Compared to conventional electrospray,
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its benefits include an increased sensitivity signal, lower consumption of ligand and protein, and
no sample-to-sample cross-contamination, a faster speed and a higher degree of nozzle-to-nozzle
reproducibility [24]. A high degree of nozzle-to-nozzle reproducibility is important for quantitative
studies such as KD determination. It has been proven that KD results from chip-based electrospray are
consistent with conventional techniques [17].

While there are advantages in the phenotypic drug discovery approach it should be noted that
there are also some disadvantages. Foremost is the procurement of pure protein panels for target
identification. For example, the genome of M. tuberculosis contains over 4000 genes [25] and our
exploratory panel contained only 37 different proteins. This bottleneck can be partly circumvented by
using orthologous proteins from related species [26]. Indeed, in addition to M. tuberculosis (12 proteins),
our mycobacterial panel contained proteins from Mycobacterium smegmatis (5), Mycobacterium abscessus
(4), Mycobacterium laprae (3), Mycobacterium marinum (3), Mycobacterium ulcerans (3), Mycobacterium
fotuitum (3), Mycobacterium avium (2), and Mycobacterium paratuberculosis (2). Advantages, on the other
hand, lie in the sensitivity and specificity of MRMS for ligand identification.

In summary, while the PhenoTarget approach has some limitations, this article is an example
of the powerful potential of the PhenoTarget approach in identifying new lead compounds, from a
natural product fraction library, as well as the target protein of the lead compound. In the PhenoTarget
approach, phenotypic screening is conducted initially to detect cellular active components. The hits are
then screened against a panel of putative targets. This PhenoTarget protocol can be equally applied to
pure compound libraries as well as natural product fractions and may prove to be a valuable alternative
strategy for developing new intervention therapies.

4. Materials and Methods

4.1. General Experimental Procedures

NMR spectra were recorded in DMSO-d6 (δH 2.50 and δC 39.5), CD3OD (δH 3.31, 4.78) at 25 ◦C on
the Bruker AVANCE III HDX 800 MHz NMR spectrometer (F

..
allanden, Z

..
urich, Switzerland) equipped

with a triple resonance cryoprobe. The low-resolution LC-MS was acquired using Ultimate 3000 RS
UHPLC coupled to a Thermo Fisher MSQ Plus single quadruple ESI mass spectrometer (Waltham,
MA, USA) with a Thermo Accucore C18 column (2.6 μm, 2.1 × 150 mm). High-resolution mass spectra
(HRESIMS) were recorded on a Bruker maXis II ETD ESI- qTOF (Bremen, Germany). The HPLC
system for LLE fractions for phenotypic screening included a Waters 600 pump (Milford, MA, USA)
fitted with a 996-photodiode array detector and Gilson FC204 fraction collector (Middleton, WI, USA).
The HPLC system for Fractions A~E from re-extraction by ethanol was the Thermo Ultimate 3000
system (Waltham, MA, USA). Semi-preparative HPLC was also programmed on Thermo Ultimate
3000 with a PDA detector. A Phenomenex C18 Monolithic column (5 μm, 4.6 × 100 mm) was used
for analytical HPLC; a Thermo Electron Betasil C18 column (5 μm, 21.2 × 150 mm) was used for
semi-preparative HPLC.

The fraction library (202,983 fractions) was from Nature Bank (Griffith Institute for Drug Discovery,
Brisbane, Australia). All the solvents used for extraction, chromatography and MS were Lab-Scan
HPLC grade, and the H2O was Millipore Milli-Q PF filtered.

Ammonium acetate was purchased from. Sigma-Aldrich (St Louis, O.M., USA). Rv1466 and
the other 36 unique proteins in the target panel were supplied by the Seattle Structural Genomics
Center for Infectious Diseases (SSGCID, Seattle, WA, USA). These were “well behaved” proteins whose
structures have been solved by SSGCID and are publicly available in the PDB. All proteins contained
a non-natural, N-terminal tag for purification (MAHHHHHHMGTLEAQTQGPGS-). For protein
buffer exchange, Nalgene NAP-5 size G25, from GE Healthcare (Parramatta, NSW, Australia) was
used (purchased through Thermo Fisher Scientific Australia Pty Ltd., Scoresby, VIC, Australia). The
screening of protein-ligand complexes was conducted using Bruker Daltonics SolariX 12 T Magnetic
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Resonance Mass Spectrometry (Bruker Daltonics Inc., Billerica, MA, USA) equipped with automatic
Nanoelectrospray system (TriVersa NanoMate, Advion Biosciences, Ithaca, NY, USA).

4.2. Lead-Like Enhanced Fraction Library

The lead-like enhanced fraction library was prepared as previously described [14].

4.3. Phenotypic Screening-Activity against Replicating M. tuberculosis H37Rv

Growth inhibition of M. tuberculosis was monitored using a 1 μL of fraction (250 μge/μL) dispensed
into each well of a 384-well plate. To this, 40 μL of M. tuberculosis ATCC 27294 H37Rv (3–5 × 105/mL in
Middlebrook 7H9 broth with 0.05% Tween 80, 10 v/v ADC and Casamino acids) was added with a
Multidrop dispenser. The plates were then incubated at 37 ◦C for 7 days. A 10 μL solution of Resazurin
(20 mg/100 mL diluted 1:1 with 10% Tween 80) was added and incubated further for an additional 24
h at 37 ◦C for color development. Absorbance was monitored at two wavelengths (575 and 610 nm)
using Spectramax and the ratios were determined to calculate the % inhibition. Growth controls in the
absence of compound as well as media controls served as inhibition ~0% and −100% respectively.

Single point screen: samples (1 μL) which gave ≥80% inhibition were considered positive. MIC:
the least concentration which gave ≥80% inhibition was considered as MIC (start conc. = 1 μL of
fraction (250 μge/μL).

4.4. Re-extraction and Fractionation

The dry powder of P. aurata (1.8 g) was extracted with 95% ethanol (3 × 150 mL) to afford a
crude extract (1.48 g). A portion of the crude extract (40 mg) was dissolved in DMSO-d6 (600 μL).
Twice injection (2 × 100 μL) was performed for each sample. HPLC separations were performed on a
Phenomenex C18 Monolithic HPLC column (4.6 × 100 mm) using conditions that consisted of a linear
gradient (curve 6) from 90% H2O (0.1% TFA)/10% MeOH (0.1% TFA) to 50% H2O (0.1% TFA)/50%
MeOH (0.1% TFA) in 3 min at a flow rate of 4 mL/min; A convex gradient (curve 6) to 50% H2O (0.1%
TFA)/50% MeOH (0.1% TFA) at a flow rate of 3 mL/min in 0.01 min, then a linear gradient (curve 5)
to 100% MeOH (0.1% TFA) in 3.50 min; A held at 100% MeOH (0.1% TFA) (curve 6) for 1.50 min at
a flow rate of 3 mL/min, then held at 100% MeOH (0.1% TFA) (curve 6) with a flow rate increasing
to 4 mL/min in 0.01 min; A held at 100% MeOH (0.1% TFA) (curve 6) at a flow rate of 4 mL/min for
a further 1 min; A linear gradient (curve 6) back to 90% H2O (0.1% TFA)/10% MeOH (0.1% TFA) in
1 min at a flow rate of 4 mL/min, then held at 90% H2O (0.1% TFA)/10% MeOH (0.1% TFA) (curve 6)
for 2 min at a flow rate of 4 mL/min. The total run time for each injection was 11 min, and 5 fractions
were collected between 2.0 and 7.0 min, i.e., Fraction A (time = 2.01-3.00 min), Fraction B (time =
3.01-4.00 min), Fraction C (time = 4.01-5.00 min), Fraction D (time = 5.01-6.00 min) and Fraction E
(time = 6.01-7.00 min). Each fraction was dissolved in 200 μL of DMSO-d6 and was run for 1H NMR
fingerprint in a 3 mm NMR tube on a Bruker AVANCE III HDX 800 MHz NMR instrument.

4.5. Automatic Chip-Based MRMS High Throughtput Screening

Proteins were buffer-exchanged into a suitable volatile buffer (ammonium acetate) under near
physiological conditions using size exclusion chromatography prior to MRMS analysis. Depending on
the protein, the buffer and its concentration were chosen to obtain the highest sensitivity in the mass
spectrometer. Final concentration was 10 μM protein in 10 mM ammonium acetate after buffer change.

All screening samples were prepared fresh on the day for analyzing data to avoid the precipitation
or decomposition in the sample.

Each 9 LLE fractions (9 × 1 μL) were combined as a Pool Fraction. Every Pool Fraction was dried,
re-suspended in 9 μL MeOH. For the screening of Pool Fractions, 1 μL MeOH solution of pool fraction
was mixed with 9 μL of 10 μM protein and then incubated for 1 h at room temperature before being
analyzed by MRMS.
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For screening the incubation of Fraction C of P. aurata with Rv1466-Putative uncharacterized
protein, Fraction C was dried and re-suspended in 400 μL MeOH. An aliquot solution (1 μL) was
added to protein (9 μL at 10 μM) for 15 min at room temperature and then analyzed by MRMS.

For the screening of pure compound-polycarpine, the stock solution of polycarpine, 3000 μM
dissolved in DMSO-d6, was further diluted to additional varied concentrations between 1–1000 μM
for dose-response measurement. Polycarpine solution in DMSO-d6 was dried and then dissolved in
MeOH. A 40 μL sample of these polycarpine solutions was lyophilized and resuspended in 40 μL of
MeOH. An aliquot (1 μL) of varied concentration of polycarpine in MeOH was incubated with 9μL of
protein (10 μM) for 15 min at room temperature and then analyzed by MRMS.

Experiments were performed on a Bruker SolariX XR 12T MRMS (Bruker Daltonics Inc., Billerica,
MA) equipped with an external automated chip-based nanoelectrospray. The ESI mass spectra were
recorded in positive mode with a mass range from 294 to 10,000 m/z. Each spectrum was composed
of 2 M data points. All the aspects of instrument parameter and data acquisition were controlled
by Solarix control software under Windows operating system. Instrument parameters were tuned
as follows for Pool Fraction screening: sample flow rate 120 μL/min, nebulizer gas (N2) pressure 3,
end plate offset voltage 0 V, capillary voltage 1000 V, drying gas (N2) flow rate 1.5 L/min, drying gas
temperature 100 ◦C, capillary exit voltage 220 V, skimmer 1 voltage 60 V, collision voltage −5, time of
flight 2.1 s, scan 8 and accumulation time 0.5 s. For the screening of Rv1466-Putative uncharacterized
protein with Fraction C and polycarpine, six parameters change including skimmer 1 voltage (30 V),
collision voltage (−10 V), time of flight (1.8 s), scan (32) and accumulation time (2 s).

All sample solutions were injected by fully automated chip-based nanoelectrospray, which was
mounted to the mass spectrometer. A Triversa NanoMate incorporating ESI chip technology (Advion
Biosciences, Ithaca, NY) was used as an automatic chip system. The automated chip system consists of
a 384-well plate, a rack of 96 disposable, conductive pipette tips, and the chip, which was positioned a
few millimeters from the sampling cone. The system was programmed by ChipSoft software (Version
8.3.1, Advion BioSciences), which sequentially picks up a new pipette tip, aspirates 3 μL of sample
from the 384-well plate followed by 1.5 μL of air and then delivers to the inlet side of ESI chip.
Nanoelectrospray was carried out by applying a 1.60 kV spray voltage and a 1.0 psi gas pressure to
the sample in the pipette tip. Sample solutions for screening were transferred into the 384-well plate.
For every sample, a fresh tip and nozzle were used, thus preventing cross-contamination of samples.
Following sample infusion and MS analysis, the pipet tip was disposed.

When the protein-ligand complex was found, the molecular weight of the binding ligand was
estimated from the spectrum using the following equation: MW ligand = Δ m/z × z.

4.6. Isolation

Crude ethanolic extract of P. aurata (200 mg) was dissolved in MeOH. HPLC separation was
conducted on a Thermo Electron Betasil C18 column (5 μm, 21.2 × 150 mm) at a flow rate of 9 mL/min:
using gradient solvent system (10–100% MeOH in 50 min, 100% MeOH from 50–60min) and 60 fractions
were collected by minutes. Fraction 33 and 34 were further purified on the same column using gradient
solvent from 30–80% MeOH to afford polycarpine.

Polycarpine was obtained as yellow powder. HRMS (positive mode): m/z 469 [M+H] + (calculated
for C22H25N6O2S2, 469.1475). 1H NMR (CD3OD, 800MHz) δ 7.49 (2H, d, J = 8.98Hz, H-7/11), 7.03
(2H, d, J = 8.98Hz, H-8/10), 3.91 (3H, s, 12-CH3), 3.25 (3H, s, 13-CH3). Carbon chemical shift was
confirmed from 2D NMR, δ 109.8 (C-1), 148.1 (C-3), 137.6 (C-5), 117.6 (C-6), 127.7 (C-7/11), 113.7 (C-8/10),
161.4 (C-9), 54.4 (C-12) and 27.8 (C-13).
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4.7. Dose-Response Data Analysis

The relative abundances of protein-ligand complex to total protein in the mass spectra correlated
to the relative equilibrium concentrations of ligand to total protein in solution. The pseudo KD of
polycarpine with Rv1466 was determined using the following equations [18]:

Σ I(P− L)n+/n

Σ I (P)n+/n + Σ I (P− L)n+/n
=

[P− L]
[P]t

(1)

Σ I(P− L)n+/n

Σ I (P)n+/n + Σ I (P− L)n+/n
=

[P]t + [L]t +KD −
√
([P]t + [L]t +KD)2 − 4[P]t[L]t)

2[P]t
(2)

Experimental relative ratios of protein-ligand complex and total protein ion abundances were
plotted against the total concentration of ligand. The pseudo KD could be obtained as a parameter of a
nonlinear least-squares curve fitting.
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Abstract: The present investigation on chemical constituents of the soft coral Sarcophyton cherbonnieri
resulted in the isolation of seven new cembranoids, cherbonolides F–L (1–7). The chemical structures
of 1–7 were determined by spectroscopic methods, including infrared, one- and two-dimensional
(1D and 2D) NMR (COSY, HSQC, HMBC, and NOESY), MS experiments, and a chemical
reduction of hydroperoxide by triphenylphosphine. The anti-inflammatory activities of 1–7 against
neutrophil proinflammatory responses were evaluated by measuring their inhibitory ability toward
N-formyl-methionyl-leucyl-phenylalanine/cytochalasin B (fMLF/CB)-induced superoxide anion
generation and elastase release in primary human neutrophils. The results showed that all isolates
exhibited moderate activities, while cherbonolide G (2) and cherbonolide H (3) displayed a more
active effect than others on the inhibition of elastase release (48.2% ± 6.2%) and superoxide anion
generation (44.5% ± 4.6%) at 30 μM, respectively.

Keywords: Sarcophyton cherbonnieri; cembranoid; anti-inflammatory activity; elastase release;
superoxide anion generation

1. Introduction

Series of cembranoidal secondary metabolites from soft corals have been shown to exhibit
attractive biological activities including cytotoxicity [1–14] and anti-inflammatory ability [6,7,9,11,
13–18]. From previous investigations of exploring bioactive natural products from soft corals, many
cembranoids were discovered from organisms of the genera Sarcophyton, [1–8,16], Sinularia [9–12,17,18],
and Lobophyton [13–15]. In some cases, two cembranoid units could be linked to produce biscembranoids
via various reactions [18–24], marking the high diversity and complexity in chemical structures of
cembrane-related soft coral natural products.

Many studies have revealed that soft corals of the genus Sarcophyton are important sources of
various types of natural products, some of them with notable bioactivies [25–28]. Our previous
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chemical study on Sarcophyton cherbonnieri led to the isolation of six new cembranoids cherbonolides
A–E and one biscembranoid bischerbolide peroxide, along with a known compound, isosarcophine [24].
In continuation of our effort on discovery of new and bioactive compounds from marine animals,
we further explored the chemical constituents of S. cherbonnieri. This investigation again led to
the discovery of new cembranoids, cherbonolides F–L (1–7). The structures of 1–7 (Figure 1) were
determined by spectroscopic analysis, including two-dimensional (2D) NMR experiments and a
chemical reaction. Compounds 2 and 4 were elucidated as cembranoids possessing an allylic peroxy
group. Cembranoids of isosarcophine-type have been reported frequently [24,27–30].

The screening of the in vitro anti-inflammatory activities through the inhibition of superoxide
anion generation and elastase release in N-formyl-methionyl-leucyl-phenylalanine/cytochalasin
B (fMLF/CB)-induced primary human neutrophils was also performed in order to unveil the
anti-inflammatory ability of these compounds. We report herein the isolation, structure determination,
and bioactivity of the new metabolites 1–7.

Figure 1. New cembranoids isolated from Sarcophyton cherbonnieri.

2. Results and Discussion

Solvent-free residue of the ethyl acetate extract of the soft coral S. cherbonnieri was separated and
further purified by chromatographic methods to yield metabolites 1–7. The structures were established
by extensive analyses of MS and NMR spectra (Figures S1–S49, Supplementary Materials). 13C- and
1H-NMR data which were essential for structure determination of 1–7 are listed in Tables 1–3.

Cherbonolide F (1) was obtained as a colorless oil. The molecular formula of 1, C20H28O4,
was established by high-resolution electrospray ionization mass spectrometry (HR-ESI-MS) (m/z
calculated 355.1880; found 355.1879, [M + Na]+), implying seven degrees of unsaturation. The IR
spectrum of 1 revealed the absorptions of a hydroxy (νmax 3460 cm−1) and a lactonic carbonyl group
(νmax 1748 cm−1). The 13C-NMR spectrum of 1 showed 20 signals which were assigned to four
methyls, five sp3 methylenes, two sp3 oxygenated methines, three sp2 methines, and two sp3 and
four sp2 nonprotonated carbon atoms (Table 1) with the assistance of distortionless enhancement by
polarization transfer (DEPT) spectra. Carbon signals resonating at δC 173.9 (C), 160.5 (C), 123.6 (C),
78.6 (CH), and 9.0 (CH3) and proton signals resonating at δH 4.95 (1H, dd, J = 10.0, 1.6 Hz) and δH

1.66 (3H, s) were attributed to signals of an α-methyl-α,β-unsaturated-γ-lactone ring by comparing
the NMR data of the γ-lactone ring of the known compound isosarcophine (7). Signals at δC 61.2
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(CH), 60.2 (C), and δH 2.54 (1H, dd, J = 6.0, 6.0 Hz) showed the appearance of a trisubstituted epoxide.
One trisubstituted and one disubstituted double bond were identified by NMR signals resonating at
δC 120.9 (CH), 142.4 (C) and δH 4.54 (1H, dd, J = 10.0, 0.8 Hz), and at δC 140.3 (CH), 124.5 (CH) and
δH 5.32 (1H, d, J = 16.0 Hz) and 5.38 (1H, ddd, J = 16.0, 6.8, 6.8 Hz), respectively. 1H–1H correlation
spectroscopy (COSY) correlations established four separate proton sequences, which were connected by
heteronuclear multiple bond correlation (HMBC) correlations (Figure 2). Essential HMBC correlations
from H-2 to C-1 and C-4, H2-14 to C-1 and C-2, H3-17 to C-1, C-15, and C-16, H3-18 to C-3, C-4, and C-5,
H3-19 to C-7, C-8, and C-9, and H3-20 to C-11, C-12, and C-13 established the 14-membered ring carbon
skeleton of 1, which also indicated the presence of a hydroxyl at C-8.

Furthermore, analysis of nuclear Overhauser effect (NOE) correlations was applied to establish
the relative configuration of 1, as shown in Figure 3. It was revealed that H-2 showed NOE correlation
with H3-18, but not with H-3; therefore, assuming the β-orientation of H-2, H3-18 should be located
on the β face. Moreover, H3-18 exhibited NOE correlation with H-7, but not with H-6, revealing the
β-orientation of H-7 and the α-orientation of H-6. Both H-6 and H-7 exhibited NOE interactions with
H3-19, thus established the β-orientation of H3-19 as shown in Figure 3. One methylene proton at
C-13 exhibited NOE correlation with H-2 and was characterized as H-13β (δH 0.99, m), while the other
proton was assigned as H-13α (δH 1.49, m). NOE correlations of H-13β with H-11 and H-13α with
H3-20 reflected the β-orientation of H-11 and the α-orientation of H3-20. The E geometries of the
trisubstituted C-3/C-4 and C-6/C-7 double bonds were also assigned from the NOE correlations of H3-18
(δH 1.35, s) with H-2, but not with H-3, as well as the large coupling constant J = 16.0 Hz between H-6
and H-7, and the observed more shielded signal of C-18 (δC 16.7). According to the above observations,
the relative configuration of this compound was established. As 1 was isolated together with the
previous reported compounds isosarcophine and cherbonolides A−E [24] from the same organism,
it should possess the same (2S,8S,11R,12R)-configuration from the shared biosynthetic pathway.

Figure 2. The selected COSY and HMBC correlations of 1–4.
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Table 1. 13C-NMR spectroscopic data of compounds 1–7.

Position 1 a 2 a 3 a 4c 5 a 6d 7 d

1 160.5 (C) 160.4 (C) 159.9 (C) 160.2 (C) 162.4 (C) 151.2 (C) 151.2 (C)
2 78.6 (CH) b 78.5 (CH) 77.7 (CH) 78.0 (CH) 79.5 (CH) 147.2 (C) 147.2 (C)
3 120.9 (CH) 121.2 (CH) 121.8 (CH) 122.3 (CH) 120.7 (CH) 116.2 (CH) 116.1 (CH)
4 142.4 (C) 142.1 (C) 143.2 (C) 143.4 (C) 143.2 (C) 72.7 (C) 72.6 (C)
5 41.5 (CH2) 41.9 (CH2) 38.4 (CH2) 38.7 (CH2) 36.4 (CH2) 42.5 (CH2) 42.2 (CH2)
6 124.5 (CH) 128.6 (CH) 23.9 (CH2) 24.4 (CH2) 24.7 (CH2) 23.1 (CH2) 23.2 (CH2)
7 140.3 (CH) 135.9 (CH) 127.3 (CH) 130.9 (CH) 84.1 (CH) 127.2 (CH) 126.5 (CH)
8 71.7 (C) 83.7 (C) 137.1 (C) 133.8 (C) 69.4 (C) 133.9 (C) 133.8 (C)
9 39.7 (CH2) 35.7 (CH2) 76.2 (CH) 88.9 (CH) 40.7 (CH2) 36.3 (CH2) 36.2 (CH2)

10 24.3 (CH2) 24.2 (CH2) 32.4 (CH2) 28.4 (CH2) 23.5 (CH2) 24.4 (CH2) 24.3 (CH2)
11 61.3 (CH) 61.1 (CH) 59.2 (CH) 59.4 (CH) 80.1 (CH) 60.5 (CH) 60.5 (CH)
12 60.2 (C) 60.2 (C) 60.1 (C) 60.6 (C) 72.6 (C) 60.2 (C) 60.3 (C)
13 35.7 (CH2) 35.6 (CH2) 36.9 (CH2) 37.3 (CH2) 37.2 (CH2) 35.1 (CH2) 35.1 (CH2)
14 23.2 (CH2) 22.9 (CH2) 23.6 (CH2) 24.0 (CH2) 20.2 (CH2) 19.6 (CH2) 19.8 (CH2)
15 123.6 (C) 123.6 (C) 123.7 (C) 124.1 (C) 123.4 (C) 123.6 (C) 123.7 (C)
16 173.9 (C) 173.9 (C) 173.8 (C) 174.2 (C) 174.4 (C) 169.5 (C) 169.8 (C)
17 9.0 (CH3) 8.9 (CH3) 8.7 (CH3) 9.1 (CH3) 8.9 (CH3) 9.1 (CH3) 9.0 (CH3)
18 16.7 (CH3) 16.2 (CH3) 14.4 (CH3) 14.7 (CH3) 16.2 (CH3) 29.9 (CH3) 29.4 (CH3)
19 28.0 (CH3) 21.6 (CH3) 9.6 (CH3) 10.3 (CH3) 20.4 (CH3) 15.3 (CH3) 15.5 (CH3)
20 16.7 (CH3) 16.9 (CH3) 16.0 (CH3) 16.2 (CH3) 23.7 (CH3) 17.5 (CH3) 17.4 (CH3)

a Spectra recorded in C6D6 at 100 MHz at 25 ◦C. b Attached protons were deduced by distortionless enhancement
by polarization transfer (DEPT) experiments. c Spectra recorded in C6D6 at 125 MHz. d Spectra recorded in CDCl3
at 100 MHz.

Table 2. 1H-NMR spectral data for compounds 1−4.

Position 1 a 2 a 3 a 4b

2 4.95, dd (10.0, 1.6) c 4.92, dd (10.0, 1.6) 4.99, dd (10.4, 1.6) 4.96, d (10.5)
3 4.54, dd (10.0, 0.8) 4.47, d (10.0) 4.49, d (10.4) 4.47, d (10.5)
5 2.40, dd (13.2, 6.8) 2.41, dd (13.6, 7.2) 1.84, dd (13.2, 4.4) 1.80, dd (13.5, 4.5)

2.26, dd (13.2, 6.8) 2.27, dd (13.6, 7.2) 1.92, m 1.91, m
6 5.38, ddd (16.0, 6.8, 6.8) 5.47, ddd (16.8, 7.2, 7.2) 1.73, m 1.75, m

2.03, m 2.02, m
7 5.32, d (16.0) 5.35, d (16.8) 4.74, dd (10.0, 1.2) 4.91, d (9.5)
9 1.52, m 1.57, m 3.68, dd (11.6, 4.0) 4.06, dd (12.0, 4.0)

1.59, m 1.59, m
10 1.43, m 1.56, m 1.47, m 1.53, m

1.71, m 1.56, m 2.16, ddd 2.03, m
11 2.54, dd (6.0, 6.0) 2.44, dd (6.4, 6.4) 2.03, m 2.09, dd (10.5, 3.0)
13 1.49, m 1.69, m 1.59, dd (13.2, 5.6) 1.56, m

0.99, m 0.99, m 0.72, ddd (13.2, 13.2, 2.8) 0.69, dd (13.5, 13.5, 2.5)
14 1.81, m 1.78, m 1.93, m 1.89, m

1.67, m 1.68, m 1.49, m 1.43, m
17 1.66, s 1.66, s 1.65, s 1.65, s
18 1.35, s 1.29, s 1.13, s 1.11, s
19 1.05, s 1.19, s 1.37, s 1.37, s
20 1.03, s 1.02, s 1.03, s 1.01, s

a Spectra recorded in C6D6 at 400 MHz at 25 ◦C. b Spectra recorded in C6D6 at 500 MHz at 25 ◦C. c Coupling
constants (J values) in Hz are shown in parentheses.
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Table 3. 1H-NMR spectral data for compounds 5−7.

Position 5a 6 b 7 b

2 4.92, d (11.2) c

3 4.85, d (11.2) 5.50, s 5.52, s
5 2.07, m 1.83, m 1.94, m

1.93, m 1.98, m 1.94, m
6 1.31, m 2.41, m 2.46, m

1.70, m 2.21, m 2.14, m
7 2.79, dd (10.0, 2.4) 5.26, dd (6.0, 6.0) 5.25, dd (7.2, 7.2)
9 1.59, m 2.28, m 2.26, m

1.31, m 2.08, m 2.06, m
10 1.22, m 1.53, m 1.54, m

1.50, m 1.85, m 1.86, m
11 2.96, d (11.2) 2.71, dd (6.8, 5.6) 2.73, dd (7.6, 4.6)
13 1.59, m 2.16, m 2.19, m

1.21, m 1.63, m 1.62, m
14 2.16, ddd (12.4, 12.4, 6.4) 2.26, m 2.24, m

1.59, m 2.42, m 2.45, m
17 1.72, s 1.95, s 1.92, s
18 1.47, s 1.41, s 1.51, s
19 0.94, s 1.66, s 1.65, s
20 0.89, s 1.30, s 1.28, s

a Spectra recorded in C6D6 at 400 MHz at 25 ◦C. b Spectra recorded in CDCl3 at 400 MHz at 25 ◦C. c Coupling
constants (J values) in Hz are shown in parentheses.

Figure 3. Key NOE correlations for 1–4.
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The molecular formula of cherbonolide G (2) was found to be C20H28O5 by analysis of HR-ESI-MS
(m/z calculated 371.1829; found 371.1830, [M + Na]+), revealing that 2 possesses an additional oxygen
atom to that of 1. Moreover, both 1 and 2 showed the very similar 1H- and 13C-NMR data (Table 1),
except that the chemical shift of C-8 was shifted from δC 71.7 of 1 to δC 83.7 of 2. The very similar COSY,
HMBC (Figure 2), and NOE (Figure 3) correlations of 1 and 2 also revealed the very close structures for
both compounds. However, the hydroxy group of 1 at C-8 was replaced by a hydroperoxy group in 2,
with a broad singlet appearing at δH 6.72 and the downfield shift of C-8. Accordingly, the molecular
skeleton and the (2S,8S,11R,12R)-configuration of 2 were determined.

Cherbonolide H (3) has the same molecular formula as that of 1, as determined by HR-ESI-MS
experiment. Moreover, most of the 1H–1H COSY and HMBC correlations (Figure 2) of 3 were similar to
those of isosarcophine except for the presence of a hydroxyl at C-9 leading to the shift of CH-9 to lower
field (δC 76.2; δH 3.68), and the shift of C-6/C-7 double bond of 1 to C-7/C-8 double bond of 3. Analysis
of NOE correlations (Figure 3) showed that the β-oriented H-2 exhibited NOE interactions with both
H3-18 and H-13β, but not with H-3, assigning the E-geometry of the trisubstituted C-3/C-4 double
bond. These results, along with the found NOE correlations (Figure 3) of H-13α/ H3-20, H3-20/H-9,
led to the assignment of the α-orientation of H-9.

Cherbonolide I (4) was found to contain one additional oxygen atom than 3, according to
HR-ESI-MS experiment. These two compounds also showed very similar 1H–1H COSY and HMBC
correlations, revealing the identical molecular framework of both compounds. NMR data of 3 and
4 were similar (Table 1), except for those of CH-9, suggesting that 4 is possibly the C-9 hydroperoxy
derivative of 3. By analysis of NOE correlations (Figure 3), the E geometries of both C-3/C-4 and
C-7/C-8 double bonds of 4 and the (2S,9R,11R,12R)-configuration were also established. Reduction of 4

by triphenylphosphine yielded 3, further confirming the structure of 4.
Cherbonolide J (5) was given as a colorless oil with a molecular formula C20H30O5 on the basis of

HR-ESI-MS data (m/z calculated for C20H30O5Na 373.1986; found 373.1984), revealing six degrees of
unsaturation. The IR absorptions at 3443 and 1748 cm−1 were due to hydroxy and ester carbonyl groups,
respectively. The 13C- and 1H-NMR spectroscopic data (Tables 1 and 3) of 5 measured at C6D6 were
very close to a known compound sarcophyolide E [29], and the 2D NMR (COSY, HSQC, and HMBC)
correlation analysis revealed that both compounds had the same molecular framework (Figure 4).
Detailed analysis of the NOE correlations (Figure 5) showed that both compounds possessed the same
relative configuration. However, the [α]D

25 values in CHCl3 (−6 for 5 and +4.4 for sarcophyolide E)
were close but with different signs, suggesting that 5 is the enantiomer of this known compound.
The absolute configurations of 5 and sarcophyolide E were deduced by comparison of the circular
dichroism (CD) spectroscopic data. As shown in Figure 6, the negative Cotton effect at 247 nm and
positive effect at 228 nm for 5 in comparison with the positive and negative Cotton effects at 252 and
226 nm for sarcophyolide E [29], respectively, confirmed that 5 is the newly found enantiomer of
sarcophyolide E.

Figure 4. Selected COSY and HMBC correlations of 5–7.
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Figure 5. Selected NOE correlations for 5–7.

Figure 6. the CD spectrum of 5 (1.2 × 10−4 M, MeOH).

Cherbonolide K (6) is a colorless oil which was shown to have the molecular formula C20H28O4

by HR-ESI-MS experiment, appropriate for seven degrees of unsaturation. The infrared (IR) spectrum
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of 6 showed peaks of hydroxy and estercarbonyl groups at 3444 and 1763 cm−1, respectively. 13C-NMR
data (Table 1) with signals at δC 151.2 (C), 147.2 (C), 116.2 (CH), 72.7 (C), 123.6 (C), 169.5 (C), 9.1 (CH3),
and 29.9 (CH3) and 1H NMR data (Table 3) with signals at δH 5.50 (s, 1H), 1.95 (s, 3H), and 1.41 (s,
3H) were attributed to the cembranoidal α-methyl-α,β-unsaturated-γ lactone ring with a conjugated
2,3-double bond that further connected with the methyl and hydroxyl substituted C-4. The above
results were supported by HMBC correlations of 6 (Figure 4) from H-3 (δH 5.50) to C-1 (δC 151.2),
C-2 (δC 147.2), and C-4 (δC 72.7), H3-17 (δH 1.95) to C-1, C-15 (δC 123.6), and C-16 (δC 169.5), and H3-18
(δH 1.41) to C-3 (δC 116.2) and C-4 (δC 72.6). The remainder of the structure from C-5 to C-14 was found
to be identical to isosarcophine [24]. Thus, the planar structure of 6 was established. Furthermore,
the NOE correlation analysis shown in Figure 5 revealed the α-orientations of 4-OH and 12-CH3,
β-orientation of H-11, (Z)-2,3-double bond, and (E)-7,8-double bond. An isomer of 6, cherbonolide
L (7), was also subsequently isolated. The metabolite 7 had nearly the same NMR data as 6 except
for CH2-5 and CH2-6. Thus, it can be assumed that 7 is the C-4 epimer of 6. Analysis of the 2D NMR
correlations of 7 (Figures 4 and 6) further supported this assumption.

For the screening of bioactivities, the anti-inflammation activities of 1–7 toward inhibition of
N-formyl-methionyl-leucyl-phenylalanine/cytochalasin B (fMLF/CB)-induced generation of superoxide
anion (O2

•–) and release of elastase in primary human neutrophils were measured. The results (Table 4)
showed that, although none of the isolates exhibited strong inhibitory activities in the assay, 2 and 3

were found to display notable ability to inhibit the elastase release (48.2% ± 6.2%) and superoxide anion
generation (44.5% ± 4.6%) at 30 μM, respectively. In comparison with (+)-isosarcophine, cherbonolides
A–E, and bischerbonolide peroide discovered previously from S. cherbonnieri [24], it was found that,
although 2 and 3 exhibited weaker activities than bischerbonolide peroxide, they displayed comparable
activities to those of cherbonolides A and C. In general, allylic oxidation at the 7,8-double bond of
(+)-isosarcophine might be able to produce derivatives with stronger bioactivities.

Table 4. Inhibitory effects of metabolites 1–7 against elastase release and superoxide anion generation
in N-formyl-methionyl-leucyl-phenylalanine/cytochalasin B (fMLF/CB)-induced primary human
neutrophils. IC50, half maximal inhibitory concentration.

Compound
Superoxide Anion Elastase Release

IC50 (μM) a Inh b % IC50 (μM) a Inh b %

1 >30 11.0 ± 8.7 >30 35.1 ± 10.6 ***
2 >30 29.8 ± 9.8 ** >30 48.2 ± 12.5 ***
3 >30 44.5 ± 7.9 *** >30 35.6 ± 10.7 ***
4 >30 6.4 ± 7.3 >30 27.6 ± 12.8 **
5 >30 6.2 ± 5.5 >30 29.7 ± 11.1 **
6 >30 12.9 ± 11.4 >30 16.7 ± 10.2 *
7 >30 17.1 ± 11.6 * >30 27.6 ± 12.0 **

Idelalisib 0.07 ± 0.03 102.8 ± 5.4 *** 0.07 ± 0.02 99.6 ± 10.3 ***
a Concentration necessary for 50% inhibition (IC50). b Percentage of inhibition (Inh %) at 30 μM. Results presented
as mean ± S.D. The anti-inflammatory assays were performed with eight biological replicates. * p < 0.05, ** p < 0.01,
and *** p < 0.001 compared with the control.

3. Materials and Methods

3.1. General Experimental Procedures

Values of the specific optical rotation of the isolates were measured with a JASCO P-1020
polarimeter (JASCO Corporation, Tokyo, Japan). Infrared spectra were recorded using a JASCO
FT/IR-4100 infrared spectrophotometer (JASCO Corporation, Tokyo, Japan). The CD spectrum was
recorded on a Jasco J-815 circular dichroism (CD) spectropolarimeter (JASCO, Tokyo, Japan) in MeOH.
1H- and 13C-NMR spectra were acquired on a Varian 400MR FT-NMR (or Varian Unity INOVA500
FT-NMR) instrument (Varian Inc., Palo Alto, CA, USA) at 400 MHz (or 500 MHz) and 100 MHz (or
125 MHz), respectively, in CDCl3 or C6D6. LR-ESI-MS and HR-ESI-MS experiments were carried out
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using a Bruker APEX II (Bruker, Bremen, Germany) mass spectrometer. Silica gel (230–400 mesh)
was used as the adsorbent for normal-phase column chromatography. Thin-layer chromatography
(TLC) analyses were performed with precoated silica gel plates (Kieselgel 60 F-254, 0.2 mm, Merck,
Darmstadt, Germany). Further purification of impure fractions or compounds was further achieved by
high-performance liquid chromatography on a Hitachi L-7100 HPLC instrument (Hitachi Ltd., Tokyo,
Japan) with a Merck Hibar Si-60 column (250 mm × 21 mm, 7 μm; Merck, Darmstadt, Germany) and
on a Hitachi L-2455 HPLC apparatus (Hitachi, Tokyo, Japan) with a Supelco C18 column (250 mm ×
21.2 mm, 5 μm; Supelco, Bellefonte, PA, USA).

3.2. Animal Materials

The marine organism S. cherbonnieri was collected and preserved as described previously [24].

3.3. Extraction and Isolation

By using the procedure reported previously, 1.2 kg (wet weight) of organism S. cherbonnieri
was dehydrated, minced, extracted, and concentrated to afford 10.2 g of residue. The residue was
fractionated by chromatography to yield 19 fractions [24]. Fraction 10, eluting with n-hexane–acetone
(4:1), was further purified over silica gel using n-hexane–acetone (6:1) to afford seven subfractions
(A1–A7). Subfraction A3 was further separated by reverse-phase HPLC using acetonitrile–H2O (1:1.1)
to afford 2 (1.4 mg). Subfraction A4 was purified by reverse-phase HPLC using acetonitrile–H2O
(1:1.2) to afford 4 (8.8 mg), and subfraction A6 was purified by reverse-phase HPLC acetonitrile–H2O
(2:1) to afford 5 (3.1 mg). Fractions 11 and 12, obtained by eluting with n-hexane–acetone 3:1 and 2:1,
respectively, were combined and further eluted with acetone by a Sephadex LH-20 column to afford six
subfractions (B1–B6). The purification of subfractions B4 and B5 using reverse-phase HPLC by elution
of acetonitrile–H2O (1:1.3) and MeOH–H2O (3:2) afforded 6 (12.4 mg) and 7 (33.1 mg), respectively.
Fraction 13, eluting with n-hexane–acetone (1:1), was purified by eluting with acetone on Sephadex
LH-20 to yield five subfractions (C1–C5). Subfraction C2 was further separated by reverse-phase HPLC
using acetonitrile–H2O (1:1.4) to afford 1 (3.3 mg) and 3 (10.8 mg).

Cherbonolide F (1): colorless oil; [α]D
25 +177 (c 0.50, CHCl3); IR (neat) νmax 3460, 2967, 2928, 2864, 1748,

1677, 1452, 1385, 1096, 984, and 755 cm–1; for 13C- and 1H-NMR data (400 MHz; C6D6), see Tables 1
and 2; ESI-MS m/z 355 [M + Na]+; HR-ESI-MS m/z 355.1879 [M + Na]+ (calculated for C20H28O4Na,
355.1880).

Cherbonolide G (2): colorless oil; [α]D
25 +25 (c 0.33, CHCl3); IR (neat) νmax 3419, 2925, 2855, 1748, 1678,

1454, 1387, 1096, 987, and 755 cm–1; for 13C- and 1H-NMR data (400 MHz; C6D6), see Tables 1 and 2;
ESI-MS m/z 371 [M + Na]+; HR-ESI-MS m/z 371.1830 [M + Na]+ (calculated for C20H28O5Na, 371.1829).

Cherbonolide H (3): colorless oil; [α]D
25 +41 (c 1.00, CHCl3); IR (neat) νmax 3445, 2928, 2864, 1747, 1679,

1455, 1387, 1094, 996, and 755 cm–1; for 13C- and 1H-NMR data (400 MHz; C6D6), see Tables 1 and 2;
ESI-MS m/z 355 [M + Na]+; HR-ESI-MS m/z 355.1878 [M + Na]+ (calculated for C20H28O4Na, 355.1880).

Cherbonolide I (4): colorless oil; [α]D
25 +13 (c 1.00, CHCl3); IR (neat) νmax 3420, 2925, 2855, 1747, 1541,

1390, 992, and 756 cm–1; for 13C- and 1H-NMR data (500 MHz; C6D6), see Tables 1 and 2; ESI-MS m/z
371 [M + Na]+; HR-ESI-MS m/z 371.1828 [M + Na]+ (calculated for C20H28O5Na, 371.1829).

Cherbonolide J (5): white powder; [α]D
25 −6 (c 0.50, CHCl3); IR (neat) νmax 3443, 2937, 2860, 1755, 1675,

1381, 1076, 990, and 755 cm–1; CD (1.2 × 10−4 M, MeOH) λmax (Δε ) 247 (−5.2), and 228 (+26.5) nm;
for 13C- and 1H-NMR data (400 MHz; C6D6), see Tables 1 and 3; ESI-MS m/z 373 [M +Na]+; HR-ESI-MS
m/z 373.1984 [M + Na]+ (calculated for C20H30O5Na, 373.1986).

Cherbonolide K (6): yellow oil; [α]D
25 +12 (c 1.00, CHCl3); IR (neat) νmax 3444, 2927, 1763, 1435, 1386,

1241, 1083, 931, and 756 cm–1; for 13C- and 1H-NMR data (400 MHz; CDCl3), see Tables 1 and 3; ESI-MS
m/z 355 [M + Na]+; HR-ESI-MS m/z 355.1880 [M + Na]+ (calculated for C20H28O4Na, 355.1880).
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Cherbonolide L (7): yellow oil; [α]D
25 +33 (c 1.00, CHCl3) ; IR (neat) νmax 3445, 2929, 2872, 1752, 1665,

1455, 1384, 1050, 927, and 756 cm–1; for 13C- and 1H-NMR data (400 MHz; CDCl3), see Tables 1 and 3;
ESI-MS m/z 355 [M + Na]+; HR-ESI-MS m/z 355.1877 [M + Na]+ (calculated for C20H28O4Na, 355.1880).

3.4. Reduction of Cherbonolide I (4)

The solution of compound 4 (1.4 mg) in diethyl ether (5.0 mL) was added to an excess amount of
triphenylphosphine (1.3 mg), and the mixture was stirred at room temperature for 4 h. The solvent of
the solution was evaporated under reduced pressure to afford a residue, which was purified by silica
gel column chromatography using n-hexane–acetone (3:1) as an eluent to yield 3 (1.0 mg, 75%).

3.5. In Vitro Anti-Inflammatory Assay

3.5.1. Primary Human Neutrophils

Blood was obtained from the elbow vein of healthy adult volunteers (with ages 20–30). Neutrophils
were enriched by means of dextran sedimentation, Ficoll–Hypaque centrifugation, and hypotonic
lysis. Neutrophils were incubated in an ice-cold Ca2+-free Hank's Balanced Salt Solution (HBSS buffer,
pH 7.4) [31]. The research protocol was granted approval by the institutional review board of Chang
Gung Memorial Hospital (IRB No: 201601307A3, 20161124-20191123; 201902217A3, 20200501-20240630).
All subjects gave their informed consent for inclusion before they participated in the study. The study
was conducted in accordance with the Declaration of Helsinki.

3.5.2. Superoxide Anion Generation

Neutrophils (6 × 105 cells·mL−1) incubated in HBSS with ferricytochrome c (0.5 mg·mL−1) and
Ca2+ (1 mM) at 37 ◦C were treated with dimethyl sulfoxide (DMSO), as control, or with the tested
compound for 5 min. Neutrophils were primed by cytochalasin B (CB, 1 μg·mL−1) for 3 min before
activating fMLF (100 nM) for 10 min (fMLF/CB). The change in superoxide anion generation was
spectrophotometrically measured at 550 nm (U-3010, Hitachi, Tokyo, Japan) [32,33].

3.5.3. Elastase Release

Neutrophils (6 × 105 cells·mL−1) incubated in HBSS with MeO-Suc-Ala-Ala-Pro-Val-p- nitroanilide
(100 μM) and Ca2+ (1 mM) at 37 ◦C were treated with DMSO or the tested compound for 5 min.
Neutrophils were challenged by fMLF (100 nM)/CB (0.5 μg·mL−1) for 10 min. The change in elastase
release was spectrophotometrically measured at 405 nm (U-3010, Hitachi, Tokyo, Japan) [32].

3.5.4. Statistical Analysis

Data were displayed as the mean ± SD, and comparisons were performed by one-way ANOVA
with Dunnett analysis. All results were obtained from eight biological replicates. A probability value
of 0.05 or less was considered to be significant. The Prism software (Version 5.0, GraphPad Software,
San Diego, CA, USA) was used for the statistical analysis.

4. Conclusions

Our present examination of the chemical constituents of the soft coral S. cherbonnieri led to the
discovery of new cembranoid compounds 1–7. All compounds were found to possess anti-inflammatory
activity by exhibiting inhibitory effects on the generation of superoxide anion and elastase release in
fMLF/CB-induced primary human neutrophils, and cherbonolides G and H (2 and 3) were found to
be the most active in the inhibition of elastase release and superoxide anion generation, respectively.
As the marine environment is an important source of bioactive substances, and due to the high
chemical diversity and specimen diversity of the Sarcophyton genus [27,28,34,35], it can be expected
that new natural products and activities from soft corals of this genus can be continuously discovered
in the future.
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HR-ESI-MS, 1H-NMR, 13C-NMR, DEPT, HMQC, COSY, HMBC, and NOESY spectra of new compounds 1–7 are
available online at http://www.mdpi.com/1660-3397/16/8/276/s1. Figure S1: HR-ESI-MS spectrum of 1; Figure
S2. 1H-NMR spectrum of 1 in C6D6; Figure S3. 13C-NMR spectrum of 1 in C6D6; Figure S4. HSQC spectrum
of 1 in C6D6; Figure S5. 1H–1H COSY spectrum of 1 in C6D6; Figure S6. HMBC spectrum of 1 in C6D6; Figure
S7. NOESY spectrum of 1 in C6D6; Figure S8. HR-ESI-MS spectrum of 2; Figure S9. 1H-NMR spectrum of 2 in
C6D6; Figure S10. 13C-NMR spectrum of 2 in C6D6; Figure S11. HSQC spectrum of 2 in C6D6; Figure S12. 1H–1H
COSY spectrum of 2 in C6D6; Figure S13. HMBC spectrum of 2 in C6D6; Figure S14. NOESY spectrum of 2 in
C6D6; Figure S15. HR-ESI-MS spectrum of 3; Figure S16. 1H-NMR spectrum of 3 in C6D6; Figure S17. 13C-NMR
spectrum of 3 in C6D6; Figure S18. HSQC spectrum of 3 in C6D6; Figure S19. 1H–1H COSY spectrum of 3 in C6D6;
Figure S20. HMBC spectrum of 3 in C6D6; Figure S21. NOESY spectrum of 3 in C6D6; Figure S22. HR-ESI-MS
spectrum of 4; Figure S23. 1H-NMR spectrum of 4 in C6D6; Figure S24. 13C-NMR spectrum of 4 in C6D6; Figure
S25. HSQC spectrum of 4 in C6D6; Figure S26. 1H-1HCOSY spectrum of 4 in C6D6; Figure S27. HMBC spectrum
of 4 in C6D6; Figure S28. NOESY spectrum of 4 in C6D6; Figure S29. HR-ESI-MS spectrum of 5; Figure S30.
1H-NMR spectrum of 5 in C6D6; Figure S31. 13C-NMR spectrum of 5 in C6D6; Figure S32. HSQC spectrum of 5 in
C6D6; Figure S33. 1H–1H COSY spectrum of 5 in C6D6; Figure S34. HMBC spectrum of 5 in C6D6; Figure S35.
NOESY spectrum of 5 in C6D6; Figure S36. HR-ESI-MS spectrum of 6; Figure S37. 1H-NMR spectrum of 6 in
CDCl3; Figure S38. 13C-NMR spectrum of 6 in CDCl3; Figure S39. HSQC spectrum of 6 in CDCl3; Figure S40.
1H–1H COSY spectrum of 6 in CDCl3; Figure S41. HMBC spectrum of 6 in CDCl3; Figure S42. NOESY spectrum
of 6 in CDCl3; Figure S43. HR-ESI-MS spectrum of 7; Figure S44. 1H-NMR spectrum of 7 in CDCl3; Figure S45.
13C-NMR spectrum of 7 in CDCl3; Figure S46. HSQC spectrum of 7 in CDCl3; Figure S47. 1H–1H COSY spectrum
of 7 in CDCl3; Figure S48. HMBC spectrum of 7 in CDCl3; Figure S49. NOESY spectrum of 7 in CDCl3.
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Abstract: Four new compounds were isolated from the Vietnamese marine sediment-derived
fungus Aspergillus flocculosus, one aspyrone-related polyketide aspilactonol G (2), one meroterpenoid
12-epi-aspertetranone D (4), two drimane derivatives (7,9), together with five known metabolites
(1,3,5,6,8,10). The structures of compounds 1–10 were established by NMR and MS techniques.
The absolute stereoconfigurations of compounds 1 and 2 were determined by a modified Mosher’s
method. The absolute configurations of compounds 4 and 7 were established by a combination of
analysis of ROESY data and coupling constants as well as biogenetic considerations. Compounds 7

and 8 exhibited cytotoxic activity toward human prostate cancer 22Rv1, human breast cancer MCF-7,
and murine neuroblastoma Neuro-2a cells.

Keywords: marine-derived fungi; secondary metabolites; polyketides; drimanes;
meroterpenoids; cytotoxicity

1. Introduction

Marine fungi are rich sources of new biologically active compounds [1]. Fungi of the genus
Aspergillus, section Circumdati (Aspergillus insulicola, Aspergillus flocculosus, Aspergillus ochraceus,
Aspergillus ochraceopetaliformis, and others) [2], are known to produce metabolites belonging to
various chemical classes: aspyrone-related pentaketides [3,4], meroterpenoids [5,6], diketopiperazine
alkaloids [7], drimane sesquiterpenoids and their nitrobenzoyl derivatives [8,9], steroids, and
cerebrosides [10]. Many of them possess antimicrobial [4,10], antiviral [11], cytotoxic [8,11], and
neuroprotective [12] activities.

Aspyrone-related pentaketides are polyketide metabolites commonly found in this fungal
group [13]. Usually, they are divided into three structural types: linear (aspinonene) [3], δ-lactones
(aspyrone) [3], and γ-lactones (iso-aspinonene, aspilactonols) [3,14]. Meroterpenoid metabolites
of Aspergillus, section Circumdati fungi are represented mainly by triketidesesquiterpenoids with
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rare α-pyrone-contained linear or angular skeleton. To date, only several representatives of this
chemical class belonging to the aspertetranones [5] and ochraceopones [6] series were reported.
Nitrobenzoyl derivatives of drimane-sesquiterpenoids were initially found in A. insulicola species
but can also be produced by other related fungi [15]. These compounds are characterized by a small
structural diversity with two isomeric backbones (cinnamolide- and confertifolin-based) and various
locations of acyl groups. A residue of p-nitrobenzoic acid usually can be found at positions 9-OH or
14-OH. Nitrobenzoyl derivatives are relatively unstable compounds that cannot be hydrolyzed to form
the corresponding sesquiterpenoids [8]. Acetylation of these compounds with acetic anhydride results
in rearrangement and formation of several products [16].

Recently, we have started a project focusing on the search for producers of novel bioactive
compounds among fungi isolated from various substrates found in the Vietnamese waters of the South
China Sea [17,18]. Thus, from a sediment sample collected in Nha Trang Bay, we have isolated a
strain of fungus A. flocculosus. Recently, we described the new neuroprotective alkaloid mactanamide
produced by this strain [12]. Herein, we report the isolation, structure elucidation and cytotoxic activity
of four new (2,4,7,9) and six known (1,3,5,6,8,10) metabolites produced by the same fungus (Figure 1).

Figure 1. Chemical structures of the isolated compounds 1–10.

2. Results and Discussion

The molecular formula of compound 1 was determined as C9H14O4 by an HRESIMS peak at m/z
209.0785 [M + Na]+, which was supported by the 13C NMR spectrum.

A close inspection of the 1H and 13C NMR data of 1 (Table 1, Figures S1–S3) revealed the
presence of two methyls (δC 23.3, 18.8; δH 1.31, 1.25), one methylene (δC 34.9; δH 2.52, 2.45), three
oxygen-bearing sp3-methines (δC 84.9, 67.8, 66.2; δH 4.85, 4.08, 4.05) and one sp2-methine (δC 147.4; δH

7.27). Two remaining signals at δC 132.8 and 174.2 ppm corresponded to a quaternary sp2-carbon and a
carboxyl carbon, respectively.

The HMBC correlations (Figure 2 and Figure S6) from H-4 (δH 7.27) to C-2 (δC 174.2), C-3 (δC

132.8), and C-5 (δC 84.9) and from H-5 (δH 4.85) to C-2, C-3, and C-4 (δC 147.4) suggested the presence
of a dihydrofuran ring. The structure of the 1-hydroxyethyl side chain and its location at C-5 in 1 was
established by COSY correlations of H-6/H-5 and H-7 and HMBC correlations from H-6 (δH 4.05) to
C-4, C-5, and C-7 (δC 18.8). The data of COSY spectrum (Figure S4) and HMBC correlations from H-10
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(δH 1.25) to C-8 (δC 34.9), C-9 (δC 66.2), and from both H2-8 (δH 2.52, 2.45) to C-3, C-4, C-9, and C-10
(δC 23.3) determined the structure of the 2-hydroxypropyl side chain and its location at C-3.

Table 1. 1H and 13C NMR data (δ in ppm, CDCl3) for aspilactonols G (1) and F (2).

Position
1 2

δC, mult δH (J in Hz) δC, mult δH (J in Hz)

2 174.2, C 174.1, C
3 132.8, C 132.9, C
4 147.4, CH 7.27, d (1.4) 147.3, CH 7.25, d (1.2)
5 84.9, CH 4.85, dd (4.4, 1.4) 84.8, CH 4.86, dd (4.2, 1.4)
6 67.8, CH 4.05, qd (6.4, 4.4) 67.6, CH 4.08, qd (6.6, 4.2)
7 18.8, CH3 1.31, d (6.4) 18.8, CH3 1.31, d (6.6)

8 34.9, CH2
2.52, ddt (15.0, 3.8, 1.4)
2.45, ddt (15.0, 7.8, 1.4) 35.2, CH2

2.55, ddt (14.6, 3.6, 1.4)
2.40, dd (14.6, 8.5)

9 66.2, CH 4.08, m 65.8, CH 4.04, m
10 23.3, CH3 1.25, d (6.3) 23.2, CH3 1.25, d (6.2)

1H NMR and 13C NMR spectroscopic data were measured at 500 MHz and 125 MHz, respectively.

 
Figure 2. The key HMBC correlations of 1.

The absolute configuration of the chiral centers C-6 and C-9 of 1 was established using a
modified Mosher’s method. Esterification of the C-6 and C-9 hydroxy moieties of 1 with (R)- and
(S)-MTPA chloride afforded the (S)- and (R)-bis-MTPA-esters, respectively. The observed chemical shift
differences Δδ (δS − δR) (Figure 3A) indicated 6S, 9S configurations. The absolute configuration of C-5
stereocenter in 1 was proven as R on the basis of a characteristic Cotton’s effect at λ217 + 11.35 in the CD
spectrum (Experimental Section and Figure S8) and a coupling constant value 3JH5-H6 = 4.4 Hz [14,19].
Compound 1 was recently reported as aspilactonol F, that was a component of unseparated mixture of
epimers at C-9. Our study is the first determination of the absolute configurations of all stereocenters
of aspilactonol F.

Figure 3. Δδ (δS−δR) values (in ppm) for the MTPA ester of 1 (A) and 2 (B).

The molecular formula of compound 2 was determined as C9H14O4 (the same as 1) on the basis of
HRESIMS data and confirmed by 13C NMR. The NMR data of 2 were very similar to those of 1 (Table 1,
Figures S9–S16). Thus, the planar structure of 2 was suggested to be the same as that of aspilactonol
F (1).

Esterification of the C-6 and C-9 hydroxy moieties of 2 with (R)- and (S)-MTPA chloride afforded
the (S)- and (R)-bis-MTPA-esters, respectively. The observed chemical shift differences Δδ (δS − δR)
(Figure 3B) indicated 6R, 9S configurations. The absolute configuration of the C-5 stereocenter in 2

was suggested as S on the basis of a strong negative Cotton’s effect at λ216 –11.51 in the CD spectrum
(Experimental Section and Figure S17) [19]. Compound 2 was named aspilactonol G.
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The molecular formula of compound 4 was established as C22H28O9 on the basis of HRESIMS,
containing a peak at m/z 459.1628 [M + Na]+, and was supported by the 13C NMR spectrum.

An analysis of NMR data of 4 (Table 2, Figures S20–S24) revealed the presence of six methyl groups
(δC 25.1, 24.0, 18.5, 17.3, 10.8, 9.5; δH 2.24, 1.89, 1.43, 1.41, 1.39, 1.31), one sp3-methylene group (δC

45.6; δH 2.86, 2.76), two sp3-methines (δC 39.5, 39.3; δH 2.32, 2.00), two oxygen-bearing ones (δC 75.15,
63.5; δH 4.63, 4.36), one quaternary sp3-carbon (δC 55.5), three oxygen-bearing quaternary sp3-carbons
(δC 83.0, 76.5, 75.07), two quaternary sp2-carbons (δC 107.3, 102.2), three oxygen-bearing quaternary
sp2-carbons (δC 164.4, 162.5, 157.9), and two ketone groups (δC 211.4, 209.1).

Table 2. 1H and 13C NMR data (δ in ppm, CDCl3) for 12-epi-aspertetranone D (4).

Position δC, Mult δH (J in Hz) HMBC

1 164.4, C
3 157.9, C
4 107.3, C
4a 162.5, C
5a 83.0, C
6 75.15, CH 4.36, s 5a, 6a, 7, 10a, 11a, 15
6a 76.5, C
7 211.4, C
8 55.5, C
9 209.1, C

10 45.6, CH2
2.86, d (17.7)

2.76, dd (17.7, 2.7)
6a, 9, 10a

9, 10a
10a 75.07, C
11 39.5, CH 2.00, dd (12.0, 6.8) 5a, 10a, 11a, 18
11a 39.3, CH 2.32, dd (12.0, 9.4) 5a, 6, 10a, 11, 12, 18
12 63.5, CH 4.63, d (9.4) 1, 4a, 11, 11a, 12a
12a 102.2, C
13 17.3, CH3 2.24, s 3, 4, 4a
14 9.5, CH3 1.89, s 3, 4, 4a
15 18.5, CH3 1.43, s 5a, 6, 11a
16 25.1, CH3 1.39, s 7, 8, 9, 17
17 24.0, CH3 1.41, s 7, 8, 9, 16
18 10.8, CH3 1.31, d (6.8) 10a, 11, 11a

6-OH 3.57, brs
6a-OH 3.12, brs
10a-OH 4.01, d (2.7) 10, 10a
12-OH 4.43, brs 11a, 12

1H NMR and 13C NMR spectroscopic data were measured at 500 MHz and 125 MHz, respectively.

The HMBC correlations of 4 (Figure 4 and Figure S25, Table 2) suggested the presence of a
linear tetracyclic backbone like in the recently reported merosesquiterpenoids aspetetranones A-D [5].
The general features of the 13C NMR spectrum of 4 (Table 2, Figures S21–S22) were similar to those of
aspertetranone D (5) [5], with the exception of the C-6, C-11, C-11a, C-12, C-15, and C-18 carbon signals.
The main patterns of the experimental CD spectrum of 4 in methanol (Experimental section, Figure S27)
matched well with those of aspertetranone D (5) [5]. The value of the vicinal coupling constant between
H-11a and H-12 (9.4 Hz) in 4 instead of 3JH11a-H12 = 3.9 Hz in aspertetranone D (5) indicated a β
orientation of the OH group at C-12 in 4. Thus, the absolute configurations of chiral centers in 4 were
suggested as 5aS, 6R, 6aR, 10aR, 11R, 11aS, 12S. Compound 4 was named 12-epi-aspertetranone D.
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Figure 4. The key HMBC correlations of 4.

The molecular formula of compound 7 was established as C15H22O5 on the basis of an HRESIMS
peak at m/z 305.1361 [M + Na]+, which was supported by the 13C NMR spectrum and corresponded to
four double-bond equivalents.

A close inspection of the 1H and 13C NMR data of 7 (Table 3, Figures S30–S32) revealed the
presence of two methyl groups (δC 26.8, 20.8; δH 1.23, 1.15), three sp3-methylene groups (δC 42.0,
32.6, 17.6; δH 2.13, 1.63, 1.50 (2H), 1.38, 1.24), two oxygen-bearing sp3-methylene groups (δC 75.0,
68.4; δH 4.44, 4.41, 4.24, 3.42), two sp3-methine groups (δC 63.5, 47.1; δH 4.62, 2.00), including one
oxygen-bearing, one sp2-methine group (δC 139.1; δH 6.96), three quaternary sp3-carbons (δC 77.5, 39.0,
38.3), including one oxygen-bearing, and two quaternary sp2-carbons (δC 169.6, 130.1).

Table 3. 1H and 13C NMR data (δ in ppm) for 6β,9α,14-trihydroxycinnamolide (7) and
6β,7β,14-trihydroxyconfertifolin (9).

Position
7 a 9 b

δC, mult δH (J in Hz) HMBC δC, mult δH (J in Hz) HMBC

1 32.6, CH2
1.24, m

2.13, td (12.7, 5.7) 2, 3, 5, 9, 10, 15 37.8, CH2
1.59, m
1.54, m 2, 3, 5, 15

2 17.6, CH2 1.50, m 1, 3, 4 18.0, CH2
1.71, m
1.45, m 1, 3

3 42.0, CH2
1.38, td (12.9, 5.3)

1.63, m
2, 4, 13, 14

1, 2, 4, 5, 14 37.8, CH2
1.32, td (13.0, 3.8)
1.10, td (13.6, 4.3) 1, 2, 13, 14

4 38.3, C 38.3, C
5 47.1, CH 2.00, d (4.0) 4, 6, 9, 13, 14, 15 48.6, CH 1.57, brs 1, 6, 9, 10, 14, 15
6 63.5, CH 4.62, t (4.2) 7, 8, 10 70.0, CH 3.99, brs 5, 7, 8, 9, 10
7 139.1, CH 6.96, d (4.0) 5, 9, 12 64.1, CH 4.00, d (2.1) 5, 6, 12
8 130.1, C 122.1, C
9 77.5, C 173.1, C

10 39.0, C 36.3, C

11 75.0, CH2
4.24, d (9.8)
4.44, d (9.8) 8, 9, 12 68.1, CH2

4.94, dd (17.6, 1.7)
4.79, brd (17.6) 7, 8, 9

12 169.6, C 173.4, C
13 26.8, CH3 1.15, s 3, 4, 5, 14 27.9, CH3 0.97, s 3, 4, 5, 14

14 68.4, CH2
3.42, d (11.4)
4.41, d (11.4) 3, 4, 5, 13 65.6, CH2

3.94, dd (11.3, 3.8)
3.26, dd (11.3, 6.0) 3, 4, 5, 13

15 20.8, CH3 1.23, s 1, 5, 9, 10 21.6, CH3 1.40, s 1, 5, 9, 10
1H NMR and 13C NMR spectroscopic data were measured a in CDCl3 at 500 MHz and 125 MHz, respectively, and b

in DMSO-d6 at 700 MHz and 176 MHz, respectively.

The 13C NMR data of 7 were similar to those of the drimane moiety of insulicolide A (8) [15],
also reported as 9α-14-dihydroxy-6β-p-nitrobenzoylcinnamolide [8], with the exception of the C-3,
C-6, C-7, C-8, and C-14 carbon signals. The COSY spectrum data (Figure S33) and HMBC correlations
(Figure S35, Table 3) from H-6 (δH 4.62) to C-7 (δC 139.1), C-8 (δC 130.1), and C-10 (δC 39.0), from H-7
(δH 6.96) to C-5 (δC 47.1), C-9, and C-12 (δC 169.6), from H3-13 (δH 1.15) to C-3 (δC 42.0), C-4 (δC 38.3),
C-5 (δC 47.1), and C-14 (δC 68.4), and from H3-15 (δH 1.23) to C-1 (δC 32.6), C-5, C-9, and C-10 proved
the drimane framework of 7 the same as in insulicolide A (8).

The ROESY correlations (Figure S36) of H3-13 with H-5 (δH 2.00) and H-6, long-range COSY
correlation H3-15/H-5, together with the vicinal coupling constant 3JH5-H6 = 4.4 Hz established the
relative configurations of the C-4, C-5, C-6, and C-10 chiral centers. The absolute configurations of the
stereocenters in 7 were suggested as depicted in Figure 1 from CD spectra similarity (Figures S37 and
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S38) and biogenetic relationship with insulicolide A (8), whose absolute configurations were determined
previously by X-ray analysis [15]. Compound 7 was named 6β,9α,14-trihydroxycinnamolide.

The molecular formula of compound 9 was established as C15H22O5 on the basis of an HRESIMS
peak at m/z 305.1361 [M + Na]+, which was supported by the 13C NMR spectrum.

A close inspection of the 1H and 13C NMR data of 9 (Table 3, Figures S39–S41) revealed the
presence of two methyl groups (δC 27.9, 21.6; δH 1.40, 0.97), three sp3-methylene groups (δC 37.8 (2C),
18.0; δH 1.71, 1.59, 1.54, 1.45, 1.32, 1.10), two oxygen-bearing sp3-methylene groups (δC 68.1, 65.6; δH

4.94, 4.79, 3.94, 3.26), three sp3-methine groups (δC 70.0, 64.1, 48.6; δH 4.00, 3.99, 1.57), including two
oxygen-bearing, two quaternary sp3-carbons (δC 38.3, 36.3), and three quaternary sp2-carbons (δC 173.4,
173.1, 122.1).

The HMBC correlations (Table 3, Figure S42) from H-6 (δH 3.99) to C-5 (δC 48.6), C-7 (δC 64.1), C-8
(δC 122.1), C-9 (δC 173.1), and C-10 (δC 36.3), from H-7 (δH 4.00) to C-12 (δC 173.4), from H2-11 (δH 4.94,
4.79) to C-8, C-9, and C-12, from H3-13 (δH 0.97) to C-3 (δC 37.8), C-4 (δC 38.3), C-5, and C-14 (δC 65.6),
from H3-15 (δH 1.40) to C-1 (δC 37.8), C-5, C-9, and C-10 indicated the drimane moiety in 9 being the
same as in 7α,14-dihydroxy-6β-p-nitrobenzoylconfertifolin [8].

The ROESY correlations (Figure 5 and Figure S43) of H3-13 with H-5 (δH 1.57), H-6 (δH 3.99), and
H-7 (δH 4.00), of H3-15 with H2-14 (δH 3.94, 3.26), together with the coupling constant 3JH6-H7 = 2.1 Hz
indicated the related configurations of the chiral centers in 9 as depicted (Figure 1). Compound 9 was
named 6β,7β,14-trihydroxyconfertifolin.

 
Figure 5. Key ROESY correlations of 9.

Besides the new compounds 1,2,4,7, and 9, the known dihydroaspirone (3) [14], aspertetranones
D (5) [5,6] and A (6) [5], insulicolide A (8) [15], and 7α,14-dihydroxy-6β-p-nitrobenzoylconfertifolin
(10) [8] were isolated from this fungal strain.

All isolated compounds were tested for cytotoxicity toward murine neuroblastoma Neuro-2a cells
(Table 4). Compound 7 demonstrated cytotoxic activity toward Neuro-2a cell, with the IC50 of 24.1
μM, while its analogue 9 was non-cytotoxic up to 100 μM. The highest activity was demonstrated for
9α,14-dihydroxy-6β-p-nitrobenzoylcinnamolide (8), with IC50 of 4.9 μM, while its analogue 10 did not
affect the viability of Neuro-2a cells. Compounds 1–6 were non-cytotoxic against Neuro-2a cells at
concentrations up to 100 μM.

Then, we investigated the effect of the compounds 1–10 on the viability and colony formation ability
of human drug-resistant prostate cancer 22Rv1 cells (Table 4). MTT assay revealed the compounds 7

and 8 to be cytotoxic in 22Rv1 cells, with IC50 values of 31.5 μM and 3.0 μM, respectively. Compounds
1–6, 9, and 10 were non-cytotoxic against these cells at concentrations up to 100 μM. In this model,
docetaxel (positive control) showed cytotoxicity, with IC50 of 0.02 μM. At the same time, compounds 4

and 9 were able to inhibit the colony formation of 22Rv1 prostate cancer cells (in vitro prototype of
in vivo anti-metastatic activity) for 41% and 36%, respectively, at 100 μM. It is known that 22Rv1 cells
are resistant to hormone therapy because they express the androgen receptor splice variant AR-V7 [20].
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The compounds which demonstrated cytotoxic activity toward AR-V7-positive 22Rv1 cells therefore
may be promising for the therapy of human drug-resistant prostate cancer.

Table 4. Cytotoxic effects of the isolated compounds 1–10.

Compounds
Cytotoxicity IC50, μM Colony Formation, %

Neuro-2a 22Rv1 MCF-7 22Rv1

1 >100 >100 nt -
2 >100 >100 nt -
3 >100 >100 nt -
4 >100 >100 nt 41
5 >100 >100 nt -
6 >100 >100 nt -
7 24.1 31.5 >100 -
8 4.9 3.0 59.6 -
9 >100 >100 >100 36
10 >100 >100 >100 -

Docetaxel nt 0.02 nt nt

“nt”: compound was not tested; “-“: compound did not demonstrate any effect at the concentration of 100 μM.

Finally, the new compounds 7 and 9 were tested for cytotoxicity toward human breast cancer cells
MCF-7 and did not show any effect up to 100 μM (Table 4). Additionally, the known compounds 8 and
10 were examined in this experiment as reference substances. Compound 8 showed a weak cytotoxic
effect, with IC50 of 59.6 μM, whereas, previously, a higher cytotoxicity of 8 toward MCF-7 cells was
reported (IC50 = 6.08 μM) [11]. This could be explained by different treatment times used by us (24 h)
in comparison with those used by Fang and colleagues (72 h) [11]. Moreover, different amounts of cells
per well were used. Note, compound 10 was non-cytotoxic up to 100 μM.

The analysis of structure–activity relationships of compounds 7–10, together with literature data,
showed that these compounds have three relevant structural sites. First, a double bond at C7=C8 as
part of an α,β-unsaturated lactone. Previously, it was shown that the cytotoxicity of such moiety can
be explained by a nucleophilic Michael addition reaction with biological nucleophiles [8,21]. In the
case of the non-cytotoxic compounds 9 and 10, the double bond of the α,β-unsuturated lactone may be
inaccessible for a nucleophile attack because of steric obstacles. Second, a hydroxyl group at C-9 in the
drimane core is also essential for cytotoxicity. In fact, a recent report of a series of similar compounds
revealed the most pronounced cytotoxicity for compounds possessing a 9-OH group [9]. Finally,
our results strongly suggest that the presence of a p-nitrobenzoyl moiety significantly enhances the
cytotoxic activity. Previously, Tan et al. [9] demonstrated that the nitrobezoylation of 6-OH increased
the cytotoxicity of related compounds towards human renal cell carcinoma cells compared with that of
14-OH-derivatives. At the same time, it should be noted that another study of 6- and 14-nitrobenzoate
derivatives cytotoxicity toward other cancer cell lines did not support this observation [11].

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured on a Perkin-Elmer 343 polarimeter (Perkin Elmer, Waltham, MA,
USA). UV spectra were recorded on a Specord UV−vis spectrometer (Carl Zeiss, Jena, Germany) in
methanol. NMR spectra were recorded in CDCl3, acetone-d6 and DMSO-d6 with Bruker DPX-500
(Bruker BioSpin GmbH, Rheinstetten, Germany) and Bruker DRX-700 (Bruker BioSpin GmbH,
Rheinstetten, Germany) spectrometers, using TMS as an internal standard. HRESIMS spectra were
measured on a Maxis impact mass spectrometer (Bruker Daltonics GmbH, Rheinstetten, Germany).

Low-pressure liquid column chromatography was performed using silica gel (50/100 μm, Imid,
Russia). Plates (4.5 cm × 6.0 cm) precoated with silica gel (5–17 μm, Imid) were used for thin-layer
chromatography. Preparative HPLC was carried out with a Shimadzu LC-20 chromatograph (Shimadzu
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USA Manufacturing, Canby, OR, USA) using YMC ODS-AM (YMC Co., Ishikawa, Japan) (5 μm,
10 mm × 250 mm) and YMC SIL (YMC Co., Ishikawa, Japan) (5 μm, 10 mm × 250 mm) columns with a
Shimadzu RID-20A refractometer (Shimadzu Corporation, Kyoto, Japan).

3.2. Fungal Strain

The strain of A. flocculosus was isolated from a sediment sample (Nha Trang Bay, South China Sea,
Vietnam) and identified as described earlier [12]. The strain is stored at the collection of microorganisms
of Nha Trang Institute of Technology and Research Application VAST (Nha Trang, Vietnam) under the
code 01NT.1.12.3.

3.3. Cultivation of the Fungus

The fungus was cultured at 28 ◦C for three weeks in 50× 500 mL Erlenmeyer flasks, each containing
rice (20.0 g), yeast extract (20.0 mg), KH2PO4 (10 mg), and natural sea water from Nha Trang Bay
(40 mL).

3.4. Extraction and Isolation

The fungal mycelia of A. flocculosus with the medium were extracted for 24 h with 15 L of EtOAc.
Evaporation of the solvent, under reduced pressure, gave a dark brown oil (5.0 g), to which 250 mL
H2O–EtOH (4:1) was added, and the mixture was thoroughly stirred to yield a suspension. It was
extracted, successively, with hexane (150 mL × 2), EtOAc (150 mL × 2), and n-BuOH (150 mL × 2).
After evaporation of the EtOAc layer, the residual materials (3.36 g) were passed over a silica gel column
(35.0 cm × 2.5 cm), which was eluted with a hexane–EtOAc gradient (1:0–0:1). The n-hexane–EtOAc
(80:20, 1.3 g) fraction was purified by a Sephadex LH-20 column (80 cm × 2 cm, 50 g) with CHCl3 to
yield compound 8 (245 mg). The n-hexane–EtOAc (75:25) fraction AF-1-64 (393 mg) was purified by
HPLC on a YMC-SIL column eluting with CHCl3–MeOH–NH4OAc (97:3:1) to yield compounds 3

(220 mg) and 4 (11 mg). The n-hexane–EtOAc (75:25) fraction AF-1-67 (483 mg) was purified by HPLC
on a YMC-SIL column eluting with CHCl3–MeOH–NH4OAc (97:3:1) to yield compounds 5 (5.9 mg),
7 (9.0 mg), and 10 (3.1 mg). The n-hexane–EtOAc (75:25) fraction AF-1-88 (68.3 mg) was purified by
HPLC on a YMC-SIL column eluting with CHCl3–MeOH–NH4OAc (97:3:1) to yield compounds 1

(2.9 mg) and 2 (3.8 mg). The n-hexane–EtOAc (70:30) fraction AF-1-93 (784 mg) was purified by HPLC
first on a YMC-SIL column eluting with CHCl3–MeOH–NH4OAc (97:3:1) and then on a YMC ODS-AM
column, eluting with MeOH–H2O (55:45) to yield compound 9 (5.5 mg). The n-hexane–EtOAc (60:40,
282 mg) fraction was purified by Sephadex LH-20 column (80 cm × 2 cm, 50 g) with CHCl3-EtOH (3:1)
to yield compound 6 (68 mg).

Aspilactonol F (1): white powder; [α]20
D +98 (c 0.20, MeOH); UV (MeOH) λmax (log ε) 214 (4.03) nm;

ECD (0.9 mM, MeOH) λmax (Δε) 217 (+11.35) nm; 1H and 13C NMR data see Table 1, Figures S1–S7;
HR ESIMS m/z 209.0785 [M + Na]+ (calcd. for C9H14O4Na, 209.0784, Δ −0.1 ppm).

Aspilactonol G (2): white powder; [α]20
D –49 (c 0.49, MeOH); UV (MeOH) λmax (log ε) 214 (4.05) nm;

ECD (1.1 mM, MeOH) λmax (Δε) 216 (–11.51) nm; 1H and 13C NMR data see Table 1, Figures S9–S16;
HRESIMS m/z 209.0782 [M + Na]+ (calcd. for C9H14O4Na, 209.0784, Δ +1.1 ppm).

12-Epi-aspertetranone D (4): white powder; [α]20
D +78 (c 0.07, MeOH); UV (MeOH) λmax (log ε) 290

(3.93), 208 (4.53) nm; ECD (0.5 mM, MeOH) λmax (Δε) 209 (+25.54), 284 (+1.86) nm; 1H and 13C NMR
data see Table 2, Figures S20–S26; HRESIMS m/z 459.1628 [M + Na]+ (calcd. for C22H28O9Na, 459.1626,
Δ −0.2 ppm).

6β,9α,14-trihydroxycinnamolide (7): white crystals; [α]20
D –7.3 (c 0.15, MeOH); UV (MeOH) λmax (log ε)

206 (3.61) nm; ECD (2.8 mM, MeOH) λmax (Δε) 224 (–2.33) nm; 1H and 13C NMR data see Table 3,
Figures S30–S36; HRESIMS m/z 305.1361 [M + Na]+ (calcd. for C15H22O5Na, 305.1359, Δ −0.5 ppm).
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6β,7β,14-trihydroxyconfertifolin (9): white crystals; [α]20
D +93.5 (c 0.36, MeOH); UV (MeOH) λmax

(log ε) 214 (4.00) nm; ECD (1.1 mM, MeOH) λmax (Δε) 217 (+3.68), 243 (+1.51) nm; 1H and 13C NMR
data see Table 3, Figures S39–S47; HRESIMS m/z 305.1361 [M + Na]+ (calcd. for C15H22O5Na, 305.1359,
Δ −0.5 ppm).

3.5. Preparation of (S)-MTPA and (R)-MTPA Esters of Aspilactonol F (1)

The compounds 4-dimethylaminopyridine (a few crystals) and (R)-MTPA-Cl (4 μL) were added
to a solution of 1 (1.0 mg) in pyridine at room temperature and stirred for 5 h. After evaporation of the
solvent, the residue was purified by HPLC on a YMC SIL column (EtOAc–hexane, 20:80) to afford
the (S)-MTPA ester (0.5 mg). The (R)-MTPA ester (0.5 mg) was prepared in a similar manner using
(S)-MTPA-Cl.

(S)-MTPA ester of 1: 1H NMR (CDCl3, 500.13 MHz) δ: 6.88 (1H, brs, H-4), 5.28-5.34 (2H, m, H-6,
H-9), 4.84 (1H, dd, J = 3.9; 1.7 Hz, H-5), 3.48 (3H, s, OMe), 3.43 (3H, s, OMe), 2.56-2.60 (2H, m, H2-8),
1.26 (3H, d, J = 6.5 Hz, Me-7), 1.24 (3H, d, J = 6.3 Hz, Me-10), 7.39–7.48 (10H, m, 2Ph). HRESIMS m/z
641.1576 [M + Na]+ (calcd for C29H28F6Na, 641.1581, Δ = 0.8 ppm).

(R)-MTPA ester of 1: 1H NMR (CDCl3, 500.13 MHz) δ: 6.52 (1H, brs, H-4), 5.25 (1H, m, H-9), 5.20
(1H, dd, J = 6.6, 4.3 Hz, H-6), 4.56 (1H, dd, J = 4.3, 1.6 Hz, Hz, H-5), 3.56 (3H, s, OMe), 3.50 (3H, s, OMe),
2.48-2.51 (2H, m, H2-8), 1.35 (3H, d, J = 6.2 Hz, Me-10), 1.29 (3H, d, J = 6.6 Hz, Me-7), 7.38–7.52 (10H, m,
2Ph). HRESIMS m/z 641.1577 [M + Na]+ (calcd for C29H28F6Na, 641.1581, Δ = 0.6 ppm).

3.6. Preparation of (S)-MTPA and (R)-MTPA Esters of Aspilactonol G (2)

(R)-MTPA-Cl (9 μL) was added to a solution of 2 (1.9 mg) in pyridine at room temperature and
stirred for 2 h. After evaporation of the solvent, the residue was purified by HPLC on a YMC SIL
column (acetone–hexane, 25:75) to afford the (S)-MTPA ester (1.4 mg). The (R)-MTPA ester (1.5 mg)
was prepared in a similar manner using (S)-MTPA-Cl.

(S)-MTPA ester of 2: 1H NMR (CDCl3, 700 MHz) δ: 6.86 (1H, brs, H-4), 5.32 (1H, m, H-9), 5.23 (1H,
m, H-6), 4.81 (1H, brd, J = 5.0 Hz, H-5), 3.52 (3H, s, OMe), 3.47 (3H, s, OMe), 2.65 (1H, dd, J = 15.8;
6.9, H-8), 2.48 (1H, ddt, J = 15.9; 5.0; 1.5, H-8), 1.39 (3H, d, J = 6.5 Hz, Me-7), 1.29 (3H, d, J = 6.2 Hz,
Me-10), 7.38–7.50 (10H, m, 2Ph). HRESIMS m/z 641.1576 [M +Na]+ (calcd for C29H28F6Na, 641.1581,
Δ = 0.8 ppm).

(R)-MTPA ester of 2: 1H NMR (CDCl3, 700 MHz) δ: 6.68 (1H, brs, H-4), 5.30 (1H, m, H-9), 5.26 (1H,
m, H-6), 4.82 (1H, m, Hz, H-5), 3.53 (3H, s, OMe), 3.48 (3H, s, OMe), 2.61 (1H, dd, J = 15.9; 7.2, H-8),
2.46 (1H, dd, J = 15.9; 4.7, H-8), 1.33 (3H, d, J = 6.3 Hz, Me-10), 1.25 (3H, d, J = 6.7 Hz, Me-7), 7.37–7.52
(10H, m, 2Ph). HRESIMS m/z 641.1576 [M + Na]+ (calcd for C29H28F6Na, 641.1581, Δ = 0.8 ppm).

3.7. Cell Culture

All cell lines used in this investigation were purchased from ATCC.
The neuroblastoma cell line Neuro-2a and the human breast cancer cell line MCF-7 were cultured

in DMEM medium containing 10% fetal bovine serum (Biolot, St. Petersburg, Russia) and 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA).

The human prostate cancer cell line 22Rv1 was cultured according to the manufacturer’s
instructions in 10% FBS/RPMI medium (Invitrogen). Cells were continuously kept in culture for a
maximum of 3 months, were routinely inspected microscopically for stable phenotype, and regularly
checked for contamination with mycoplasma. Cell line authentication was performed by DSMZ
(Braunschweig, Germany) using highly polymorphic short tandem repeat loci [22].

All cells were incubated at 37 ◦C in a humidified atmosphere containing 5% (v/v) CO2.

3.8. Cytotoxicity Assay

The in vitro cytotoxicity of individual substances was evaluated using the MTT assay, which was
performed as previously described [23]. Docetaxel was used as a control.
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3.9. Colony Formation Assay

The colony formation assay was performed as described before with slight modifications [22].
22Rv1 cells were treated with the testing compounds for 48 h and then were trypsinized. The number
of alive cells was counted with the trypan blue exclusion assay as described before [24]. In total, 100
viable cells were plated into each well of six-well plates in complete fresh medium (3 mL/well) and
were incubated for 14 days. Then, the medium was aspirated, and the surviving colonies were fixed
with 100% MeOH, followed by washing with PBS, and air-drying at RT. Next, the cells were incubated
with a Giemsa staining solution was for 25 min at RT, the staining solution was aspirated, and the
wells were rinsed with dH2O and air-dried. The number of cell colonies was counted by naked eye.

4. Conclusions

A new aspyrone-related polyketide, aspilactonol G (2), a new meroterpenoid, 12-epi-aspertetranone
D (4), two new drimane derivatives (7,9), together with six known metabolites were isolated from
the Vietnamese marine sediment-derived fungus A. flocculosus. The structures of compounds 1–10

were established using spectroscopic methods. The absolute configurations of chiral centers were
determined using either a modified Mosher’s method (for compounds 1 and 2) or a combination
of ROESY data, coupling constants analysis and biogenetic considerations for compounds 4, 7 and
9. Drimane sesquiterpenoid derivatives 7 and 8 showed cytotoxicity toward human prostate cancer
22Rv1, human breast cancer MCF-7, and murine neuroblastoma Neuro-2a cells. The analysis of
structure–activity relationships of compounds 7–10 together with literature data showed that these
compounds have three sites in their structures related to cytotoxicity, i.e., a double bond at C7=C8, a
hydroxyl group at C-9, and a p-nitrobenzoyl moiety.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/10/579/s1,
Figures S1–S57: 1D and 2D NMR spectra and ECD spectra of compounds 1–10.
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Abstract: We performed a high-content screening (HCS) assay aiming to discover bioactive molecules
with proteasome inhibitory activity. By structural elucidation, we identified six compounds purified
from soft coral Clavularia flava, which potentiates proteasome inhibition. Chemical structure elucidation
revealed they are dolabellane- and secosteroid-based compounds including a new dolabellane, clavinflol
C (1), three known dolabellanes, stolonidiol (2), stolonidiol-17-acetate (3), and clavinflol B (4) as
well as two new secosteroids, 3β,11-dihydroxy-24-methyl-9,11-secocholest-5-en-9,23-dione (5) and
3β,11-dihydroxy-24-methylene-9,11-secocholest-5-en-9,23-dione (6). All six compounds show less
cytotoxicity than those of known proteasome inhibitors, bortezomib and MG132. In summary, the
high-content measurements of control inhibitors, bortezomib and MG132, manifest the highest ratio >2
in high-content measurement. Of the isolated compounds, 2 and 5 showed higher activity, followed by
3 and 6, and then 1 and 4 exhibited moderate inhibition.

Keywords: proteasome inhibition; dolabellane; secosteroids; soft coral

1. Introduction

Marine natural products harbor unique chemical structures and exhibit diverse biological activity
with potential therapeutic utilities that merit investigation [1]. Synthetic drugs with proteasome
inhibition, Velcade (bortezomib), Kyprolis (carfilzomib), and Ninlaro (ixazomib), exemplify therapeutic
efficacy for the treatment of multiple myeloma [2,3]. In an effort to develop target-direct drug screening
assay, we validated a sensitive and efficient high-content screening assay for discovery of proteasome
inhibitor. Our initial efforts identified four natural products of soft corals cembrane-based compounds
(sarcophytonin A, sarcophytoxide, sarcophine, and laevigatol A) which potentiate proteasome
inhibition [4]. We postulate that proteasome inhibitors may benefit the ecosystem of soft coral
reef holobiont. Therefore, we continued the drug screening in an effort to identify marine natural
products purified from Formosan soft corals in our laboratory. In this study, we demonstrated the
identification of six compounds with proteasome inhibitory activity. Structure elucidation revealed
they are dolabellane- and secosteroid-based compounds including a new dolabellane, clavinflol
C (1), three known dolabellanes, stolonidiol (2), stolonidiol-17-acetate (3), and clavinflol B (4) as
well as two new secosteroids, 3β,11-dihydroxy-24-methyl-9,11-secocholest-5-en-9,23-dione (5) and
3β,11-dihydroxy-24-methylene-9,11-secocholest-5-en-9,23-dione (6) (Figure 1).
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Figure 1. Marine natural products exhibit proteasome inhibition by high-content assays. Dolabellanes
are clavinflol C (1), stolonidiol (2), stolonidiol-17-acetate (3), and clavinflol B (4). Secosteroids are
3β,11-dihydroxy-24-methyl-9,11-secocholest-5-en-9,23-dione (5) and 3β,11-dihydroxy-24-methylene-
9,11-secocholest-5-en-9,23-dione (6).

2. Results

2.1. Compound Purification and Structure Elucidation

Chromatographic fractionation of ethyl acetate solubles from C. flava afforded four dolabellane
diterpenes, 1–4, as well as two secosteroids, 5 and 6. The three known dolabellane diterpenes, 2–4 were
identified by comparison of their spectral data with those of reported literatures [5,6]. The structures of
new compounds, 1, 5, and 6 were elucidated by analysis of 1D and 2D spectral data (Figures S1–S24).

Clavinflol C (1) had a molecular formula of C20H33O4Cl as deduced from HR-ESI-MS (Figure S1)
and NMR data. Its IR bands (Figure S2) indicated the presence of exo-methylene (1,639, 961 cm−1)
and hydroxyl (3343 cm−1) groups. The 1H NMR data of 1 (Figure S3) showed a pair of exo-methylene
singlets (δ 4.91, 5.00) and an AB quartet for hydroxy-methyl group (δ 3.39, 3.82, J = 11.6 Hz), three
methyl singlets (δ 1.03, 1.32, 1.40), an oxygenated methine proton (δ 4.18), and a chlorinated methine
proton (δ 4.00). To determine the proton sequence of 1, a COSY spectrum (Figure S6) revealed the
connectiveness of H-2/H-3, H-5/H-6/H-7, H-9/H-10, and H-13/H-14. The 13C NMR (Figure S4) and
HSQC spectra (Figure S5) of 1 showed signals for three methyl carbons, eight methylene carbons
including the exomethylene (δ 113.9, 147.7), two methine carbons, and five quaternary carbons. Detailed
analyses of the 1H, 13C NMR, and HSQC spectra revealed that 1 is a dolabellane diterpene with a 5/11
membered ring and a tetrasubstituted olefin at the C-11/C-12 positions. This type of skeleton was
further confirmed from the observation of long range correlations of H2-16/C-3, C-5; H2-2/C-4; H2-7/C-8,
C-17; H-10/C-1, C-7, C-8, C-9, C-11, H3-15/C-1, C-2, C-11, C-13; H2-13/C-1, C-11, C-12; H2-14/ C-11,
C-12; H3-19/C-12, C-18, C-20; H3-20/C-12, C-18, C-19 in the HMBC spectrum (Figure S7). The relative
stereochemistry of 1 was determined from NOESY experiments as illustrated in Figure S8. Assuming
that H3-15 is α-oriented, key NOESY correlations from H3-15 to H-10 and from H-7 to H-10 suggested
that H-10 and H-7 were in the α-orientation. NOESY correlations between H-9a/H-6a and H-9b/H-17b
suggested that OH-8 was in the β-orientation.

Compound 5 was isolated as a white amorphous powder, showing a pseudo-molecular ion peak
at m/z 469.32880 [M + Na]+ in the HR-ESI-MS (Figure S9), consistent with the molecular formula
C28H46 NaO4 (calculated for 469.32883), requiring six degrees of unsaturation. The presence of an
oxymethylene and a keto carbonyl carbon was confirmed by the 1H NMR (Figure S11) (δH 3.88
(m, H-11a) and 3.74 (m, H-11b)) and 13C NMR (Figure S12) (δC 59.2 (CH2), 212.5 (qC), and 216.2
(qC)) data, as well as from the IR absorption (Figure S10) at 3396 and 1704 cm−1. The diagnostic
NMR signals of a 9,11-secosterol were confirmed by the 1H–1H COSY correlation (Figure S14) from
H2-11 to H2-12 as well as HMBC correlations (Figure S15) from H3-18 to C-12, C-13, C-14, and
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C-17; from H3-19 to C-1, C-5, C-9, and C-10. The NMR features of 5 were analogous to those
of 3,11-dihydroxy-24-methyl-9,11-secocholest-5-en-9-one [7], except for the presence of a ketone
(δC 201.1 (qC)) at C-23. Based on NOESY correlations (Figure S16) of H3-19/H-1, H3-19/H-2, H3-19/H-4,
H3-19/H-8, H-3/H-1, H-3/H-2, H-3/H-4, H-8/H3-18, H-8/H-7, H3-18/H-15, H3-18/H-16, H3-18/H-20,
and H-14/H-7, the relative stereochemistry at C-3, C-8, C-10, C-13, C-14, C-17, and C-20 in 5 was
found to be the same as those of 3β,11-dihydroxy-24-methyl-9,11-secocholest-5-en-9-one [7]. On the
basis of the above-mentioned findings, the structure of 5 was consistent with the structure shown as
3β,11-dihydroxy-24-methyl-9,11-secocholest-5-en-9,23-dione.

Compound 6 appeared as a white amorphous powder like 5. Careful inspection of the 2D
NMR spectroscopic data (Figures S21–23) of 6 led to the establishment of the same nucleus as
that of 5. The NMR spectroscopic data (Figures S19 and S20) of 6 were analogous to those of 5,
except for NMR signals due to the conjugated enone in 6. The location of the conjugated enone
was identified by the HMBC correlations (Figure S23) from the methylene protons (H2-22) to the
carbonyl carbon (C-23) and from H3-26, 27 to C-24, securing the structure of 6, which was shown as
3β,11-dihydroxy-24-methylene-9,11-secocholest-5-en-9,23-dione.

2.2. Identification of Marine Compounds Showed High-Content Characteristics of Proteasome Inhibition

The proteasome inhibition assay was performed by following the standard operation protocol
of high-content screening (HCS) of EGFP-UL76 aggresome as described previously [4]. A stringent
proteasome inhibition was considered as the HCS measurements of marine compounds with an
increase greater than 0.2-fold relative to those of the control without treatment. Under this validity
criterion, we demonstrated the identification of six compounds with proteasome inhibition and
their effects were statistically significant. Four compounds with dolabellane-based structures
designated clavinflol C (1), stolonidiol (2), stolonidiol-17-acetate (3), and clavinflol B (4) (Figures 2
and 3) [5,8]. Additionally, two unprecedent compounds with secosteroid-based structures designated
compound 5 and 6 (Figures 4 and 5). Prior to HCS experiments, the in vitro cell-based MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) cytotoxicity assays were performed
against four cell lines: A549 (human lung adenocarcinoma), HT-29 (human colon adenocarcinoma), and
P-388 (mouse lymphocytic leukemia). Plasmid pEGFP-UL76 transfected HEK293T (human embryonic
kidney large-T antigen-transformed) cell expressing EGFP-UL76 for HCS assay was assessed the
ED50 using both MTT and high-content nuclear count measurements (Table S1). The ED50 values
for respective compounds were as follows: compound 1, >50 μg/mL, >50 μg/mL, >50 μg/mL, >25
μg/mL, and 6.14 μg/mL; stolonidiol (2), 3.9 μg/mL, >50 μg/mL, 0.6 μg/mL, >25 μg/mL, and >25 μg/mL;
stolonidiol-17-acetate (3), >50 μg/mL, >50 μg/mL, >50 μg/mL, >25 μg/mL, and 19.56 μg/mL; clavinflol
B (4), >50 μg/mL, >50 μg/mL, >50 μg/mL, >25 μg/mL, and 21.33 μg/mL; compound 5, >50 μg/mL,
3.2 μg/mL, 4.6 μg/mL, 12.28 μg/mL, and 12.13 μg/mL; compound 6, 5.3 μg/mL, >50 μg/mL, 4.8 μg/mL,
>25 μg/mL, and 10.92 μg/mL. Both the MTT assay and high-content nucleus counts were performed to
assess the ED50 values of HEK293T cells expressing EGFP-UL76 for bortezomib which were 11.95 nM
and 24.29 nM and for MG132 were 1.18 μM and 1.91 μM, respectively. Clavinflol B (4) showed moderate
cytotoxicity in previous reports, which was consistent with our data (Table S1) [6].

Following the HCS assay, the high-content EGFP-UL76 aggresome measurements integrated
intensity and average intensity per cell were analyzed and the relative ratios were obtained by
normalization to the control. For the ratio of EGFP-UL76 aggresome integrated intensity per cell
(Figures 2A and 3A, top panels), the highest ratios for compounds 1, 2, 3, 4, 5, and 6 were 1.22
(p = 0.0390), 2.12 (p < 0.0010), 1.74 (p = 0.0020), 1.33 (p < 0.0010), 2.03 (p < 0.0010), and 1.72 (p < 0.0010),
respectively. The highest ratios of average intensity per cell presented for compounds 1, 2, 3, 4, 5, and
6 were 1.32 (p = 0.0371), 1.75 (p = 0.0021), 1.40 (p < 0.0010), 1.19 (p = 0.0117), 1.85 (p < 0.0010), and 1.34
(p = 0.0089), respectively (Figures 2A and 3A, bottom panels). Furthermore, all these increases in ratios
achieved statistical significance.
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Consequently after the assay procedure, we performed Western blotting analysis and q-PCR
experiments to examine the levels of EGFP-UL76 protein and mRNA transcript under the same
experimental conditions (Figure 2B,C and Figure 3B,C). In these two experiments, cells treated
with bortezomib 25 nM and MG132 1 μM were used in parallel as proteasome inhibitory controls.
We obtained similar results that the ratios of EGFP-UL76/tubulin under treatment with bortezomib and
MG132 showed no difference from the control level, which was consistent with a previous report [4].

Figure 2. The assessment of proteasome inhibitory activity of marine dolabellanes-based compounds
(1, 2, 3, and 4) using a standard operation protocol of high-content EGFP-UL76 aggresomes
screening assay. Pure compounds modulated high-content measurements of EGFP-UL76 aggresomes.
(A) Assessment of the integrated and average intensities of EGFP-UL76 aggresomes (1 to 50 μm) per cell.
The tested concentrations were 0.2, 1, 5, and 25 μg/mL for pure compounds 1, 2, 3, and 4, respectively.
The integrated (top panel) and average (bottom panel) intensities per cell were measured, and the
ratios were obtained by normalization to the control without proteasome inhibitor treatment, which is
denoted by C throughout the text. (B) Validation of the EGFP-UL76 protein levels upon the addition of
the tested marine compounds. Western blot imaging and densitometric analyses were performed to
quantitate the EGFPUL76/tubulin protein ratio with the addition of tested compound treatment at 1, 5,
and 25 μg/mL. The molecular mass markers are shown on the left in kDa. (C) Quantitative PCR was
conducted to assess the transcript ratio of EGFP-UL76/GAPDH in HEK293T cells treated with pure
compounds at 1, 5, and 25 μg/mL. The high-content measurements of EGFP-UL76 with the addition of
the proteasome inhibitors, bortezomib (25 nM, denoted B) and MG132 (1 μM, denoted M), were used
as positive controls. All data points are the averages of at least three repetitive experiments. The error
bars indicate standard deviations. The following symbols are used to indicate statistical significance
throughout the text: * 0.01 < p < 0.05; ** 0.001 < p < 0.01; *** p < 0.001.
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Figure 3. The assessment of proteasome inhibitory activity of marine secosteroid-based compounds
(5 and 6) using a standard operation protocol of high-content EGFP-UL76 aggresomes screening assay
as described in Figure 2 legend.

Compound 1 did not affect protein ratios of EGFP-UL76/tubulin proteins at 1, 5, and 25 μg/mL
of any kind. However, for cells treated with compound 2 at 1, 5, and 25 μg/mL, the ratios were
1.00 (p = 0.9466), 0.91 (p = 0.0359), and 0.88 (p < 0.0010), respectively (Figures 2B and 3B). Nevertheless,
the cytotoxic ED50 for compound 2 was greater than 25μg/mL for HEK293T cell in both assays (Table S1).
The protein ratios for compound 3 were 0.91 (p < 0.0010), 0.96 (p = 0.1484), and 0.86 (p < 0.0010),
respectively. The protein ratios for compound 4 were 0.92 (p = 0.0045), 0.95 (p = 0.0420), and 0.86
(p = 0.0014), respectively. However, HEK293T cells treated with compound 3 and 4 at 25 μg/mL
exhibited a lighter toxicity with ED50 values of 19.56 and 21.33 μg/mL, respectively. Compound 5

exhibited significant reduction at 5 and 25 μg/mL; the ratios were 0.78 (p < 0.0010) and 0.15 (p < 0.0010),
respectively, which is consistent with cytotoxicity ED50 values (Table S1). Compound 6 did not
affect protein ratios at any tested concentrations. The results from both the quantitative PCR and
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Western blotting analyses revealed that in the tested compound treatment neither the protein nor the
mRNA ratios for EGFP-UL76/GADPH were elevated (Figures 2C and 3C). Taking all these results in
account, we suggested that the increase in EGFP-UL76 high-content measurement was likely due to
the modulation of protein conformation.

After the results, we investigated the phenotypic size of aggresomes and analyzed the high-content
data from Figures 2 and 3 by diameter with methods described previously [4]. As shown in the top
panels of Figures 4 and 5, compounds 1, 2, 3, 4, 5, and 6 exhibited the highest ratio increases for count,
which were as follows: for pit aggresomes: 1.18 (p = 0.0331), 1.73 (p < 0.0010), 1.76 (p < 0.0010),
1.48 (p < 0.0010), 1.29 (p = 0.0236), and 1.32 (p = 0.0062), respectively; for vesicle aggresomes,
1.43 (p = 0.0028), 1.88 (p < 0.0010), 1.84 (p < 0.0010), 1.54 (p < 0.0010), 1.53 (p < 0.0010), and 1.37
(p = 0.0071), respectively. Similar profiles were observed for the ratios of integrated intensity
per cell (Figures 4 and 5, middle panels). Compounds 1, 2, 3, 4, 5, and 6 showed the highest
ratio increases which were as follows: for pit aggresomes, 1.18 (p = 0.0130), 1.48 (p < 0.0010),
1.31 (p = 0.0055), 1.33 (p < 0.0010), 1.41 (p < 0.0010), and 1.21 (p = 0.0097), respectively; for vesicle
aggresomes, 1.16 (p = 0.0220), 1.73 (p < 0.0010), 1.76 (p < 0.0010), 1.05 (p = 0.5352), 1.29 (p = 0.0236), and
1.32 (p =0.0063), respectively. The ratios of average intensity per cell were the same for pit and vesicle
aggresomes (Figures 4 and 5, bottom panels). For compounds 1, 2, 3, 4, 5, and 6 showed the highest
increases in ratios observed which were as follows: 1.27 (p = 0.0099), 1.42 (p < 0.0010), 1.25 (p = 0.0034),
1.22 (p = 0.0628), 1.42 (p < 0.0010), and 1.19 (p = 0.0135), respectively.

Figure 4. Classification of the high-content measurements of EGFP-UL76 aggresomes by size with
marine dolabellanes (1, 2, 3, and 4) at 0.2, 1, 5, and 25μg/mL treatment. Pit and vesicle denote aggresomes
1 to 5 μm and 5 to 20 μm in diameter, respectively. Measurements of pit and vesicle aggresomes per
cell were as follows: count number, integrated intensity, and average intensity. The relative ratio was
normalized to control values without pure compound treatment. All data points are the averages of at
least three repetitive experiments. The error bars indicate standard deviations. The following symbols
are used to indicate statistical significance throughout the text: * 0.01 < p < 0.05; ** 0.001 < p < 0.01;
*** p < 0.001.
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Figure 5. Classification of the high-content measurements of EGFP-UL76 aggresomes by size with
marine secosteroid-based compounds (5 and 6). Treatment as described in Figure 4 legend.

3. Discussion

During the HCS we assessed dolabellanes-based clavinflol C (1), stolonidiol (2), and stolonidiol-
17-acetate (3) and clavinflol B (4) with proteasome inhibition activities. Several groups demonstrated
that stolonidiol (2) and stolonidiol-17-acetate (3) enhance the activities of choline acetyl transferase
(ChAT) [8], which likely is mediated by protein kinase C [9]. ChAT catalyzes the production of
acetylcholine which is an essential neurotransmitter. Moreover, proteasome inhibitor MG132 stabilizes
ChAT steady-state protein levels and increases the enzyme activity [10]. Therefore, we reason
that stolonidiol may mediate the elevation of ChAT activity via both pathways in the inhibition
of proteasome and the activation of protein kinase C [9–11]. Among the four dolabellanes-based
compounds with stolonidiol (2) 5 μg/mL treatment, the EGFP-UL76 displayed the highest increase
ratios of 2.12 and 1.75 of integrated and average intensity, respectively (Figure 2). Consistent to this
result, the tolonidiol (2) potentiated the highest ratios of aggresome pit and vesicle integrated and
average intensities (Figure 4). For the remaining three, increased ratios were moderate, greater than
10% increase, for all the high-content measurements. Compared to compounds 1 and 4, compound
2 and 3 show a lack of chloride at C-6, which may contribute to a less cytotoxic effect for HEK293T
cell and increased efficacy for proteasome inhibition. Acetylation at C-17 of compound 3 may reduce
activity in proteasome inhibition.

Overviewing the known proteasome inhibitors with steroid structure were polyhydroxylated sterol-
based agosterols [12] and secosteroid-based physalin B and C [13,14]. Endogenous 25-hydroxyvitamin
D (25OHDO) was identified to impair sterol regulatory element-binding proteins (SREBPs) activation
by inducing proteolytic processing and ubiquitin-mediated degradation of SREBP cleavage-activating

69



Mar. Drugs 2020, 18, 39

protein (SCAP) [15]. In this study, secosteroid-based compound 6 showed the highest inhibitory
measurements of EGFP-UL76 integrated and average intensities and at 1μg/mL (Figure 3), whereas with
5 μg/mL treatment the EGFP-UL76 exhibited the highest increase ratios of pit and vesicle measurements
(Figure 5). As for the secosteroid related compound 5, it showed less potent of proteasome inhibition
with 25 μg/mL treatment which exhibited comparable activities to those of compound 6. Compound 6

with a conjugated double bond may contribute cytotoxicity to HEK293T cells and display a significant
reduction of all high-content measurements at 25 μg/mL.

4. Materials and Methods

4.1. Compounds 1–6

In the present study, compounds 1–6 (Figure 1) were isolated from Formosan soft coral Clavularia
flava (wet weight of 1.1 kg), which was collected at Green Island, Taiwan. Briefly, corals were minced
and exhaustively extracted with acetone. The organic extract was partitioned between ethyl acetate
and water, and the ethyl acetate layer was separated further over a normal phase silica gel by column
chromatography eluted with n-hexane, ethyl acetate, and methanol to yield 15 fractions. Fraction 14
(116.5 mg) eluted with n-hexane–EtOAc (1:5) was subjected to a RP-18 gravity column (MeOH/H2O,
70:30 to 100% MeOH) to separate 6 subfractions. Subsequently, a subfraction 14-3 (23 mg) was
purified by RP-18 HPLC (50% acetonitrile in H2O) to obtain 1 (10.2 mg) and 2 (3.2 mg). Fraction
13 (96.7 mg) eluted with n-hexane–EtOAc (1:3) was subjected to column chromatography on silica
gel using n-hexane–EtOAc gradient (10:1 to 1:10) for elution to give 11 subfractions. Subsequently,
a subfraction 13-6 (22 mg) was purified by RP-18 HPLC (60% MeOH in H2O) to obtain 3 (5.2 mg).
Fraction 15 (86.5 mg) eluted with n-hexane–EtOAc (1:10) was subjected to a RP-18 gravity column
(MeOH/H2O, 70:30 to 100% MeOH) to separate 7 subfractions. Subsequently, a subfraction 15-4 (20 mg)
was purified by RP-18 HPLC (50% ACN in H2O) to obtain 4 (2.4 mg), 5 (3.2 mg), and 6 (3.0 mg).

4.2. High-Content Screening (HCS) Assay for Proteasome Inhibition

We followed the HCS assay routinely conducted in the lab. In brief, the complete assay includes a
series of experiments [4]. Experiments were sequentially performed: (1) the DNA transfection into
cell culture with compound treatment, (2) cells fixation, (3) image acquisition using an ImageXpress
Micro Widefield HCS system (Molecular Device, San Jose, CA, USA), (4) high-content measurements
analyzed by modules of MetaExpress, Cell Scoring and Multi-Wavelength Cell Scoring, (5) Western
blotting imaging and densitometric analysis, and (6) RNA purification and quantitative PCR.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/1/39/s1,
Figure S1. HRESIMS of 1; Figure S2. IR spectrum of 1; Figure S3. 1H NMR spectrum (400 MHz) of 1 in CDCl3;
Figure S4. 13C NMR spectrum (100 MHz) of 1 in CDCl3; Figure S5 HSQC spectrum (400 MHz) of 1 in CDCl3;
Figure S6 COSY spectrum (400 MHz) of 1 in CDCl3; Figure S7 HMBC spectrum (400 MHz) of 1 in CDCl3; Figure S8
NOESY spectrum (400 MHz) of 1 in CDCl3; Figure S9. HRESIMS of 5 Figure S10. IR spectrum of 5 Figure S11.
1H NMR spectrum (400 MHz) of 5 in C6D6; Figure S12. 13C NMR spectrum (100 MHz) of 5 in C6D6; Figure S13.
HSQC spectrum (400 MHz) of 5 in C6D6; Figure S14. COSY spectrum (400 MHz) of 5 in C6D6; Figure S15. HMBC
spectrum (400 MHz) of 5 in C6D6; Figure S16. NOESY spectrum (400 MHz) of 5 in C6D6; Figure S17. HRESIMS of
6 Figure S18. IR spectrum of 6 Figure S19. 1H NMR spectrum (400 MHz) of 6 in C6D6; Figure S20. 13C NMR
spectrum (100 MHz) of 6 in C6D6; Figure S21. HSQC spectrum (400 MHz) of 6 in C6D6; Figure S22. COSY
spectrum (400 MHz) of 6 in C6D6; Figure S23. HMBC spectrum (400 MHz) of 6 in C6D6; Figure S24. NOESY
spectrum (400 MHz) of 6 in C6D6, Table S1: Evaluation of ED50 cytotoxicity of tested compounds.
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Abstract: The chemical analysis of the sponge Dysidea avara afforded the known sesquiterpene quinone
avarone, along with its reduced form avarol. To further explore the role of the thiazinoquinone
scaffold as an antiplasmodial, antileishmanial and antischistosomal agent, we converted the quinone
avarone into the thiazinoquinone derivative thiazoavarone. The semisynthetic compound, as well as
the natural metabolites avarone and avarol, were pharmacologically investigated in order to assess
their antiparasitic properties against sexual and asexual stages of Plasmodium falciparum, larval and
adult developmental stages of Schistosoma mansoni (eggs included), and also against promastigotes
and amastigotes of Leishmania infantum and Leishmania tropica. Furthermore, in depth computational
studies including density functional theory (DFT) calculations were performed. A toxic semiquinone
radical species which can be produced starting both from quinone- and hydroquinone-based
compounds could mediate the anti-parasitic effects of the tested compounds.

Keywords: Dysidea avara; avarone/avarol; redox-active compounds; quinones and hydroquinones;
dioxothiazinoquinone; Schistosoma mansoni; Plasmodium falciparum; Leishmania spp.; 3D-SAR analysis;
DFT studies
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1. Introduction

Malaria and neglected tropical diseases (NTDs), a group of parasitic, bacterial, and viral infectious
diseases (i.e., Schistosoma spp., Leishmania spp.), still have high morbidity and/or mortality rates
worldwide. They affect more than one billion people and cause chronic illness, physical disability
and/or deaths, especially in children and women of childbearing age, mostly in developing countries
where they represent a serious hurdle to social and economic growth as well as a health problem [1,2].
Parasites belonging to different species can affect humans and animals concurrently, a phenomenon
referred to as multiparasitism, which poses additional diagnostic and therapeutic challenges [3].
The therapeutic strategies for malaria and NTDs are very limited; drug-resistance phenomena, toxicity
profiles and drug administration procedures of the few available chemical entities are still challenging.
In this view, a research aimed to discover new chemicals active against several parasites is crucial and
the marine environment may be an important resource [4,5]. In order to cope with all the reported
drawbacks and to limit the costs of the development of brand-new pharmaceutical strategies, several
effective antimalarial drugs should be considered for the treatment of other underfunded parasitic
diseases. For example, artemisinin and its derivatives, a potent class of antimalarial agents, have been
proved to be beneficial for other infectious diseases such as schistosomiasis and leishmaniasis [6].
Furthermore, histone deacetylases (HDAC) inhibitors have been shown to have activity both against
some Plasmodium species as well as Leishmania and Schistosoma parasites [7]. Importantly, the blood
parasites, Plasmodium and Schistosoma, both feeding on human hemoglobin, can detoxify the free heme
groups through the synthesis of insoluble hemozoin pigments [8]. The interference with hemozoin
formation featured an important antischistosomal mechanism of action showed by the antimalarial
quinine and quinidine [9].

In the frame of our research for new anti-parasitic chemical entities, we recently identified the
thiazinoquinone scaffold as a novel chemotype active against both Plasmodium falciparum and Schistosoma
mansoni [10–14]. We developed this scaffold by creating of a chemical library of thiazinoquinone
derivatives designed on the model of aplidinones, natural products isolated from a marine invertebrate
(Figure 1). Many compounds exhibited in vitro antiplasmodial activities against the D10 and W2 strains
of P. falciparum [11,13] with IC50 in the low micromolar range. Through an integrated experimental
(cyclic voltammetry) and theoretical approach, we demonstrated that the antiplasmodial and anticancer
activity of a series of thiazinoquinone compounds was not related to their two electrons redox
potential [11,12]. In particular, the antiplasmodial activity was found to depend on the ability of the
compound to generate a semiquinone radical species able to form a stable adduct with heme [11].
This was later supported by the design and synthesis of other sets of new thiazinoquinone derivatives,
indicating that the activity was related to the ability to form a specific semiquinone radical, and to
the ability of this latter to transfer the radical by and hydrogen-radical shift to the R substituent [13].
In addition, several important SARs were obtained. First, the thiazinoquinone moiety was ascertained
to be necessary for the antiplasmodial activity, since the corresponding quinone derivatives (e.g.,
derivatives lacking the 1,1-dioxothiazine moiety) were inactive. Second, the regiochemistry of the
heterocyclic ring with respect to the substituents (a methoxyl group and an alkyl chain) on the quinone
ring was revealed as crucial for the activity. Third, the nature and shape of the R′ substituent were able
to affect compound potency and selectivity.
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Figure 1. Structures of aplidinones A, B and of thiazinoquinone derivatives.

Successively, we selected both some of the developed methoxy thiazinoquinones, and some ad
hoc synthesized new derivatives with the aim of investigating the antischistosomal properties of this
chemical scaffold. Compounds were thus tested against larval stage, adult worm couples and eggs
of the platyhelminth S. mansoni [14]. Many of the tested molecules resulted active and, interestingly,
as observed for the antiplasmodial activity, the effects against S. mansoni strongly depended on the
regiochemistry of the heterocyclic ring, and from the nature and/or steric hindrance of the R′ substituent.
Computational studies indicated that semiquinone radical species could be involved also in the mode
of action against S. mansoni impairing the redox equilibrium within the parasite. Importantly, the R′
properties can affect both the pharmacodynamics and pharmacokinetics of the compounds [14].

In the course of a systematic chemical study of the macroflora and macrofauna of the coastal
area of Turkey in the İzmir Bay (Aegean Sea), as a part of our ongoing search for bioactive
marine-derived metabolites as leads for drug discovery [15–20], we isolated from the sponge Dysidea
avara (Schmidt, 1862) the known sesquiterpene quinone avarone (1), along with its reduced form
avarol (3, Figure 2) [21–23]. A wide range of pharmacological properties have been reported for
the redox couple avarone (1) and avarol (3) including anti-tumor [24–26], anti-inflammatory [27–29],
anti-mutagenic [30], anti-bacterial [31,32], anti-viral [33,34], anti-oxidant [23,35], anti-platelet [28],
anti-psoriatic [36] and anti-biofouling [37,38] activities. Pharmacological studies on synthetic and
semisynthetic derivatives of avarone have been previously reported, too [23,39–41]. Based on the above
described extensive exploration of the thiazinoquinone scaffold as antiplasmodial and antischistosomal
agent [11,13,14], we used the quinone avarone (1) as chemical starting point to obtain the semisynthetic
thiazinoquinone derivative, thiazoavarone (2, Figure 2). Compound 2, as well as the natural metabolites
1 and 3, were investigated in order to evaluate their in vitro activity against: (i) asexual stages of D10
and W2 strains and stage V gametocytes of P. falciparum, (ii) egg production, larval and adult stages
of S. mansoni, (iii) promastigote and amastigote stages of Leishmania infantum and Leishmania tropica.
Computational studies, including density functional theory (DFT) calculations, were performed in
order to analyze the conformational and redox properties of the two natural metabolites (1 and 3), as
well as those of the novel semisynthetic analogue 2.

The obtained results shed light on the putative mechanism of action of the
quinone/hydroquinone/thiazinoquinone compounds corroborating the hypothesis that their
antiparasitic activity is related to the formation of a toxic semiquinone radical species. Noteworthy,
thiazoavarone 2 resulted the most potent antimalarial thiazinoquinone developed by us, highlighting
the important role for the activity played by the substituent of the 1,1-dioxo-1,4-thiazine ring.
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Figure 2. Structure of avarone (1), the semisynthetic thiazoavarone (2) and avarol (3).

2. Results and Discussion

2.1. Chemistry

Avarone (1) and avarol (3) were isolated from the sponge D. avara and purified according to
the previously described procedures [21–23]. They were easily identified by comparison of their
spectroscopic properties (1H and 13C NMR, HRESI-MS) with those reported in literature [21–23].

Thiazoavarone (2) was prepared as reported in Scheme 1. A portion of avarone was dissolved
in a solution of CH3CN/EtOH (1:1) and then hypotaurine and a catalytic amount of salcomine in
portion were added. The mixture was stirred for 48 h at room temperature and then was extracted
with diethyl ether. The crude material was purified by HPLC on a reverse phase column (Luna 3 μm,
150 × 3.00 mm) (MeOH/H2O 75:25 v/v%) to afford the pure compound 2. The nucleophilic addition
reaction is regioselective in unsymmetrical quinones but generally leads to the formation of both
regioisomers one of which is obtained in large excess with respect to the other. In the case of avarone, a
single isomeric product, thiazoavarone 2, has formed, as determined by MS and NMR spectroscopy;
this could be reasonably due to the high steric hindrance of the heavy sesquiterpene moiety.

 
 

Scheme 1. Coupling of avarone (1) with hypotaurine via nucleophilic addition reaction.

Compound 2, obtained as yellow powder, [α]D
25 = +19.2 (c 0.004, MeOH), had a molecular

formula of C23H31NO4S as determined by the HRESI MS ion at m/z C23H31NO4SNa [M+Na]+ 440.1865
(calculated value: 440.1866). Molecular formula obtained from MS and a first survey of the 1D NMR
spectra of 2 (CDCl3) and the comparison with those of the known avarone 1 quickly allowed us to
hypothesize that the condensation reaction with hypotaurine has occurred. 1H and 13C NMR data of 2

indicated the same decalin ring system of 1, and the only difference between the two compounds is in
the quinonic portion. Indeed, 1H NMR spectrum of 2 lacked the signals at δH 6.51 and 6.71, whereas
contained a quite deshielded methylene signals (δH3.30 and 4.05), resonating as two multiplets and
each integrating for two protons. Likewise, the 13C spectrum of 2 contained two additional methilene
carbon resonances at δC 39.8 and at δC 48.8 attributable to a nitrogen and sulfoxide-bearing carbons,
respectively. The key HMBC cross-peaks (Figure 3) from H-3′ to C-2′ (δC 48.8), C-4a′ (δC 143.2), and
from H-2′ to C-3′ (δC 39.8), C-8a′ (δC 111.6), from H-6′ to C-4a′ (δC 143.2), and from H-15a and H-15b′
to C-8′ (δC 177.1) indicated the regiochemistry of 2. It should be noted that only one of possible
regioisomer has been obtained.

76



Mar. Drugs 2020, 18, 112

Figure 3. Key 1H-13C HMBC correlations of thiazoavarone (2).

Chemical shifts and coupling patterns of the all signals of 2 were assigned by aid of COSY, HSQC,
and HMBC experiments (Table 1). Anyway, a purity higher than 99.8% has been determined by HPLC
for compounds 1–3.

Table 1. 1H (700 MHz) and 13C (125 MHz) NMR data of thiazoavarone (2) in CDCl3.

Pos. δC δH, mult. (J in Hz) Pos. δC δH, mult. (J in Hz)

1′ - - 4 143.7 -
2′ 48.8 3.30, m 5 38.3 -
3′ 39.8 4.05, m 6 35.8 1.03 a, 1.64 a

4′ - 6.41, br s 7 27.3 1.38 a

4a′ 143.2 - 8 37.1 1.25 a

5′ 179.3 - 9 43.7 -
6′ 131.8 6.50, s 10 47.5 1.03 a

7′ 152.8 - 11 17.9 1.53, s
8′ 177.1 - 12 20.0 0.99, s
8a′ 111.6 - 13 16.7 0.96, d, (6.2)

1 19.3 1.50 a, 1.85, dd, (6.7,
13.2) 14 17.7 0.85, s

2 26.3 1.93 a, 2.04 a 15a
35.6

2.50, d, (13.1)
3 120.9 5.2, br s 15b 2.70, d, (13.1)

a Overlapped by other signals.

2.2. In Vitro Activity on P. falciparum and Cytotoxicity

Avarone (1) and the semisynthetic 1,1-dioxo-1,4-thiazine analogue (2), as well as hydroquinone
avarol (3) were tested for their in vitro antiplasmodial activity against asexual and sexual (gametocytes
stage V) stages of P. falciparum (Table 2). A chloroquine-sensitive (CQ-S) D10 and a chloroquine-resistant
(CQ-R) W2 strains were used to determine the IC50 against asexual stage of parasites. The most
potent compound was thiazoavarone (2) with an IC50 value in the nanomolar range, higher than those
exhibited by the previously identified synthetic lead [13]. The high potency of the thiazinoquinone
2, specifically on the chloroquine-resistant strain W2 and compared with avarone (1), lacking the
heterocyclic moiety, confirmed once again the high potential of the thiazinoquinone scaffold for
development of new antimalarial hits. Interestingly, both natural compounds 1 and 3 also exhibited
a remarkable effect against sensitive and resistant P. falciparum strains, showing no cross-resistance
with chloroquine (see Table 2). In particular, the reduced hydroquinone form (avarol, 3) resulted
significantly more active than the oxidized quinone form (avarone, 1).

The evaluation of the effects of compounds 1–3 on Pf gametocytes stage V, the sexual stage
circulating in the bloodstream, was performed in order to evaluate their transmission blocking
potential. As evidenced in Table 2, all the three compounds resulted less active against the gametocytes
with respect to the parasite asexual stage; this finding is not unexpected since most of the current
antimalarial drugs have no effect on the late stage of gametocytes. Avarol (3) resulted the most potent
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in the series against Pf gametocytes stage V with an IC50 = 9.30 μM, comparable to that of OZ27, a
drug in clinical development (IC50 = 6.4 μM) [42].

Table 2. In vitro antimalarial activity against asexual P. falciparum parasites from D10 (CQ-sensitive)
and W2 (CQ-resistant) strains a and against stage V P. falciparum gametocytes from a 3D7 transgenic line.

Compounds D10 (μM) b W2 (μM) b Pf Gametocytes Stage V
3D7elo1-pfs16-CBG99 IC50 (μM) b

Avarone (1) 2.74 ± 0.51 2.09 ± 0.52 15.53 ± 5.26
Thiazoavarone (2) 0.38 ± 0.15 0.21 ± 0.03 15.01 ± 3.19

Avarol (3) 0.96 ± 0.24 1.10 ± 0.15 9.30 ± 1.90
Methylene blue - - 0.155 ± 0.05

a Chloroquine (CQ) has been used as positive control (D10 IC50 = 0.04 ± 0.01; W2 IC50 = 0.54 ± 0.28). b The results
are the mean ± SD of IC50 of three independent experiments performed in duplicate.

Finally, we tested compounds 1–3 for their cytotoxic effects against two different human cell
lines, microvascular endothelial (HMEC-1) and acute monocytic leukemia (THP-1) cells differentiated
into macrophages; for each compound, we evaluated the selectivity index (SI, Table 2), namely the
ratio between the IC50 on the human cells HMEC and that on the parasite strains (see Table 3).
Thiazoavarone (2) exhibited a high toxicity against both mammalian cell lines, with IC50 in the low
micromolar concentration range and, consequently, a very low SI. Avarone and avarol (1 and 3) were
lowly and moderately cytotoxic, respectively (Table 3) but the hydroquinone 3 exhibited a better SI.

Table 3. IC50 against HMEC-1 (human microvascular endothelial cells) and THP-1 (human acute
monocytic leukemia cells) and Selectivity Index (SI) of the compounds 1–3.

Compounds
HMEC-1 IC50

(μM) a,b
THP-1 IC50 (μM)

a,c
SI d

D10 W2

Avarone (1) 62.19 ± 1.98 >100 22.7 29.8
Thiazoavarone (2) 3.31 ± 1.53 7.41 8.7 15.8

Avarol (3) 36.85 ± 5.79 31.75 38.4 33.5
a Camptothecin has been used as positive control (IC50 (μM) = 0.018 ± 0.008 on HMEC-1). b Data are expressed as
mean ± SD of three different experiments performed in duplicate. c Data are the mean of two different experiments
in duplicate. d SI = IC50 HMEC-1/IC50 P. falciparum strain.

2.3. In vitro Activity on Leishmania Parasites

To assess the antileishmanial activity of compounds 1–3 we tested them against promastigote
stage of L. infantum and L. tropica responsible for visceral and cutaneous leishmaniasis, respectively.
The results of this study are reported in Table 4 as IC50 values with the relevant selectivity indexes
(SIs). Considering the couple avarone/avarol, we can notice that, as observed for the antiplasmodial
effects, the reduced form (3) is substantially more potent than the oxidized form 1 on both investigated
Leishmania parasites. This has been reported also for several antileishmanial naphthohydroquinones
which resulted more active than the corresponding naphthoquinones [43]. Instead, the hydroquinone
metabolite 3 and the thiazinoquinone 2 exhibited similar values of IC50 in the range of low micromolar;
however, avarol (3) showed a significantly higher SI (see Table 4). Definitely, the above results displayed
that introduction of the 1,1-dioxo-1,4-thiazine ring in the structure of avarone (1) to give thiazoavarone
(2) meaningfully improves the antileishmanial activity, once again according to the antiplasmodial
effects (see Tables 2 and 4).

In addition, compounds 1–3 were also investigated against intracellular amastigotes, the clinically
relevant form of Leishmania. All compounds resulted from 2 to 4-fold more active against amastigotes
than promastigotes; the hydroquinone avarol 3 confirmed itself as a promising agent to be further
investigated in efficacy and selectivity, presenting the lowest IC50 value in the series and a SI greater
than 10 (Table 4) [44].
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Table 4. Activity of compounds 1–3 against promastigote stage of L. infantum and L. tropica and against
amastigote stage of L. infantum.

Compounds
L. infantum
IC50 (μM) a SIp

c L. tropica
IC50 (μM) a SIp

c L. infantum
Amastigotes IC50 (μM) b SIa

d

Avarone (1) 28.21 ± 0.32 2.2 20.28 ± 3.56 3.1 7.64 8.1
Thiazoavarone (2) 8.78 ± 0.26 0.38 9.52 ± 0.32 0.35 4.99 0.67

Avarol (3) 7.42 ± 0.27 5.0 7.08 ± 1.91 5.2 3.19 11.6
Amphotericin B 0.20 ± 0.03 0.17 ± 0.04 0.189
a Data are expressed as mean ± SD of three different experiments performed in duplicate. b Data are the mean of
two different experiments in triplicate. c SIp = IC50 HMEC-1/IC50 L. infantum (L. tropica) promastigotes. d SIa = IC50
HMEC-1/IC50 L. infantum amastigotes.

2.4. In Vitro Activity on S. mansoni

Compounds 1–3 were tested against larval stage (schistosomula), adult worm couples and eggs of
the platyhelminth S. mansoni. The most potent compound on schistosomula was thiazoavarone (2)
with a LC50 value in the low micromolar range (Table 5). The natural compounds (1 and 3) showed
comparable activity, with avarol (3) slightly more active than avarone (1), both showing a LC50 in the
high micromolar range (Table 5). Therefore, the presence of a thiazine ring was proved to be very
important for activity on schistosomula.

Table 5. Activity of compounds 1–3 against S. mansoni schistosomula.

Compounds LC50 (μM) a

Avarone (1) 42.77 ± 1.90
Thiazoavarone (2) 5.90 ± 2.59

Avarol (3) 33.97± 5.52
a Data are expressed as mean ± SD of three different experiments.

All three compounds 1–3 were also very active on adult worm pairs at 50 μM leading to parasites
death 7 days after treatment (Figure 4). However, when used at lower concentration (20 μM), only
avarol (3) strongly impaired parasites viability (only 20% survival), while thiazoavarone (2) was poorly
effective against the adult stage (Figure 4), despite its strong lethal effect on the larval stage (Table 5).
These results suggest the possibility that the double lipid bilayer coating the adult worms, namely the
tegument [45], can interfere with compound 2 uptake by adult parasites.

 

Figure 4. Compounds 1–3 impair adult S. mansoni viability. Worm pairs were incubated with DMSO
(vehicle) (black circle) or the indicated compounds at 50 μM (yellow triangle), or 20 μM (green, square)
as described in material and methods. Phenotype analysis was recorded for 7 days and % viability
represents the mean ± SEM of three independent experiments.

In the process of drug discovery for schistosomiasis, strategy involving any impairment in egg
production and/or development must also be taken into account. In fact, upon mating with males,
mature S. mansoni adult females, residing in the mesenteric veins of the definitive host, can lay
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hundreds of eggs each day. The eggs secreted in stool or trapped in the liver respectively cause disease
transmission and, as a result of inflammatory granulomas reactions, intestinal and hepato-splenic
diseases [46]. Therefore, compounds 1–3 were also assayed against the in vitro laid eggs (IVLEs).
The IVLEs produced in the first 48 h by S. mansoni pairs and treated for 3 days with vehicle or
compounds 1–3 were classified by microscopic observation according to the Vogel and Prata staging
system of egg maturation [47]. The thiazoavarone (2) resulted the most effective compound, impairing
eggs maturation already at 5 μM and resulting in undeveloped and severely damaged eggs at 20 μM
(Figure 5). Similar results were obtained with compounds 1 and 3 at 50 μM.

 

Figure 5. Thiazoavarone (2) impairs egg viability and maturation. Representative pictures of IVLEs
treated with vehicle (DMSO) (a) or compound 2 at 5 μM (b) and 20 μM (c) for 72 h. Filled red arrows
indicate viable eggs at stages III–V (intermediate/developed); filled red triangle indicate viable eggs at
stages I–II (immature); red-edged arrows indicate damaged eggs at stages III–V; red-edged triangle
indicate damaged eggs at stages I–II. Bar, 200 μm.
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2.5. Computational Studies and DFT Calculations

To rationalize the observed SARs, the steric and electronic features of compounds 1–3

were investigated by means of computational studies, including conformational analysis and
DFT calculations.

A systematic conformational search considering all rotatable bonds was applied to generate all
possible conformations of the compounds, which were, then, subjected to molecular mechanic (MM)
geometry optimization using the CFF force field and a distance dependent dielectric constant value
of 80 (Discovery Studio 2017, BIOVIA, San Diego USA; see the experimental Section for details) [48].
The global minimum energy conformer (GM) was identified for each compound. All the generated
conformers presented an energy difference from the GM (ΔEGM) ≤ 3 kcal/mol. MM conformers
were, then, subjected to density functional theory (DFT) calculations. In order to mimic an aqueous
environment, all DFT calculations were performed using the conductor-like polarizable continuum
model (C-PCM) as solvent model [49]. Moreover, to characterize every structure as minimum, a
vibrational analysis was carried out (see the experimental Section for details). Fully optimized DFT
conformers were classified into families according to the values of their torsion angles (Tables 6 and 7
and Table S1).

Results evidenced that compounds 1–3 present common conformational features, characterized
by the electronic attraction between the hydrogen atoms of the first methylene group of the alkyl
substituent and the nearby quinone oxygen, which limits the conformational freedom of R′ (Figure 6).
Accordingly, the torsional angle τ1 showed just two sets of possible values (~±100◦; Tables 6 and 7
and Table S1), and for each of them the rigid sesquiterpene ring could assume three orientations with
respect to the thiazinoquinone/quinone/quinol ring (τ2 = ~60◦, ~−60◦ and ~180◦; Tables 6 and 7 and
Table S1). This determined a total number of six conformers (named I–VI; Figure 6). In the case of
the thiazinoquinone derivative 2, due to the presence of the two opposite flips of the thiazinoquinone
ring (τflip ~ ±60◦), we obtained two specular sets of conformers with the same conformational energy
(i.e., conformational enantiomers; Figure S10), as previously reported for other thiazinoquinone
derivatives [13,14].

Figure 6. Density functional theory DFT conformers of compounds 1–3 superimposed by the carbon
atoms of the quinone/hydroquinone ring. Carbon atoms are colored according to conformer classification
(I= green, II=magenta, III= pink, IV= light blue, V= orange, and VI=Yellow); heteroatoms are colored
by atom type (H = white, O = red, N = blue, S = orange). Hydrogens are omitted for sake of clarity,
with the exception of those of the first methylene group of the R′ substituent, whose intramolecular
distances from the nearby oxygen atom of the quinone are reported.
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Table 6. ΔEGM values (kcal/mol) and torsion angle values (degrees) of the DFT conformers of 2.

τ τ

τ

τ τ

Conformer a ΔEGM (kcal/mol) Torsion Angles (◦)
τ1 b τ2 c

II 0.00 100.38 60.20
I 0.50 −110.21 55.83

IV 1.04 110.37 −72.73
III 1.25 −102.31 179.90
V 2.03 87.13 158.72
VI 3.02 −84.08 −54.03

a Only the conformational enantiomers with the value of τflip ~60◦ are reported. b τ1 torsion angle is defined by e, f,
g, and h atoms. c τ2 torsion angle is calculated considering f, g, h, and i atoms.

Table 7. ΔEGM values (kcal/mol) and torsion angle values (degrees) of the DFT conformers of 1.

τ τ

τ

τ τ

 

Conformer
ΔEGM Torsion Angles

(kcal/mol) (◦)
τ1 a τ2 b

I 0.00 −91.95 64.65
II 0.01 101.16 60.62
III 1.20 −92.79 169.87
IV 1.25 96.73 −58.29
V 2.33 84.62 173.14
VI 2.64 −81.09 −54.96

a τ1 torsion angle is defined by a, b, c, and d atoms. b τ2 torsion angle is calculated considering b, c, d, and e atoms.

The fixed position of the methylene group combined with the presence of the rigid sesquiterpene
moiety, place in the putative semiquinone radical produced upon one electron reduction/oxidation
several hydrogen atoms at a distance (≤3 Å) suitable for an intramolecular radical shift from the oxygen
atom to a carbon atom of R′ (see below).

Then, starting from the DFT minima, the redox properties of 1–3 were calculated. At this aim, we
considered the two electrons/two protons quinone reduction pathway in a protic solvent (Scheme S1)
and all the species involved in the pathway (Q•−, QH•, QH−, QH2) were generated and DFT optimized
using as starting structures the energetically favored DFT minima I and II.

Two possible protonated semiquinone species may be formed, depending on which of the two
quinone oxygen atoms is reduced/oxidized at first. The location of the lowest unoccupied molecular
orbital (LUMO) in 1 and 2 and of the highest occupied molecular orbital (HOMO) in 3 indicated the
oxygen opposite to the alkyl chain as the most probable site to be reduced and the one close to the alkyl
chain as the most probable site to be oxidized, respectively (Figure 7). It is worthy to be mentioned
that, regarding the most probable oxidation pathway of 3 to its quinone form, since the deprotonation

82



Mar. Drugs 2020, 18, 112

step is supposed to be the first event in protic solvents (Scheme S1), we calculated the pKa values of
the two hydroxyl groups, too. Results indicated the hydroxyl group nearby the alkyl substituent as
the first to lose the proton (Figure S11), further supporting the formation of the hydroquinone radical
reported in Figure 7.

 

Figure 7. (A): DFT global minimum energy conformer (GM) structure of 1 (Q), DFT conformer I of 3

(QH2) and their semiquinone radical (QH•). (B) DFT GM structure of 2 (Q) together with its one- and
two-electron reduced species QH• and QH2. Atoms possibly involved in an intramolecular radical
shift are evidenced with red dashed lines. The LUMO of 1 and 2, and the HOMO of 3 are visualized
using GaussView with an isosurface value of 0.02 e−/a.u.3 The NBO spin density isosurface of the
QH• species is displayed using GaussView with an isosurface value of 0.01 e−/a.u.3. The blue surface
(positive spin density) corresponds to an excess of α-electron density.

The standard redox potential (E◦) and the standard Gibbs free energy (ΔG0
red, aq) of each

electron-transfer reaction (see Scheme S1) alongside with the standard Gibbs free energy required for
the protonation of the resulting reduced species (ΔG0

H+) of the redox couple 1, 3 and 2 were calculated
(for details see the experimental Section). To further evaluate the propensity of 1 and 2 to undergo
a one-electron reduction, the energy of the lowest unoccupied molecular orbital (ELUMO) was also
taken into account. Similarly, we calculated the ionization potential (IP; i.e., −EHOMO) of the radical
anion QH− as indicative of the tendency of the deprotonated species of 3 to undergo a one-electron
oxidation. Finally, we considered the energy of the single occupied molecular orbital (ESOMO) of the
radical species as indicative of the ability to delocalize the unpaired electron. The resulting data are
reported in Tables 8 and 9.

Table 8. DFT calculated parameters and standard redox potentials (E◦; Q/Q•−) of compounds 1–3.

Cmp. Conf.
ELUMO

a ESOMO
a ESOMO

a ΔG◦red, aq
a E◦ b ΔG◦H+

a

(Q) (Q•−) (QH•) (Q/Q•−) (Q/Q•−) (Q•−/QH•)
1, 3 I −10.62 −143.34 −106.45 −94.58 −328.57 −279.60
1, 3 II −10.68 −143.42 −106.60 −95.13 −304.65 −279.87

2 I −17.76 −148.69 −158.60 −95.29 −297.63 −272.91
2 II −17.83 −148.72 −159.93 −95.66 −281.68 −273.03

a kcal/mol. b mV.
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Table 9. DFT calculated parameters and standard redox potentials (E◦; QH•/QH−) of compounds 1–3.

Cmp. Conf.
ΔG◦red,aq

a E◦ b ΔG◦H+
a IP a EHOMO

a

(QH•/QH−) (QH•/QH−) (QH−/QH2) (QH−) (QH2)

1, 3 I −91.67 −454.64 −295.41 61.09 −158.06
1, 3 II −89.95 −529.31 −296.77 60.83 −156.34

2 I −95.22 −300.60 −290.49 130.87 −158.18
2 II −95.24 −299.70 −289.55 130.94 −159.27

a kcal/mol. b mV.

A first consideration can be derived comparing the redox properties of the quinone-based
compounds 1 and 2. With respect to 1, 2 showed either a higher tendency to acquire one electron (lower
ELUMO and ΔG0

(red, aq); higher E◦; Table 8) and a higher stability of the QH• radical (lower ESOMO;
Table 8). While the ESOMO values of the anion radical species showed little difference (ESOMO Q•−;
Table 8), on the contrary, the differences became evident after the protonation step (ESOMO QH•). These
results, on one hand confirm the key role played by the 1,1-dioxo-1,4-thiazine ring on the electron
affinity [11,13,14]; on the other hand, support the hypothesis that the compound activity is related to
the formation of the semiquinone radical species. Indeed, the thiazinoquinone derivative 2 resulted
overall more potent than the quinone derivative 1.

A second consideration is that, as evidenced in Figure 7 and Figure S12, all the calculated
semiquinone radicals showed a hydrogen atom of the first methylene group together with, at least,
another hydrogen atom of the rigid sesquiterpene ring, at a distance suitable for an intra-molecular
hydrogen radical shift to the semi- reduced/oxidized oxygen atom (≤3 Å) (Table S2). By consequence,
as above mentioned, the presence of the sesquiterpene moiety as alkyl substituent is expected to
promote the putative “through space” intramolecular hydrogen radical shift leading to the formation
of the toxic radical species. In line with this hypothesis, 2 resulted the most potent thiazinoquinone
developed by us against P. falciparum D10 and W2 strains as well as against stage V gametocytes.
In addition, 1, although lacking the 1,1-dioxo-1,4-thiazine ring of 2, resulted still active on P. falciparum
D10 and W2 strains as well as on schistosomula, contrarily to what previously observed by us for other
1,4-benzoquinone derivatives when compared to the corresponding thiazinoquinone analogues [13,14].

Finally, the hydroquinone 3 showed a higher propensity to be oxidized to the semiquinone radical
(i.e., lower E◦ and IP of the QH− anion) with respect to the corresponding reduced form of 2 (Table 9).
Thus, the absence of the 1,1-dioxo-1,4-thiazine ring favors the one-electron oxidation reaction of 3.

The hydroquinone 3 resulted more active than the corresponding quinone 1 against all considered
parasites, while presenting the highest selectivity index with respect to mammalian cells. Both
the oxidized and the reduced forms could produce the same putative toxic radical species upon a
one-electron transfer reaction. In this view, our results suggest the presence in the parasite cell of
a bioactivation reaction partner preferentially binding the hydroquinone (reduced) form (3) rather
than the quinone (oxidized) form (1). This putative bioactivation partner seems not to be present in
human cells.

To investigate the role played by molecular pharmacokinetics on the observed SARs, we calculated
the distribution coefficient values of 1–3 (clogD, Table S3) (ACD/Percepta 2017). According to Lipinski’s
rules for drug absorption [50] the thiazinoquinone 2 showed a better cLogD value for cell membrane
passive diffusion (cLogD ~ 4) with respect to 1 and 3 (cLogD > 5). However, in specific developmental
stages (i.e., Pf late gametocytes, promastigote of L. infantum and L. tropica, amastigote of L. infantum,
and adult worms of S. mansoni) 3 resulted more active than 2 (Tables 2, 4 and 5; Figures 4 and 5).
According to what previously reported by us [14], this peculiar activity profile could be due to
the significant morphological changes in the parasite during the above-mentioned developmental
stages [51–53], which are likely to impair compound ability to penetrate into the parasite by passive
diffusion, while it could still penetrate by exploiting the large number of transport proteins expressed
on the parasite membrane.
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Taken together, the results of our computational investigation indicate that a toxic semiquinone
radical species [11,13,14] which can be produced starting both from quinone- and hydroquinone-based
compounds could mediate the anti-parasitic effects of the tested compounds 1–3.

3. Materials and Methods

3.1. General Methods

Solvents: Carlo Erba (Pomezia, Rome, Italy). Commercial reagents: Sigma–Aldrich (Saint Louis,
MO, USA). TLC: Silica Gel 60 F254, plates 5 × 20, 0.25 mm, Merck (Kenilworth, NJ, USA). Anhydrous
solvents: Sigma-Aldrich-Merck. High-resolution ESI-MS analyses were performed on a Thermo LTQ
Orbitrap XL mass spectrometer (Thermo-Fisher, San Josè, CA, USA). The spectra were recorded by
infusion into the ESI (Thermo-Fisher, San Josè, CA, USA) source dissolving the sample in MeOH.
1H (500 MHz) and 13C (125 MHz) NMR spectra were recorded on an Agilent INOVA spectrometer
(Agilent Technology, Cernusco sul Naviglio, Italy) equipped with a 13C enhanced HCN Cold Probe;
chemical shifts were referenced to the residual solvent signal (CDCl3: δH = 7.26, δC = 77.0). For
an accurate measurement of the coupling constants, the one-dimensional 1H NMR spectra were
transformed at 64 K points (digital resolution: 0.09 Hz). Homonuclear (1H–1H) and heteronuclear
(1H–13C) connectivities were determined by COSY and HSQC experiments, respectively. Two and
three bond 1H-13C connectivities were determined by gradient 2D HMBC experiments optimized for a
2,3J of 8 Hz. 3JH–H values were extracted from 1D 1H NMR. High performance liquid chromatography
(HPLC) separations were achieved on a Shimadzu LC-10AT (Shimadzu, Milan, Italy) apparatus
equipped with a Knauer K-2301 (LabService Analytica s.r.l., Anzola dell’Emilia, Italy) refractive index.

3.2. Collection, Extraction and Isolation

Several fresh specimens of D. avara were collected along the coast of Narlidere, Bay of Izmir
(Turkey, 38◦24′45 N 27◦8′18 E), in summer of 2017 and immediately frozen and stored at −25 ◦C until
the use. The identification of fresh material was performed by Mr. Arturo Facente while a voucher
specimen is deposited at Mugla University, Turkey.

The freshly thawed sponge (21.9 g dry weight after extraction) was homogenized and treated
at room temperature with methanol (3 × 1 L) and, subsequently, with dichloromethane (3 × 1 L).
The combined extracts were concentrated in vacuo to give an aqueous suspension that was subsequently
extracted with BuOH. The butanol soluble material (5.4 g of a dark brown oil), obtained after evaporation
of the solvent, was chromatographed on a RP-18 silica gel flash column using a gradient elution
(water→methanol→chloroform). The fractions eluted with H2O/MeOH 2:8 (v/v) were chromatographed
by HPLC on an RP-18 column (Luna, 3 μm C-18, 150 × 3.00 mm), using MeOH/H2O 95:5 as the
eluent (flow 0.5 mL/min). This separation afforded 4.5 mg of pure avarol (3, tR = 5.4 min) and
26.8 mg of avarone (1, tR = 9.4 min), identified by comparison of its spectral properties with literature
values [21–23].

Avarone (1): yellow powder; [α]D
25 = +2.6 (c 0.0014, CH3OH); 1H NMR (CDCl3) spectrum is

reported in Supplementary Materials (Figure S6); HRMS (ESI): m/z 313.2156 [M + H]+ (calcd. for
C21H29O2: 313.2162) (Figure S7).

Synthesis of thiazoavarone (2). 20.3 mg of avarone (1, 0.065 mmol) were dissolved in 12 mL of a
mixture of CH3CN/EtOH 1: 1 (v/v) and kept under stirring at room temperature; then, a solution of
hypotaurine (7 mg, 0.065 mmol) in 2 mL of water was added dropwise together with a catalytic amount
of salcomine added in portions. The mixture was stirred for 48 h at room temperature before removing
the most of ethanol in vacuo and pouring the residue into water. The orange/yellow mixture was
extracted with diethyl ether (60 mL × three times) and the organic phase was washed with brine, dried
over sodium sulfate, filtered, and solvent was removed by rotary evaporator. The resulting mixture
was chromatographed by HPLC on an RP-18 column (Luna, 3 μm C-18, 150 × 3.00 mm) eluting with
MeOH/H2O 75:25 (tR = 31.6 min) and afforded the pure compound 2 (11 mg, 46%).
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Thiazoavarone (2): orange powder; [α]D
25 = +19.2 (c 0.0035, CDCl3); 1H and 13C NMR data are

reported in Table 1. 1D and 2D NMR data, Figures S2–S5; HRMS (ESI): m/z 440.1865 [M + Na]+ (calcd.
for C23H31NO4SNa: 440.1866) (Figure S1).

Avarol (3): yellow powder; [α]D
25 = +12.4 (c 0.0018, CH3OH); 1H NMR (CDCl3) spectrum is

reported in Supplementary Materials (Figure S8); HRMS (ESI): m/z 315.2337 [M + H]+ (calcd. for
C21H31O2: 315.2319) (Figure S9).

3.3. P. falciparum Cultures and Drug Susceptibility Assay

P. falciparum cultures were carried out according to Trager and Jensen with slight modifications [13].
The CQ-sensitive strain D10 and the CQ-resistant strain W2 were maintained at 5% hematocrit (human
type A-positive red blood cells) in RPMI 1640 (EuroClone, Celbio) medium with the addition of 1%
AlbuMax (Invitrogen, Milan, Italy), 0.01% hypoxanthine, 20 mM Hepes, and 2 mM glutamine at 37 ◦C
in a standard gas mixture (1% O2, 5% CO2, and 94% N2). All compounds were dissolved in DMSO
and then diluted with medium to achieve the required concentrations (final DMSO concentration <1%,
non-toxic to the parasite). Drugs were placed in 96-well flat-bottomed microplates and serial dilutions
made. Asynchronous cultures with parasitaemia of 1%–1.5% and 1% final hematocrit were aliquoted
into the plates and incubated for 72 h at 37 ◦C. Parasite growth was determined spectrophotometrically
(OD650) by measuring the activity of the parasite lactate dehydrogenase (pLDH), according to a
modified version of the method of Makler in control and drug-treated cultures [13]. The antiplasmodial
activity is expressed as 50% inhibitory concentrations (IC50); each IC50 value is the mean ± standard
deviation of at least three separate experiments performed in duplicate.

3.4. Gametocytes Cultivation and Susceptibility Assay

The transgenic P. falciparum 3D7 strain 3D7elo1-pfs16-CBG99 expressing the Pyrophorus
plagiophthalamus CBG99 luciferase under a gametocyte specific promoter was used in all the experiments.
Parasites were cultured and gametocytes obtained as previously described [54]. Late-stage gametocytes
were exposed to compounds at day 11 after N-acetylglucosamine (NAG) addition. Gametocytes stages
were counted in Giemsa stained smears and the percentage of stage V gametocytes was higher than
80%. Compounds were prepared by serial dilution, in 96-well plate, in complete medium. Plates were
incubated for 72 h at 37 ◦C under 1% O2, 5% CO2, 94% N2 atmosphere. Luciferase activity was taken
as measure of gametocytes viability, as previously described [55]. Briefly, drug-treated gametocyte
samples at 2% haematocrit were transferred to 96-well black microplates and d-luciferin (1 mM in
citrate buffer 0.1 M, pH 5.5) was added at a 1:1 volume ratio. Luminescence measurements were
performed after 10 min with 500 ms integration time using a Sinergy 4 (Biotek) microplate reader.
The IC50 was extrapolated from the non-linear regression analysis of the concentration–response curve.

3.5. In Vitro Promastigote Susceptibility Assays

Promastigote stage of L. infantum strain MHOM/TN/80/IPT1 and L. tropica (MHOM/IT/2012/ISS3130)
were cultured in Schneider’s Drosophila medium (Lonza) supplemented with 10% heat-inactivated
fetal calf serum (HyClone) at 24 ◦C.

The complete medium used for antileishmanial activity assay was RPMI (EuroClone)
supplemented with 10% heat-inactivated fetal calf serum (EuroClone), 20 mM Hepes,
and 2 mM l-glutamine. To estimate the 50% inhibitory concentration (IC50), the MTT
(3-[4.5-dimethylthiazol-2-yl]-2.5-diphenyltetrazolium bromide) method was used. Compounds were
dissolved in DMSO and then diluted with medium to achieve the required concentrations. Drugs
were placed in 96-well round-bottom microplates and seven serial dilutions made. Amphotericin
B was used as the reference anti-leishmanial drug. Parasites were diluted in complete medium to
5 × 106 parasites/mL and 100 μL of the suspension was seeded into the plates, incubated at 24 ◦C for
72 h and then 20 μL of MTT solution (5 mg/mL) was added into each well for 3 h. The plates were
then centrifuged, the supernatants discarded and the resulting pellets dissolved in 100 μL of lysing
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buffer consisting of 20% (w/v) of a solution of SDS (Sigma), 40% of N,N-dimethylformamide (Merck)
in H2O. The absorbance was measured spectrophotometrically at a test wavelength of 550 nm and a
reference wavelength of 650 nm. The results are expressed as IC50 which is the dose of compound
necessary to inhibit parasite growth by 50%; each IC50 value is the mean ± standard deviation of
separate experiments performed in duplicate.

3.6. In Vitro Intracellular Amastigote Susceptibility Assays

THP-1 cells (human acute monocytic leukemia cell line) were maintained in RPMI supplemented
with 10% FBS (EuroClone), 50 μM 2-mercaptoethanol, 20 mM Hepes, 2 mM glutamine, at 37 ◦C in 5%
CO2. For Leishmania infections, THP-1 cells were plated at 5 × 105 cells/mL in 16-chamber Lab-Tek
culture slides (Nunc) and treated with 0.1 μM phorbol myristate acetate (PMA, Sigma) for 48 h to
achieve differentiation into macrophages. Cells were washed and infected with metacyclic L. infantum
promastigotes at a macrophage/promastigote ratio of 1/10 for 24 h. Cell monolayers were then washed
and incubated in the presence of test compounds for 72 h. Slides were fixed with methanol and stained
with Giemsa. The percentage of infected macrophages in treated and non-treated cells was determined
by light microscopy.

3.7. Cytotoxicity Assay

The long-term human microvascular endothelial cell line (HMEC-1) was maintained in MCDB
131 medium (Invitrogen, Milan, Italy) supplemented with 10% fetal calf serum (HyClone, Celbio,
Milan, Italy), 10 ng/mL of epidermal growth factor,1 μg/ml of hydrocortisone, 2 mM glutamine and
20 mM Hepes buffer (EuroClone). For the cytotoxicity assays, HMEC-1 were plated at 105 cells/mL
in 96-well flat bottom microplates. THP-1 cells were plated at 5 × 105 cells/mL in 96-well flat bottom
microplates and treated with 0.1 μM PMA for 48 h to achieve differentiation into macrophages. Cells
were then treated with serial dilutions of test compounds and cell proliferation evaluated using the MTT
assay described for promastigotes. The results are expressed as IC50, which is the dose of compound
necessary to inhibit cell growth by 50%.

3.8. In vitro Effects of Compounds on S. mansoni Parasites and Eggs

Schistosomula were prepared by mechanical transformation of cercariae, as previously
described [56]. The ATP-based viability assay with CellTiterGlo (Promega, Italy) on the larval
stage of schistosomes was carried out in 96-well, black, tissue culture plates by adaptation of a protocol
previously set up in our laboratory [56]. DMSO (vehicle) and gambogic acid (10 μM) were used as the
negative and positive controls in each plate and the percentage of viability for each compound was
calculated as the ATP reduction against vehicle (0%) and gambogic acid (100%).

All Animal work was approved by the National Research Council, Institute of Cell Biology and
Neurobiology animal welfare committee (OPBA) and by the competent authorities of the Italian
Ministry of Health, DGSAF, Rome (authorization no. 25/2014-PR and no. 336/2018-PR). All experiments
were conducted in respect to the 3R rules according to the ethical and safety rules and guidelines for
the use of animals in biomedical research provided by the relevant Italian law and European Union
Directive (Italian Legislative Decree 26/2014 and 2010/63/EU) and the International Guiding Principles
for Biomedical Research involving animals (Council for the International Organizations of Medical
Sciences, Geneva, Switzerland).

A Puerto Rican strain of S. mansoni was maintained by passage through albino Biomphalaria
glabrata, as the intermediate host, and ICR (CD-1) outbred female mice as previously described [56].
Female 4 to 7-week-old mice (Envigo, Udine, Italy) were infected with 200–400 double sex S. mansoni
cercariae by the tail immersion technique. Adult pairs were harvested from mice 7–8 weeks after
infection by reversed perfusion of the hepatic portal system and mesenteric veins. For the viability
assays, 5 couples were incubated with the compounds in 3 mL DMEM complete tissue culture medium
containing 10% FBS for up to 7 days and phenotypic score was assigned as previously described [57].
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For egg-treatment, 5 worm pairs were incubated for 48 h in 3 mL complete tissue culture medium;
next the parasites were removed and vehicle (DMSO) or compounds 1–3 were added to each plate
containing the eggs previously laid in vitro and observed for 72 h as previously reported [14]. Briefly,
images were recorded with a BX41 Olympus microscope and a bright field objective 10× served by a
SPOT RT 220-3 Diagnostic Instrument Inc camera. Egg maturation/morphological score was assigned
based on the Vogel and Prata’ staging system of egg maturation [47].

3.9. Molecular Modelling

Molecular modelling calculations were performed on E4 Server Twin 2×Dual Xeon-5520, equipped
with two nodes. Each node: 2× Intel® Xeon® QuadCore E5520-2.26Ghz, 36 GB RAM. The molecular
modelling graphics were carried out on a personal computer equipped with Intel(R) Core(TM) i7-4790
processor and SGI Octane 2 workstations.

Conformational property analysis. The apparent pKa and logD values (pH 7.4 and 7.2) of
compounds were calculated by using the ACD/Percepta software (ACD/Percepta, Advanced Chemistry
Development, Inc., Toronto, ON, Canada, 2017, http://www.acdlabs.com).

The compounds were considered neutral in all calculations performed as a consequence of the
estimation of percentage of neutral/ionized forms computed at pH 7.4 (blood pH value) and pH 7.2
(cytoplasm pH value) using the Henderson–Hasselbalch equation. The compounds were built using
the Small Molecule tool of Discovery Studio 2017 (Dassault Systèmes BIOVIA, San Diego). Then,
the built compounds were subjected to molecular mechanic (MM) energy minimization (ε = 80 × r)
until the maximum RMS derivative was less than 0.001 kcal/Å, using Conjugate Gradient [58] as
minimization algorithm. Atomic potentials and charges were assigned using the CFF forcefield [48].
The conformers obtained for each compound were used as starting structure for the subsequent
systematic conformational analysis (Search Small Molecule Conformations; Discovery Studio 2017).
The conformational space of the compounds was sampled by systematically varying the rotatable
bonds sp3–sp3 and sp3–sp2 with an increment of 60◦. The RMSD cutoff for structure selection was set
to 0.01 Å. Finally, to ensure a wide variance of the input structures to be successively fully minimized,
an energy threshold value of 106 kcal/mol was used as selection criteria. The generated structures
were then subjected to MM energy minimization (CFF forcefield; ε = 80 × r) until the maximum RMS
derivative was less than 0.001 kcal/Å, using Conjugate Gradient as minimization algorithm. Finally,
the resulting conformers were ranked by their potential energy values (i.e., ΔE from the global energy
minimum (GM)).

All MM conformers within 5 kcal/mol from GM has been then subjected to DFT calculations.
The calculations were carried out using the Gaussian 09 package [59]. All structures were fully
optimized at the B3LYP/6-31+G (d,p) level using the conductor-like polarizable continuum model
(C-PCM) [49,60,61]. In order to characterize every structure as minimum and to calculate the Gibbs
free energy a vibrational analysis was carried out at the same level of theory using the keyword: freq.
The RMS force criterion was set to 3 × 10−4 a.u. Partial charges, molecular orbitals and spin density
have been calculated using the natural bond orbital (NBO) method [62]. The resulting conformers
were ranked by their potential energy values (i.e., ΔE from the global energy minimum (GM)) and
classified by their dihedral angle values).

Calculation of redox properties. An appropriate way for calculating the redox potential is by using a
thermodynamic cycle. Accordingly, the redox potentials for the compounds was calculated by using
the Born–Haber cycle (Scheme 2), which links the Gibbs free energy change of the one-electron transfer
reaction in the gas phase with that of the same reaction in aqueous solution [63,64].
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Scheme 2. Born–Haber cycle for a generic one-electron transfer reaction in vacuo and in
aqueous solution.

Accordingly, the Born–Haber thermodynamic cycle allows to include the desolvation/solvation
effects by calculating the Gibbs free energy values of the reaction in gas phase and in solution. According
to this approach, the standard Gibbs free energy of the electron transfer (ΔG0

red,aq), was calculated

taking into account the free energy change in the gas phase (ΔG0
gas) and the solvation free energies of

the oxidized (ΔG0
solv(X)) and reduced species

(
ΔG0

solv(X
•−)) as reported in the following equation:

ΔG0
red,aq = ΔG0

gas +
(

ΔG0
solv(X

•−) − ΔG0
solv(X)

)
(1)

Accordingly, we, firstly, calculated the Gibbs free energy in gas phase by using the following
equation:

ΔG0
gas = G0

gas(X
•−) −G0

gas(X) (2)

Then, the Gibbs free energy of solvation of both the species X and X•− were calculated according
to the following equations:

ΔG0
solv(X) = G0

aq(X) −G0
gas(X) (3)

ΔG0
solv(X

−) = G0
aq(X

•−) −G0
gas(X

•−) (4)

The values obtained were used to calculate the standard Gibbs free energy of the overall reaction
(ΔG0

red,aq; kcal·mol−1) according to Equation (1). The X and X•− species correspond in our case to Q and
Q•−, respectively in the first electron transfer, and to QH• and QH− in the second electron transfer (see
Scheme S1).

Finally, the ΔG0
red,aq, were used to calculate the standard reduction potential by the Nernst equation:

E0 = −
�G0

red,aq

nF
(5)

where n is the number of electrons involved in the process (i.e., 1) and F the Faraday constant
(23.06 kcal mol−1 V−1).

The reduction potential given by the Equation (5) is an absolute value of the parameter and
has to be referred to the standard hydrogen electrode (SHE; redox potential of 4.43 V), to obtain the
standard redox potential. Accordingly, the value of 4.43 V was subtracted from the values obtained by
Equation (5).

On these bases, in order to calculate the redox potential, starting from the structure of the DFT
Q GM conformers (i.e., the starting quinone species), the redox states Q•−, QH•, QH−, QH2 were
generated. Following the reduction pathway of quinones showed in Scheme S1, each species was
generated starting from the DFT optimized species of the previous step and submitted to full DFT
optimization both in aqueous solution (using the C-PCM method) and in vacuo using the same
parameters above described.

The standard Gibbs free energy for the protonation of the reduced species were calculated by
determining ΔG◦ of the reaction Y + H+→ YH that is ΔG◦ = G◦(YH) − G◦(Y), where Y is Q•− or QH−
DFT conformer. The energy of the frontier molecular orbitals (HOMO, LUMO, and SOMO) were
considered for the species Q, Q•−, QH• and QH− fully optimized by DFT calculations performed in the
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aqueous solution (using the C-PCM method). According to the Koopmans’ theorem [65], the ionization
potential (IP) is given by the negative of the value of the energy of the HOMO.

4. Conclusions

We investigated the antiparasitic potential of the marine sesquiterpene avarone (1), its reduced
form avarol (3), and thiazoavarone (2), a novel semisynthetic thiazinoquinone analogue obtained
through a condensation reaction of 1 with hypotaurine, which resulted completely regioselective. Both
the natural metabolites 1 and 3, as well as the semisynthetic derivative 2 resulted active against D10 and
W2 strains and late stage gametocytes of P. falciparum, against larval and adult developmental stages,
and eggs of the platyhelminth S. mansoni, and also against promastigote and amastigote forms of L.
infantum and L. tropica. The observed differences in the magnitude of the effects of the three molecules
allowed us to draw some interesting conclusions, strongly supported by the results of the DFT analysis.
In particular, the thiazinoquinone 2 resulted as significantly more potent than the quinone derivative 1

against D10 and W2 strains of P. falciparum as well as on the larval stage of S. mansoni. On the other
hand, compound 1, although lacking the 1,1-dioxo-1,4-thiazine ring, resulted still active on P. falciparum
and on Schistosoma larval stage, contrarily to what previously observed for other 1,4-benzoquinone
derivatives when compared to the corresponding thiazinoquinone analogues [13,14]. The calculated
redox properties of 1 and 2 evidenced for 2 either a higher tendency to acquire one electron and a
higher stability of the QH• radical. Noteworthy, thiazoavarone 2 resulted the most potent antimalarial
thiazinoquinone developed by us.

The hydroquinone 3 resulted more active than the corresponding quinone 1 against all considered
parasites, with the highest selectivity index with respect to mammalian cells. This led to hypothesize
the presence in the studied parasites of a bioactivation reaction partner preferentially binding the
reduced form (3) rather than the oxidized form (1). This putative bioactivation partner seems not to be
present in human cells. Finally, comparison of the standard redox potential (E◦) and of the ionization
potential (IP) of the QH- anion of 3 with those of the corresponding reduced form of 2, indicated a
higher propensity of 3 to be oxidized to the semiquinone radical and, thus, that the absence of the
1,1-dioxo-1,4-thiazine ring favours the one-electron oxidation reaction of 3.

These results confirm the key role played by the 1,1-dioxo-1,4-thiazine ring on the electron
affinity [11,13,14] and, mainly, corroborate the hypothesis that the compound activity is related to
the formation of a toxic semiquinone radical species, which can be produced, upon a one-electron
transfer reaction, starting both from quinone- and hydroquinone-based compounds. In the case of the
antiplasmodial activity (on the erythrocytic stage of the parasite), our previous results indicated that the
bioactivation partner can be represented by free heme (generated during hemoglobin digestion) [11,13].
On the contrary, in the case of S. mansoni as well as Leishmania parasites, at this stage, we do not know
the bioactivation partner of the compounds. However, reactive oxygen species (ROS) generation was
found to be involved in the pro-apoptotic mechanism of some natural marine derived thiazinoquinones
against Jurkat cells [66]. Thus, it cannot be ruled out that the putative semiquinone radical species
reacts with oxygen molecules in cells, generating ROS and future studies will be devoted to clarifying
this issue. Moreover, the observed difference between the activity trend of 1–3 against the different
parasites and their developmental stage may be related to morphological and/or metabolic differences
in the targeted organism/stage. Thus, the selective toxicity against the different parasites and their
developmental stages can be addressed, taking advantage of the possible bioactivation reaction partners
to form the putative toxic radical (i.e., one-electron reduction or oxidation reaction).

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/2/112/s1,
Figure S1. HRESIMS spectrum of thiazoavarone (2), Figure S2. 1H NMR spectrum of thiazoavarone (2) in CDCl3,
Figure S3. 1H-1H COSY spectrum of thiazoavarone (2) in CDCl3, Figure S4. HSQC spectrum of thiazoavarone
(2) in CDCl3, Figure S5. HMBC spectrum of thiazoavarone (2) in CDCl3, Figure S6. HRESIMS spectrum of
avarone (1), Figure S7. 1H-NMR spectrum of avarone (1) in CDCl3, Figure S8. HRESIMS spectrum of avarol (3),
Figure S9. 1H-NMR spectrum of avarol (3) in CDCl3, Figure S10. Conformational enantiomers of thiazoavarone
(2), Figure S11. Calculated pka values of avarol (3) (ACD/Percepta software), Figure S12. DFT conformer of 1-3,
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and their radical species, Table S1. ΔEGM values and torsion angle values of the DFT conformers of avarol (3),
Table S2. Hydrogen atoms suitable for an intramolecular radical shift, Table S3. cLogD values of 1–3, Scheme S1.
Reduction pathway of quinones in a protic solvent.
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Abstract: The undesired attachment of micro and macroorganisms on water-immersed surfaces,
known as marine biofouling, results in severe prevention and maintenance costs (billions €/year) for
aquaculture, shipping and other industries that rely on coastal and off-shore infrastructures. To date,
there are no sustainable, cost-effective and environmentally safe solutions to address this challenging
phenomenon. Therefore, we investigated the antifouling activity of napyradiomycin derivatives
that were isolated from actinomycetes from ocean sediments collected off the Madeira Archipelago.
Our results revealed that napyradiomycins inhibited ≥80% of the marine biofilm-forming bacteria
assayed, as well as the settlement of Mytilus galloprovincialis larvae (EC50 < 5 μg/ml and LC50/EC50

>15), without viability impairment. In silico prediction of toxicity end points are of the same order
of magnitude of standard approved drugs and biocides. Altogether, napyradiomycins disclosed
bioactivity against marine micro and macrofouling organisms, and non-toxic effects towards the
studied species, displaying potential to be used in the development of antifouling products.

Keywords: marine natural products; actinomycetes; biofouling; antifouling; antibiofilm;
napyradiomycins; meroterpenoids; hybrid isoprenoids; drug discovery; bioprospection

1. Introduction

Marine biofouling is the undesired accumulation of micro and macroorganisms on submerged
surfaces, including bacteria, algae, larvae, and adults of various phyla, and their by-products, in a
dynamic process that begins immediately after water-submersion and takes hours to months to
develop [1]. Biofouling formation is divided into four distinct phases: soon after the physical adherence
of macromolecules, the process becomes biological, designated as the microfouling phase, in which
a bacterial biofilm is responsible for the establishment of an appropriate surface for the subsequent
macrofouling organisms to settle, first as spores and larvae which then develop into adults [2,3].

Marine biofouling creates risk to several industries such as aquaculture, power plants, and
shipping, amongst others [4,5]. Settlement on the vessel´s hull damages the rudder and propulsion
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systems [4,6], and leads to an increasing drag of up to 60%, requiring up to 40% higher fuel consumption,
in addition to increased CO2 and SO2 emissions [7]. Moreover, hull biofouling and ballast water
transfer are the main causes for the introduction and spread of nonindigenous marine species into
ecosystems worldwide leading to environmental imbalances [8–12]. Antifouling (AF) methods are
estimated to save the shipping industry around €60 billion/year in fuel [4]. The most effective AF
coatings contain biocides, such as tributyltin (TBT) and tributyltin oxide (TBTO), which were proven
to be harmful to non-target organisms and the environment [13]. In fact, the International Maritime
Organization banned TBT from ship surfaces in 2008, sparking the demand for new generations of
nontoxic or environmentally benign AF solutions [14–16].

In the last years, several reviews reported studies on natural products (NP) isolated from marine
organisms with AF activity [17–25]. The quest for AF agents from marine sources started with
2-furanone bromine derivatives extracted from red algae that were reported to prevent fouling [26].
Oroidin, a bromopyrrole alkaloid with AF activity isolated from sponges, inspired the design of
50-synthetic analogs [27,28]. An interesting approach to create AF “living” paints was developed [29]
using marine bacteria that were directly encapsulated into polyurethane coatings [30] and hydrogels [31].
Regarding actinomycetes as AF sources, lobocompactol, a diterpene from Streptomyces cinnabarinus, was
active against the macroalgae Ulva pertusa, the diatom Navicula annexa, and the bacterium Pseudomonas
aeruginosa [32,33]. The 6-benzyl and 6-isobutyl 2,5-diketopiperazine derivatives from S. praecox
were also active against U. pertusa and N. annexa [34]. 2,5-Diketopiperazines from S. fungicidicus
and a branched-chain fatty acid, 12-methyltetradecanoid acid, from Streptomyces sp. inhibited the
barnacle Balanus amphitrite and the polychaeta Hydroides elegans larval attachment, respectively [35–37].
Quercetin, a flavonoid obtained from S. fradiae revealed activity against the cyanobacteria Anabena
sp. and Nostoc sp., and mussel Perna indica larvae [38]. To the best of our knowledge, ivermectin,
a chemically modified form of avermectin, a macrolide isolated from S. avermitilis, commonly used to
treat parasitic worms and as insecticide, is the only marketed AF agent obtained from actinomycetes,
although terrestrial, which is used in paints for macrofouling inhibition.

We focused on bioprospecting marine-derived actinomycetes as producers of biofouling inhibitors
for the potential development of marine-derived sustainable antifouling products. Napyradiomycins
are a class of hybrid isoprenoids and/or meroterpenoids known for their antimicrobial and anticancer
activities [39,40]. The napyradiomycins reported herein were isolated from a marine-derived
actinomycete collection obtained from ocean sediments collected off the Madeira Archipelago [41]. The
napyradiomycin molecular network with antibiofilm statistical bioactivity prediction was reported in
a recent study by our group [42]. Here, we describe the capacity of napyradiomycins isolated from
S. aculeolatus to inhibit micro and macrofouling species, and evaluate their ecotoxicity using an in silico
approach. Targeting the primary attachment phases of the fouling process would allow preventing
accumulation of other marine species. We recently patented the use of napyradiomycin derivatives for
marine antifouling paints and coatings [43].

2. Results and Discussion

2.1. Napyradiomycin Derivatives Description

Ethyl acetate (EtOAc) extracts of Streptomyces aculeolatus PTM-029 and PTM-420 [41,42] were
subjected to micro and macro antifouling bioassay-directed fractionation and isolation, first by
silica flash chromatography and subsequently by C18 reversed-phase HPLC to yield nine samples
comprising twelve napyradiomycin derivatives (1–12) (Figure 1). The structures of all compounds
were established by HR-MS and interpretation of NMR spectroscopic data, especially 2D NMR (i.e.,
COSY, HSQC, HMBC, TOCSY experiments), and by comparing the data with those previously reported
for napyradiomycins [39,44–49]. All isolated napyradiomycins (1–12) were previously reported and
their structural characterization is described in the Supplementary Materials. Napyradiomycins
SF2415B3 (3), 4-dehydro-4a-dechloro- napyradiomycin SF2415B3 (7), A80915A (9), A80915C (10),
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4-dehydro-4a-dechloro- napyradiomycin A80915A (12) and A1 (1), 18-hydroxynapyradiomycin A1 (2),
A2 (4), 16-oxonapyradiomycin A2 (5), 4-dehydro-4a-dechloro-16-oxonapyradiomycin A2 (6), B3 (8),
4-dehydro-4a-dechloro-napyradiomycin B3 (11) were isolated from strains PTM-029 and PTM-420,
respectively. Interestingly, there was a marked difference in these two sets of napyradiomycins: all the
napyradiomycins isolated from PTM-029 (3), (7), (9), (10), and (12) have a methyl group in the core
structure at position 7, while the ones obtained from strain PTM-420 (1), (2), (4–6), (8), and (11) have a
hydrogen atom in that position (Figure 1).

 

Figure 1. Chemical structures of napyradiomycins isolated from marine-derived S. aculeolatus strains
PTM-029 (3), (7), (9), (10), and (12) and PTM-420 (1), (2), (4–6), (8), and (11).

Despite some of the napyradiomycins were isolated as a mixture (3 and 7), (5 and 6), (8 and 11),
and (9 and 12) no further purification efforts were performed, since antifouling agents are commonly
used as mixture of compounds. For example, ivermectin antifouling product is commercialized as a
mixture of two homologous compounds, ~80% of ivermectin B1a, with an ethyl group at position C-26
and ~20% of ivermectin B1b, with a methyl group at C-26 [50].

2.2. Assessment of Napyradiomycin Derivatives Micro and Macrofouling Inhibitory Activity

The antimicrofouling activity of napyradiomycins (1–12) was evaluated by testing their inhibitory
activity on bacterial propagation and bacterial biofilm formation. Five species of marine bacteria,
which are biofilm prolific and described as fouling effectors, including dominant primary colonizers
of submerged surfaces [51], were chosen as models for our bioactivity assays, namely Marinobacter
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hydrocarbonoclasticus (DSM 8798), Cobetia marina (DSM 4741), Micrococcus luteus (DSM 20030, ATCC
4698), Pseudooceanicola batsensis (DSM 15984) and Phaeobacter inhibens (DSM 17395) [52–58].

2.2.1. Antibacterial Activity

As a first screening approach, liquid cultures of M. hydrocarbonoclasticus, and C. marina in a 96-well
format were analyzed for bacterial growth inhibition by percent decrease in OD600 after incubation
with napyradiomycins (1–12) at 31.25 μg/mL.

No PTM-029 napyradiomycins had activity against M. hydrocarbonoclasticus or C. marina, while
PTM-420 napyradiomycins (1) and (8 and 11) revealed antibacterial activity against C. marina. Therefore,
PTM-420 napyradiomycins were further tested against three other marine bacterial species, M. luteus,
P. batsensis, and P. inhibens.

Napyradiomycin (1) inhibited the growth of M. luteus, P. batsensis, and C. marina (96.1 ± 0.5%,
53.9 ± 0.3%, and 19.8 ± 0.6%, respectively), while (8 and 11) inhibited the growth of the same three
species in addition to P. inhibens (95.9 ± 0.1%, 25.3 ± 0.6%, 20.8 ± 1.3%, and 13.0 ± 3.7%, respectively).
Napyradiomycin (4) only inhibited the growth of M. luteus (72.5 ± 7.7%), at this concentration (Figure 2).
The remaining napyradiomycins (2) and (5 and 6) had no effect on bacterial growth of these marine
bacterial species, at a concentration of 31.25 μg/mL.

Figure 2. Growth inhibition assay performed for napyradiomycins (1–12), at a concentration of 31.25
μg/mL. After incubation for 18 h, bacterial growth was assayed by measuring OD600nm. The growth of
M. hydrocarbonoclasticus was not inhibited by any of the napyradiomycins tested at this concentration,
while (2), (3 and 7), (5 and 6), (9 and 12), (10), and (12) did not inhibit growth of any of the bacteria
tested. Percentage of growth inhibition refers to the percentage of growth that was inhibited in the
presence of napyradiomycins, when compared to growth with only DMSO. Shown are the average
results of three replicates and error bars represent the standard error of the mean (SEM). N.I.—not
inhibited; results were statistically significant (**** p < 0.0001, *** p < 0.001, Dunnett’s test).

Napyradiomycins (1), (4) and (8 and 11) were further assayed at lower concentrations (serial
2-fold dilutions, 15.60 μg/mL to 0.98 μg/mL), against the bacterial species for which they showed
antibacterial activity at a concentration of 31.25 μg/mL (Figure 3 and Table 1).
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Figure 3. Bacterial growth inhibition of M. luteus, C. marina, and P. batsensis by napyradiomycins (1),
(4), and (8 and 11). Napyradiomycins were added to the growth medium of the different bacteria and
after 18 h incubation, bacterial growth was assayed by measuring OD600nm. Percentage of growth
inhibition refers to the percentage of growth that was inhibited in the presence of the napyradiomycins,
when compared to growth with only DMSO. Shown are the average results of three replicates and
error bars represent the standard error of the mean (SEM). N.I. not inhibited; results were statistically
significant (**** p < 0.0001, *** p < 0.001, n.s. p > 0.05, Dunnett’s test).

Table 1. Percentage of growth inhibition of different marine bacteria with the addition of
napyradiomycins (1), (4), and (8 and 11). Shown are the average values of the percentage of growth
inhibition of three replicates with the standard error of the mean (SEM). N.I.—not inhibited.

Napyradiomycin (1) (4) (8 and 11)

Concentration (μg/mL) M. luteus C. marina P. batsensis M. luteus M. luteus C. marina

15.60 96.5 ± 0.2 15.3 ± 0.7 62.7 ± 0.6 60.1 ± 8.5 93.9 ± 1.3 17.4 ± 0.5
7.81 96.0 ± 0.3 18.2 ± 0.7 47.4 ± 0.3 53.3 ± 5.7 96.8 ± 1.4 16.0 ± 1.2
3.91 93.6 ± 1.1 5.5 ± 0.8 N.I. 61.2 ± 3.7 95.1 ± 1.5 8.3 ± 5.1
1.95 69.8 ± 0.5 N.I. N.I. 51.7 ± 4.5 82.7 ± 2.9 N.I.
0.98 42.9 ± 0.4 N.I. N.I. 38.7 ± 1.9 70.5 ± 1.9 N.I.

Napyradiomycin (1) drastically inhibited (>90%) the growth of M. luteus at a concentration of
3.91 μg/mL. At the lowest tested concentration, 0.98 μg/mL, (1) significantly inhibited the growth of
M. luteus (42.9 ± 0.4%). For C. marina, (1) was active at higher concentrations, albeit with a lower
growth inhibition percentage (5.5 ± 0.9% for 3.91 μg/mL; 18.2 ± 0.7% for 7.81 μg/mL, and 15.3 ± 0.7%
for 15.60 μg/mL). The growth of P. batsensis was also significantly inhibited by this napyradiomycin at
the concentration of 7.81 μg/mL (47.4 ± 0.3%) and 15.60 μg/mL (62.7 ± 0.6%).

Napyradiomycin (4) was able to significantly inhibit approximately 50% of the growth of M. luteus
at all tested concentrations.

Napyradiomycins (8 and 11) drastically inhibited (>90%) the growth of M. luteus at a concentration
of 3.91 μg/mL. At the lowest concentration, 0.98 μg/mL, (8 and 11) still inhibited bacterial growth
significantly (70.5 ± 1.9%). The growth of C. marina was also significantly inhibited by (8 and 11)
at concentrations of 7.81 μg/mL (16.0 ± 1.2%), and 15.60 μg/mL (17.4 ± 0.5%). Although (8 and 11)
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inhibited the bacterial growth of P. inhibens and P. batsensis at a concentration of 31.25 μg/mL their
growth was not inhibited at the lower tested concentrations (15.60 μg/mL to 0.98 μg/mL).

CuSO4 (5 μM), a potent antifouling agent used in antifouling paints, was used as reference. The
growth of P. inhibens, P. batsensis, and M. hydrocarbonoclasticus was inhibited by CuSO4 (66.2 ± 5.6%,
44.8 ± 6.3%, and 35.8 ± 0.8%). M. luteus and C. marina growth was not inhibited.

2.2.2. Antibiofilm Activity

In a 96-well plate, biofilm grown cultures of M. hydrocarbonoclasticus and C. marina were incubated
with napyradiomycins (1–12) at a concentration of 31.25 μg/mL. After discarding the media, biofilm
inhibition was determined from OD600 measurements of crystal violet stained cells resuspended from
the plate bottom with acetic acid. All napyradiomycins extracted from the actinomycete strain PTM-029
(3 and 7), (9 and 12), (10), and (12) showed significant biofilm inhibition towards M. hydrocarbonoclasticus
that ranged from 25.1 ± 10.2% for (10) to 48.2 ± 1.9% for (9 and 12). Additionally, napyradiomycins (3
and 7) also showed significant biofilm inhibition towards C. marina (23.4 ± 4.9%) (Figure 4 and Table 2).

Figure 4. Biofilm inhibition assay performed using napyradiomycins (1–12), at a concentration of
31.25 μg/mL. After incubation for 18 h, planktonic cells were washed, and biofilm was stained using
crystal violet and measured at OD600nm. The biofilm formation of P. inhibens was not inhibited by
any of the napyradiomycins tested at this concentration. Percentage of biofilm inhibition refers to the
percentage of biofilm that was inhibited in the presence of the napyradiomycins, when compared to
biofilm formation with only DMSO. Shown are the average results of three replicates and error bars
represent the standard error of the mean (SEM). N.I.—not inhibited; N.T.—not tested, results were
statistically significant (**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; Dunnett’s test).

Table 2. Results from the biofilm inhibition assay performed using napyradiomycins (1–12) at a
concentration of 31.25 μg/mL. Shown are the average values of the percentage of biofilm inhibition of
three replicates with the standard error of the mean (SEM). N.I.—not inhibited, N.T.—not tested.

% Biofilm Inhibition ± SEM

Napyradiomycin M. hydrocarbonoclasticus C. marina M. luteus P. batsensis P. inhibens

(1) N.I. N.I. 88.6 ± 2.9 87.2 ± 0.1 N.I.
(2) 60.2 ± 5.7 N.I. N.I. N.I. N.I.
(4) 56.9 ± 5.7 N.I. 97.0 ± 1.2 13.4 ± 0.8 N.I.

(5 and 6) 43.4 ± 8.2 N.I. 87.3 ± 0.3 N.I. N.I.
(8 and 11) 59.3 ± 3.8 N.I. 100 ± 0.3 26.2 ± 0.0 N.I.

(10) 25.1 ± 10.2 N.I. N.T. N.T. N.T.
(12) 33.7 ± 5.1 N.I. N.T. N.T. N.T.

(3 and 7) 28.0 ± 4.8 23.4 ± 4.9 N.T. N.T. N.T.
(9 and 12) 48.2 ± 1.9 N.I. N.T. N.T. N.T.
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All PTM-420 napyradiomycins, except (1) showed significant antibiofilm activity against
M. hydrocarbonoclasticus (4, 56.9 ± 5.7%; 8 and 11, 59.3 ± 3.8%; 5 and 6, 43.4 ± 8.2%; 2, 60.2 ±
5.7%).

As for the bacterial growth inhibition assays, compounds isolated from PTM-420 were tested
against three other marine bacterial species, M. hydrocarbonoclasticus, C. marina, M. luteus, P. batsensis,
and P. inhibens (Figure 4 and Table 2).

Napyradiomycin (4) showed significant antibiofilm activity against M. luteus and P. batsensis
(97.0 ± 1.2%, and 13.4 ± 0.8%, respectively). Likewise, (8 and 11) also showed significant antibiofilm
activity against M. luteus and P. batsensis (100.0 ± 0.3% and 26.2 ± 0.0%, respectively). Napyradiomycin
(1) had high antibiofilm activity against M. luteus and P. batsensis (88.6 ± 2.9% and 87.2 ± 0.1%,
respectively), while (5 and 6) inhibited the biofilm formation of M. luteus (87.3 ± 0.3%) (Figure 4 and
Table 2).

PTM-420 napyradiomycins, were assayed at lower concentrations (serial 2-fold dilutions,
15.60 μg/mL to 0.98 μg/mL), against the bacterial species for which they showed antibiofilm activity at
a concentration of 31.25 μg/mL (Table 3 and Figure 5).

Table 3. Percentage of inhibition of biofilm formation for different marine bacteria in the presence
of different concentrations of napyradiomycins (1), (2), (4), (5 and 6), and (8 and 11). Shown are the
average values of the percentage of biofilm inhibition of three replicates with the standard error of the
mean (SEM). N.I.—not inhibited.

Napyradiomycin (1) (2) (4) (5 and 6) (8 and 11)

Concentration
(μg/mL)

M.
luteus

P.
batsensis

M.
hydro.

M.
hydro.

M.
luteus

M.
hydro.

M.
luteus

M.
hydro.

M.
luteus

P.
batsensis

15.6
95.4 ±

0.9
86.9 ±

1.0
56.6 ±

0.9
82.3 ±

1.5
88.8 ±

4.2
38.8 ±

8.4
80.1 ±

6.5
62.8 ±

4.0 100 ± 0.3 37.8 ±
0.7

7.81
96.7 ±

0.5
28.4 ±

2.8
51. 7±

2.0
67.0 ±

5.5
86.7 ±

3.0
53.2 ±

8.2
65.9 ±
12.3

64.9 ±
3.0 100 ± 0.8 23.1 ±

0.2

3.91
95.8 ±

2.9
38.1 ±

0.6
67. 7±

1.2
84.5 ±

2.0 100 ± 0.4 43.8 ±
9.4

82.5 ±
5.1

72.5 ±
2.3 100 ± 0.6 7.1 ± 4.2

1.95
90.3 ±

3.8
17.7 ±

0.8
56.5 ±

5.7
78.1 ±

3.0
91.7 ±

0.9
44.1 ±

9.6
32.2 ±
13.9

52.7 ±
10.2 100 ± 0.3 7.9 ± 1.0

0.98 59.0 ±7.4 4.3 ± 4.3 24.6 ±
9.8

56.1 ±
5.6

93.8 ±
4.1

48.2 ±
6.4

33.3 ±
7.4

66.3 ±
6.9 100 ± 0.9 N.I.

Napyradiomycins (8 and 11) completely abolished (100%) biofilm formation of M. luteus at all
tested concentrations. Biofilm formation by this species was nearly completely inhibited (>90%) by (1)
at concentrations higher than 1.95 μg/mL, and at the lowest concentration of 0.98 μg/mL inhibition
was of 59.0 ± 7.4%. At this concentration, biofilm formation was also nearly eliminated by (4) (>90%).
Napyradiomycins (5 and 6) significantly inhibited the biofilm formation (~80%) of M. luteus, at a
concentration of 3.91 μg/mL and higher. Biofilm formation of M. hydrocarbonoclasticus was inhibited by
(2), (4), (5 and 6), and (8 and 11) by at least 50% at all tested concentrations and 80% in the case of (4).

P. batsensis biofilm formation was inhibited by (8 and 11) at a concentration of 1.95 μg/mL and
higher. Napyradiomycin (1) also efficiently inhibited biofilm formation of P. batsensis (86.9 ± 1.0%) at a
concentration of 15.60 μg/mL, and was moderately active at lower concentrations (Table 3).

The most promising compounds for antimicrofouling are those that inhibit biofilm formation
without killing the bacteria. Compounds (4), (5 and 6), (8 and 11), and (3 and 7) have potential in this
respect, as all inhibit biofilm formation of at least two of the marine bacterial species assayed without
inhibiting their growth at the same concentration.

Specifically, (4) inhibited the growth of only M. luteus but was able to inhibit biofilm formation
of M. luteus and M. hydrocarbonoclasticus (Figure 4 and Table 2). In addition, at the lowest tested
concentration (0.98 μg/mL), the antibacterial activity against M. luteus was 38.7 ± 7.7%, while biofilm
inhibition was over 90%. Therefore, (4) showed antimicrofouling effectiveness at low concentrations.
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Figure 5. Inhibition of biofilm formation of M. hydrocarbonoclasticus, M. luteus, and P. batsensis by
napyradiomycins (1), (2), (4), (5 and 6), and (8 and 11). Napyradiomycins were added to the biofilm
growth medium of the different bacteria and after 18 h incubation planktonic cells were washed, and
biofilm was stained using crystal violet and measured at OD600nm. Percentage of biofilm inhibition
refers to the percentage of biofilm that was inhibited in the presence of the napyradiomycins, when
compared to biofilm formation with only DMSO. Shown are the average results of three replicates and
error bars represent the standard error of the mean (SEM). N.I.—not inhibited; results were statistically
significant (**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05, n.s. p > 0.05, Dunnett’s test).
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Napyradiomycins (5 and 6) showed no antibacterial activity, but high biofilm inhibition of M.
luteus and M. hydrocarbonoclasticus (e.g., for a concentration of 3.91 μg/mL, biofilm formation of M.
luteus was inhibited by 82.5 ± 5.1%, while biofilm formation by M. hydrocarbonoclasticus was inhibited
by 43.8 ± 9.4%).

Napyradiomycins (8 and 11) showed inhibitory activity of biofilm formation and a variable degree
of antibacterial activity against three of the five tested marine bacteria. For M. hydrocarbonoclasticus,
(8 and 11) did not inhibit growth but significantly inhibited biofilm formation (~60%) for all tested
concentration. For M. luteus, growth inhibition and complete biofilm abolishment (100%) was observed
for all tested concentrations, however for the lowest concentration, growth inhibition was lower
(70.5 ± 1.9%), indicating selective antibiofilm activity. For P. batsensis, growth inhibition (25.3 ± 0.6%)
was observed only for the highest tested concentration (31.25 μg/mL), but significant inhibition of
biofilm formation was observed at lower concentrations (37.8 ± 0.7% at a concentration of 15.60 μg/mL),
with no detected antibacterial activity).

Finally, napyradiomycins (3 and 7) significantly inhibited (>20%) biofilm formation of M. luteus
and C. marina, at a concentration of 31.25 μg/mL, while not showing any antibacterial effect on these
marine bacterial species.

The antibiofilm activity of these napyradiomycins is not dependent on their antibacterial
activity, which means that these compounds could be used as AF agents that will not contribute to
antibiotic/biocide resistance.

The biofilm formation of P. inhibens and P. batsensis was inhibited by CuSO4 (12.9 ± 6.4% and
41.4 ± 0.9%). M. luteus, M. hydrocarbonoclasticus, and C. marina biofilm formation was not inhibited.

2.3. Antifouling Evaluation against Mytilus Galloprovincialis Larval Settlement

Napyradiomycins (1–12) were screened against M. galloprovincialis plantigrade larval settlement
to assess antimacrofouling activity. Most reports use tropical species and only a few involve temperate
or cold-water species [59,60], we recognized the need to use European fouling species able to grow in
temperate climate in bioassays.

The compounds revealed EC50 values ranging from 0.10 to 6.34 μg/mL (Table 4).

Table 4. Response of M. galloprovincialis plantigrade larvae settlement following incubation with
napyradiomycins (1–12), after a 15 h acute exposure assay. Pearson goodness-of-fit (Chi-Square-χ2)
significance was considered at p < 0.05 and 95% lower and upper confidence limits (95% LCL; UCL)
were presented. Therapeutic ratio (LC50/EC50) was used to evaluate the effectiveness of each compound
vs. its toxicity. Negative control: dimethylsulphoxide (DMSO) = 100% settlement; Positive control:
CuSO4 0.16 μg/mL (5 μM) = 0% settlement.

Napyradiomycin EC50 [Conf. limits] (μg/mL) Chi-Square Test LC50 (μg/mL) LC50/EC50

(1) 0.655 [0.300; 0.906] χ2 = 217.986; df = 18; p < 0.001 >12 18.32
(2) 1.999 [1.581; 2.547] χ2 = 414.500; df = 18; p < 0.001 >12 6.00

(3 and 7) 1.092 [0.225; 2.933] χ2 = 555.409; df = 18; p < 0.001 >12 10.99
(4) 6.339 [5.602; 7.181] χ2 = 144.409; df = 18; p < 0.001 >12 1.89

(5 and 6) 4.331 [2.911; 7.091] χ2 = 617.072; df = 18; p < 0.001 >12 2.77
(8 and 11) 0.727 [0.065; 1.406] χ2 = 458.713; df = 18; p < 0.001 >12 16.51
(9 and 12) 0.451 [0.192; 0.760] χ2 = 770.695; df = 22; p < 0.001 >12 26.58

(10) 0.102 [0.072; 0.140] χ2 = 844.065; df = 42; p < 0.001 >12 117.28
(12) 0.947 [0.586; 1.473] χ2 = 729.107; df = 22; p < 0.001 >12 12.67

All compounds revealed a good level of effectiveness, which is defined by an EC50 value <
25 μg/mL [61]. The most effective napyradiomycins, showing an EC50 below 1 μg/mL were (1) (EC50

0.66 μg/mL), (8 and 11) (EC50 = 0.73 μg/mL), (9 and 12) (EC50 = 0.45 μg/mL), (10) (EC50 = 0.10 μg/mL),
and (12) (EC50 = 0.95 μg/mL) (Table 4). Interestingly, the EC50 of (10) was better than the commercial
agent ivermectin (EC50 = 0.4 μg/mL value against M. edulis) [62].

Regarding toxicity, none of the tested compounds caused mortality of M. galloprovincialis larvae at
the highest tested concentration (12 μg/mL). Thus, LC50 values were considered higher than 12 μg/mL.
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The EC50 and LC50 values were used to calculate the therapeutic ratios (LC50/EC50). To meet the
standard requirement for efficacy level of natural antifouling agents the US Navy program established
a cut-off above 15 for the therapeutic ratio [21]. Therefore, the most promising antifouling agents
towards M. galloprovincialis larvae are napyradiomycins (1) (LC50/EC50 = 18.3), (8 and 11) (LC50/EC50 =

16.5), (9 and 12) (LC50/EC50 = 26.6), and (10) (LC50/EC50 = 117.3) (Table 4).

2.4. Napyradiomycins in Silico Ecotoxicity Evaluation

The ecotoxicity of diverse pharmaceuticals, biocides and chemical compounds have forced
regulatory authorities to recommend the application of in silico risk assessment to predict the fate of
these molecules and their potential ecological and indirect human health effects. Using the Toxicity
Estimation Software Tool (T.E.S.T.) [63], napyradiomycins (1–12) were evaluated for potential ecotoxicity,
the prediction results are in Table 5.

Table 5. Toxicity end point predictions for napyradiomycins 1–12.

Toxicity End Points for Consensus Models

#
Fathead

Minnow 1
Daphnia
magna 2

Tetrahymena
pyriformis 3 Oral Rat 4 Bioconcentration

Factor
Developmental

Toxicity 5
Ames

Mutagenicity 6

1 0.27 0.76 3.01 495.72 22.17 0.88; DT 0.23; MN
2 0.22 0.45 1.22 291.93 10.25 0.72; DT 0.17; MN
3 0.05 0.17 310 505.42 42.17 0.71; DT 0.31; MN
4 0.13 1.64 1.22 491.94 5.31 0.51; DT 0.36; MN
5 0.05 3.23 3.09 478.12 26.41 0.73; DT 0.15; MN
6 0.09 2.28 2.87 1246.67 10.36 0.92; DT 0.18; MN
7 0.06 1.23 2.87 895.08 26.62 0.96; DT 0.17; MN
8 0.04 0.41 1.65 1055.66 18.59 0.95; DT 0.27; MN
9 0.04 0.98 1.56 1516.88 22.55 0.91; DT 0.25; MN
10 0.63 0.91 1.62 390.57 36.37 0.74; DT 0.29; MN
11 0.02 0.38 5.61 1414.33 31.86 0.93; DT 0.19; MN
12 0.05 0.45 5.29 687.01 68.24 0.90; DT 0.19; MN

1 96 hour LC50 (mg/L). 2 48 hour LC50 (mg/L). 3 48 hour IGC50 (mg/L), the Nearest Neighbor model, the other models
are unable to predict this end point. 4 LD50 (mg/kg). 5 DT: developmental toxicant. 6 MN: mutagenicity negative.

In accordance with the European Union Directive 2001/59/EC and the Regulation on the
Classification, Labelling and Packaging of Substances and Mixtures (CLP) 1272/2008, the in silico TEST
results classified compounds 1–12, with the danger symbol N (“dangerous for the environment”), risk
phrase 50 (“very toxic to aquatic organisms” to “toxic to aquatic organisms”), acute toxicity estimate
(ATE) category 4 (“practically non-toxic and not an irritant”), and as developmental toxicants with low
bioaccumulation factor and mutagenicity negative [64–67].

In comparison, predictions of toxicity were performed for seven approved drugs: bimatoprost
(S1), a topical medication used for controlling the progression of glaucoma or ocular hypertension;
alfuzosin (S2), a nonselective alpha-1 adrenergic antagonist used in the therapy of benign prostatic
hypertrophy; lovastatin (S3), a fungal metabolite isolated from cultures of Aspergillus terreus and a potent
anticholesteremic agent; antimycin A (S4), an antibiotic produced by Streptomyces sp.; oxethazaine (S5),
an anesthetic; calcipotriene (S6), a synthetic derivative of calcitriol or Vitamin D used for the treatment
of moderate plaque psoriasis in adults; and latanoprost (S7), a prostaglandin F2alpha analogue and a
prostanoid selective FP receptor agonist with an ocular hypertensive effect, (Supplementary Table S1),
two antifouling agents (ivermectin B1b (S8) and ivermectin B1a (S9), (Supplementary Table S2), and
arsenic and copper substances used in marine paints (Supplementary Table S3).

The predicted values related with environmental toxicity for (1–12) (Table 5) are in the same order
of magnitude and have the same classification than those obtained for the Prestwick approved drugs
(S1–S7) (Supplementary Table S1) and the two antifouling approved biocides S8, S9 (Supplementary
Table S2). Except for ATE, in which our napyradiomycins showed lower toxicity than S1–S9 (category
≤ 4).

Comparing the toxicity predictions for (1–12) (Table 5) with the values for copper (Supplementary
Table S3), we may predict that these MNP are less toxic than copper, which is widely used in antifouling
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paints and coatings [64,65]. Arsenic showed lower aquatic toxicity values than (1–12) but higher
acute toxicity. Overall, the in silico results suggest napyradiomycins as a suitable model to test
for Naval Sea Systems Command (NAVSEA) standards and proceed in the antifouling coatings
development roadmap (http://www.nstcenter.biz/navy-product-approval-process/navy-community-
coatings-roadmap/, accessed on 6th January 2020).

2.5. SAR Analysis

To date, 61 napyradiomycin derivatives have been discovered and elucidated [42]. In general,
the chemical structure of the napyradiomycins consists of a semi-napthoquinone core, a prenyl unit
attached at C-4a that is cyclized to form a tetrahydropyran ring in all the napyradiomycins reported
here (Figure 1), and a monoterpenoid substituent attached at C-10a. The variation of the chemical
structure of napyradiomycins is mainly due from the monoterpenoid subunit (10-carbon), which can be
linear (as the napyradiomycins 1–7) or cyclized to a 6-membered ring (as napyradiomycins 8–12). As
mentioned above, napyradiomycins from the strains PTM-029 and PTM-420 differ by a methyl group
at position 7 instead of hydrogen, respectively (Figure 1). Overall, the antifouling activities of (1–12)
ranked in descending order are summarized as: (1) > (8 and 11) > (4) for antibacterial activity, (4) > (5
and 6) > (8 and 11) > (3 and 7) for antimicrofouling, and (10) > (9 and 12) > (1) > (8 and 11) > (12) > (3
and 7) for antimacrofouling activity. Interestingly, all the napyradiomycins with antibacterial activity
and the three napyradiomycins with highest antimicrofouling activity were isolated from the strain
PTM-420 with a hydrogen atom at position 7. Conversely, the methyl containing napyradiomycins
from PTM-029 generally had higher antimacrofouling activity.

Based on the biosynthetic scheme for napyradiomycins reported by Moore and co-workers [68],
(1), (2), (4–6), (8), (11) lack the methylation of flaviolin by the methyltransferase NapB5. Similar
behavior occurs with the 10-carbon monoterpenoid subunit, which is linear in almost all of the
napyradiomycins with more potent antibacterial and antimicrofouling activities, with the exception
of napyradiomycins (8 and 11), and cyclized to a 6-membered ring in most of the most active
antimacrofouling napyradiomycins, except for napyradiomycins (1) and (3 and 7). Therefore,
our antifouling results (micro and macro) suggest a correlation with this biosynthetic feature.
Napyradiomycins (8 and 11) stand out as having the ability to inhibit both micro and macrofouling,
this feature appears to be related with the presence of a bromine substitute at C-16 (Figure 1). MNP
bromide derivatives seem to play an important role as antifouling agents, as 2-furanone bromine
derivatives [26] and bromopyrrole alkaloids from oroidin family [27,28].

3. Materials and Methods

3.1. General Experimental Procedures

The optical rotations were measured using a Bellingham+Stanley (Berlin, Germany), model
ADP410 Polarimeter with a 5 dm cell. UV/VIS spectra were recorded using an Ultraspect 3100 Pro
Amersham Bioscienses spectrophotometer (Champaign, IL, USA) with a path length of 1 cm, and IR
spectra were recorded on a Perkin Elmer Spectrum Two FT-IR Spectrometer (Santa Clara, CA, USA).
1H and 2D NMR spectral data were recorded at 400 or 600 MHz in CDCl3 containing Me4Si as internal
standard on Bruker Advance and Bruker BioSpin spectrometers respectively (Ettlingen, Germany).
13C NMR spectra were acquired at 100 MHz on a Bruker Advance spectrometer. High resolution
ESI-TOF mass spectra were obtained through acquired services using an Agilent 6230 Accurate-Mass
TOFMS spectrometer (Santa Clara, CA, USA) by the mass spectrometry facility at the Department of
Chemistry and Biochemistry at the University of California, San Diego, La Jolla, CA. Low-resolution
LC/MS data were measured through acquired services at MARINOVA, CIIMAR, Portugal, using a
Thermo Finnigan Surveyor HPLC System (Thermo Fisher Scientific, Needham, MA, USA), coupled
with Mass Spectrometry LCQ Fleet™ Ion Trap Mass Spectrometer (Thermo Fisher Scientific, Needham,
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MA, USA), with reversed-phase C18 column (Phenomenex Luna, 100 mm × 1.0 mm, 5 μm), ACN:H2O
10–100% gradient, with 0.1% formic acid, at a flow rate of 0.7 mL/min.

3.2. Collection and Isolation of Marine-Derived Actinomycetes

Sediment samples were collected in June 2012 off shore of the Madeira Archipelago of Portugal.
Strain PTM-029 was isolated from samples collect near Madeira Island at 728 m using a dredge, while
PTM-420 was isolated from samples collected from Desertas Island at 15 m on SCUBA. The sediments
were inoculated using a heat-shock method: wet sediment (c. 0.5 g) was diluted with 2 mL of sterile
seawater (SSW). After mixing, the diluted samples were allowed to settle for few minutes, heated to
55 ◦C for 6 min. 50 μL of the top layer was spread on an agar plate, with seawater based medium SWA
(18 g agar per L) with the antifungal cycloheximide (100 μl/L).

Inoculated Petri dishes were incubated at RT (c. 25–28 ◦C) and monitored periodically over 6
months for actinomycete growth. The PTM-029 and PTM-420 colonies were successively transferred
onto new seawater based A1 medium (10 g starch, 4 g yeast extract, 2 g peptone per L) until the
attaining of pure strain. PTM-029 and PTM-420 were grown in liquid culture (without agar) and
cryopreserved in 10% (v/v) glycerol at −80 ◦C.

3.3. Phylogenetic Analysis of Strains PTM-029 and PTM-420

Strains PTM-029 and PTM-420 were cultured in 4mL of A1 medium, with agitation (200 rpm)
at 25 ◦C for 7 days. Genomic DNA was isolated using the Wizard® Genomic DNA Purification Kit
(Promega, Madison, WI, USA) protocol for Gram positive bacteria. The manufacturer recommendations
were followed, though with longer incubation periods of the lytic enzyme (i.e., lysozyme) and
the RNase solution to obtain sufficient amounts of genomic DNA. The 16S rRNA gene was
amplified using the primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-TACGGCTA
CCTTGTTACGACTT-3′) [41,69] and purified using SureClean PCR cleanup kit (BioLine, London, UK),
using the protocol provided by the manufacturer. Purified PCR reactions were cycle- sequenced with
the primers listed above at STABVIDA, Lda (www.stabvida.net), using ABI BigDye® Terminator v3.1
Cycle Sequencing Kit (Needham, MA, USA). Purified products were run on an ABI PRISM® 3730xl
Genetic Analyzer (Needham, MA, USA) and sequence traces were edited using Sequencing Analysis
5.3.1 from Applied Biosystems™ (Needham, MA, USA). The sequence was compared to the GenBank
database by the blastn algorithm.

PTM-029 and PTM-420 sequences have been deposited in GenBank under accession numbers
KP869059 and KP869064 respectively, available at www.ncbi.nlm.nih.gov/genbank.

3.4. Growth Conditions and Crude Extract Production

The actinomycetes (strains PTM-029 and PTM-420) were grown in 20 Erlenmeyer flasks with 2L
capacity, each containing 1 L of seawater based A1 medium with agitation (200 rpm) at 30 ◦C. After
seven days of incubation, the culture was extracted thrice with half volume of EtOAc and evaporated
to dryness in vacuum to yield ~1.0 g of crude extracts.

3.5. Isolation of Napyradiomycins

The PTM-029 (~1.0 g) and PTM-420 crude extracts (~1.0 g) were fractionated by silica flash
chromatography, eluted with step gradients of isooctane/EtOAc followed by EtOAc/MeOH. A mixture
of five napyradiomycins from PTM-029 and seven from PTM-420 eluted with the 8:2 and 6:4 fractions
of isooctane/EtOAc, respectively, and further isolated by reversed phase HPLC (Phenomenex Luna,
250 mm × 4.6 mm, 5 μm, 100 Å, 1.5 mL/min, UV 210, 250 and 360 nm) using a gradient solvent
system from 70% to 100% CH3CN in water (0.1% TFA) over 90 min to yield napyradiomycins (1, 12.86
mg), (2, 5.04 mg), (3 and 7, 6.80 mg), (4, 11.36 mg), (5 and 6, 1.67 mg), (8 and 11, 5.21 mg), (9 and 12,
7.40 mg), and (10, 13.20 mg) as orange oils. The data for structural characterization is described in the
Supplementary Materials.
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3.6. Antimicrofouling Evaluation

3.6.1. Bacterial Growth Conditions

Five marine bacterial species were used as models to assess antimicrofouling activity. The
biofilm-forming marine bacteria Marinobacter hydrocarbonoclasticus DSM 8798 (ATCC 49840), Cobetia
marina DSM 4741, Phaeobacter inhibens DSM 17,395, and Pseusooceanicola batsensis DSM 15,984 were
obtained from DSMZ (Leibniz Institute DSMZ—German collection of Microorganisms and Cell
Cultures) and Micrococcus luteus [55]. Cultures were routinely grown in liquid marine broth (Carl Roth
GmbH, Karlsruhe, Germany) with agitation (180 rpm) or on agar-supplemented marine broth, at 28 ◦C
(M. hydrocarbonoclasticus and C. marina) or 30 ◦C (P. inhibens and P. batsensis). M. luteus was maintained
in Brain Heart Infusion broth (BHI, Becton Dickinson, GmbH, Heidelberg, Germany) with agitation
(180 rpm) or on agar-supplemented BHI, at 37 ◦C.

3.6.2. Antibacterial Activity Evaluation Assays

The antibacterial activity of the napyradiomycins (1–12) was assessed in 96-well polystyrene
flat bottom microplates (Nunclon Delta Surface, Thermo Scientific, Roskilde, Denmark) following
previously reported procedures [42]. For initial screening, bacterial overnight cultures were diluted to
an optical density (OD600nm) of 0.2 and incubated statically at 28 ◦C (M. hydrocarbonoclasticus, C. marina),
30 ◦C (P. inhibens, P. batsensis) or 37 ◦C (M. luteus) in a 96-well microplate in the presence or absence
of 31.25 μg/mL of the napyradiomycins, solubilized in DMSO. After 24 h (M. hydrocarbonoclasticus,
C. marina) or 48 h (P. batsensis, P. inhibens, M. luteus) incubation, the OD600nm was determined (Molecular
Devices, Spectra Max 190). The napyradiomycins which showed antibacterial activity at a concentration
of 31.25 μg/mL were then tested at lower concentrations (2-fold serial dilutions: 15.60, 7.81, 3.91,
1.95, and 0.98 μg/mL), and the protocol was repeated as described above. The percentage of growth
inhibition was calculated as the amount of growth relative to that of the bacterial species without
added compounds (with the same amount of DMSO added). CuSO4 (5 μM), a potent antifouling agent
used in antifouling paints, was used as reference.

All assays were performed in triplicate, and results are representative of the average and standard
error of the mean (SEM). Statistical analysis was performed in GraphPad Prism 8.0.2 (San Diego, CA,
USA), using one-way ANOVA followed by a Dunnett’s multiple comparisons test against the control
(species grown with the same amount of DMSO added).

3.6.3. Antibiofilm Activity Evaluation Assays

The antibiofilm activity of napyradiomycins (1–12) against the five marine bacterial species
was assessed in 96-well polystyrene flat bottom microplates (Nunclon Delta Surface, Thermo
Scientific, Roskilde, Denmark) as previously reported [42]. For initial screening, bacterial overnight
cultures were diluted to an optical density (OD600nm) value of 0.2 and incubated statically at 28 ◦C
(M. hydrocarbonoclasticus, C. marina), 30 ◦C (P. inhibens, P. batsensis) or 37 ◦C (M. luteus) in the 96-well
microplate in the presence or absence of 31.25 μg/mL of napyradiomycins, solubilized in DMSO. After
24 h (M. hydrocarbonoclasticus, C. marina) or 48 h (P. batsensis, P. inhibens, M. luteus) incubation, the
OD600nm was determined. The planktonic cells and media were discarded, and the wells were washed
twice with deionized water. The biofilm was fixed for 1 h at 60 ◦C and stained with crystal violet
0.06% for 10 min. The dye was discarded, and the wells were again washed twice with deionized
water. The stained biofilm was solubilized with 30% acetic acid and the OD600nm was determined. The
napyradiomycins which showed antibiofilm activity at a concentration of 31.25 μg/mL were then tested
at lower concentrations (2-fold serial dilutions: 15.60, 7.81, 3.91, 1.95, 0.98 μg/mL), and the protocol
was repeated as described above. The percentage of biofilm inhibition was calculated as the amount
of biofilm relative to that of the bacterial species without added compounds (with the same amount
of DMSO added). CuSO4 (5 μM), a potent antifouling agent used in antifouling paints, was used
as reference.

107



Mar. Drugs 2020, 18, 63

All assays were performed in triplicate, and results are representative of the average and standard
error of the mean (SEM). Statistical analysis was performed in GraphPad Prism 8.0.2, using one-way
ANOVA followed by a Dunnett’s multiple comparisons test against the control (species grown with
the same amount of DMSO added).

3.7. Antimacrofouling Evaluation: Mussel Larvae Mytilus Galloprovincialis Acute Toxicity Assay

Mussel (M. galloprovincialis) adhesive larvae (plantigrades) were used to assess in vivo the
antifouling activity of napyradiomycins (1–12) towards macrofouling. Juvenile mussel aggregates were
collected at the intertidal rocky shore during low spring tides, at Memória beach, Matosinhos, Portugal
(41◦13′59” N; 8◦43′28” W). At the laboratory, immediately before the bioassays, mussel plantigrade
larvae were screened and isolated from the juvenile aggregates using a binocular microscope (Olympus
SZX2-ILLT, Hamburg, Germany) and washed with filtered seawater to remove organic debris. Only
competent plantigrade larvae (those showing foot exploratory behavior) were selected and used in the
exposure bioassays following previously validated procedures [70,71]. Plantigrades were exposed
in 24-well polystyrene plates for 15 h in the darkness at 18 ◦C. DMSO was used as solvent for crude
extracts, fractions and pure compounds stock and working solutions. Working solutions were prepared
by successive dilutions of stock solutions in DMSO and then diluted in filtered seawater to obtain the
test solutions. DMSO concentration in test solutions was always 0.1%. Four well replicates were used
per condition with five larvae per well. Two negative controls, one with ultra-pure water and the other
with DMSO 0.1% were included in all bioassays, as well as a positive control with 5 μM CuSO4 (a
potent antifouling agent). Anti-settlement bioactivity was determined by the presence/absence of fixed
byssal threads produced by each individual larvae for all the conditions tested. Napyradiomycins were
tested at 5 μg/mL and those showing anti-settlement activity were tested at higher and lower successive
concentrations (12, 6, 3, 1.5, 0.75, and 0.375 μg/mL) for the determination of the semi-maximum
response concentrations (EC50) that had an anti-settlement effect in mussel larvae. Chi-square Pearsons
goodness-of-fit test was applied to data in order to determine EC50. Significance was considered at p
< 0.01 for all analyses, and 95% lower and upper confidence limits [95% LCL; UCL] were presented.
Therapeutic ratio (LC50/EC50) was used to evaluate the effectiveness vs. toxicity of compounds [19,21].

3.8. In Silico Environmental Toxicity Assessment

The in silico toxicity evaluation was done using the Toxicity Estimation Software Tool (T.E.S.T.) [63],
https://www.epa.gov/chemical-research/toxicity-estimation-software-tool-test, that was developed to
allow users to easily estimate toxicity using a variety of QSAR methodologies. In accordance with
the European Union Directive 2001/59/EC and the Regulation on the Classification, Labelling and
Packaging of Substances and Mixtures (CLP) 1272/2008, a substance can be classified as “harmful”,
“toxic”, and “very toxic” to aquatic organisms depending on the 96-hour LC50 for fish (e.g., fathead
minnow), 48 hour LC50 for daphnids (e.g., Daphnia magna), and others assays such as 72-hour IC50

for algae or 40 hour IGC50 for protozoans (e.g., Tetrahymena pyriformis). If IC50 or LC50 or IGC50 are
below 1 mg/L, a substance is classified as “very toxic to aquatic organisms” (danger symbol N, risk
phrase R50). If the values obtained for toxicity are between 1 and 10 mg/L, a substance is classified as
“toxic to aquatic organisms” (danger symbol N, risk phrase R51). A substance is classified as “harmful
to aquatic organisms” if the end points obtained are between 10 and 100 mg/L (risk phrase R52).
Classification is also based on the assessment of ready biodegradability or bioaccumulation potential
(i.e., bioconcentration factor, BCF). If BCF ≥100, a compound is classified as “may cause long-term
adverse effects in the aquatic environment” (risk phrase R53) [64,65]. The acute toxicity estimate (ATE)
categories, identified by the CLP regulation, depend on the Oral rat LD50 [66]. The four ATE thresholds
are; a) category 1, ATE ≤ 5 mg/Kg, a substance is classified as “Fatal if swallowed”, b) category 2,
5 < ATE ≤ 50 mg/Kg, a substance is classified as “Fatal if swallowed”, c) category 3, 50 < ATE ≤
300 mg/Kg, a substance is classified as “Toxic if swallowed”, d) category 4, 300 < ATE ≤ 2000 mg/Kg, a
compound is classified as “Harmful if swallowed” and e) category 5, ATE > 2000 mg/Kg, a substance is
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classified as “may be Harmful if swallowed”. Mutagenicity, carcinogenicity and reproductive toxicity
are some of the most important endpoints to evaluate toxicity towards humans. Mutagenic toxicity
can be experimentally assessed by various test systems; the most common is the Ames test, which
makes use of a genetically engineered Salmonella typhimurium and Esherichia coli bacterial strains [67].

4. Conclusions

The bioprospection of marine-derived actinomycetes revealed napyradiomycins as potential
antifouling agents. Given their potent antibacterial, antibiofilm, and antisettlement activities, they
revealed the capacity to prevent growth or the primary adhesion of marine bacterial species to
submersed abiotic surfaces as well as other subsequent fouling steps. Napyradiomycin (1) exhibited
the higher antibacterial activity, (4) the higher microfouling inhibitory activity, and (10) the most
potent antimacrofouling activity. However, napyradiomycins (8 and 11) would be our first choice for
the development of antifouling paints, as they were active against all the assayed marine organisms.
This broad spectrum activity is a clear advantage towards the commercialized products, including
ivermictin and CuSO4, which are more limited, as they are directed for macrofouling inhibition only.
Overall, in silico toxicity predictions of napyradiomycins suggest toxicity similar to marketed drugs
and antifouling biocides, low bioaccumulation factor, and no mutagenicity. Taken together with the
absence of toxic effects against the assayed species, napyradiomycins could be considered for further
investigation as active ingredients for the marine antifouling paints and coatings development pipeline.
In particular, the 3-chloro-napyradiomycin scaffold is indicated to be a key functional moiety for
micro and macrofouling activities, especially having a bromine substitute at position C-16, such as (8
and 11). The correlation between napyradiomycin´s biosynthetic features and antifouling activities
(micro and macro) opens prospects for their engineered biosynthetic enhanced yield production and
future commercialization.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/1/63/s1,
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Abstract: Osteoarthritis (OA) remains a prevalent chronic disease without effective prevention and
treatment. Amentadione (YP), a meroditerpenoid purified from the alga Cystoseira usneoides, has
demonstrated anti-inflammatory activity. Here, we investigated the YP anti-osteoarthritic potential, by
using a novel OA preclinical drug development pipeline designed to evaluate the anti-inflammatory
and anti-mineralizing activities of potential OA-protective compounds. The workflow was based on
in vitro primary cell cultures followed by human cartilage explants assays and a new OA co-culture
model, combining cartilage explants with synoviocytes under interleukin-1β (IL-1β) or hydroxyapatite
(HAP) stimulation. A combination of gene expression analysis and measurement of inflammatory
mediators showed that the proposed model mimicked early disease stages, while YP counteracted
inflammatory responses by downregulation of COX-2 and IL-6, improved cartilage homeostasis by
downregulation of MMP3 and the chondrocytes hypertrophic differentiation factors Col10 and Runx2.
Importantly, YP downregulated NF-κB gene expression and decreased phosphorylated IkBα/total
IkBα ratio in chondrocytes. These results indicate the co-culture as a relevant pre-clinical OA model,
and strongly suggest YP as a cartilage protective factor by inhibiting inflammatory, mineralizing,
catabolic and differentiation processes during OA development, through inhibition of NF-κB signaling
pathways, with high therapeutic potential.

Keywords: osteoarthritis; amentadione; preclinical osteoarthritis models; marine compounds;
Cystoseira usneoides; inflammation; mineralization; chondrocytes; synoviocytes; cartilage explants
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1. Introduction

Osteoarthritis (OA) is a prevalent degenerative arthritic disease, a chronic condition that causes
pain and disability among elderly patients [1,2]. An estimated 10% to 15% of all adults aged over
60 have some degree of OA [3], with prevalence doubling since the mid-20th century [4]. OA has
been defined as a “whole joint” and multifactorial disease, characterized by synovial inflammation,
progressive loss of articular cartilage and remodeling of the underlying bone [5,6].

Although OA physiopathology is still not completely understood, chronic inflammation is known
to play a critical role in disease development and progression, with accumulating evidence supporting
the association between OA pathology and different markers of inflammation [7]. OA cartilage and
synovium overexpress cytokines and pro-inflammatory mediators that stimulate the accumulation
of proteolytic enzymes, aggrecanases and matrix metalloproteinases (MMPs) responsible for the
extracellular matrix (ECM) degradation, and for mediating detrimental effects through innate immunity
signals [8,9]. In particular, MMP3 is known to mediate the integrity of various constituents of the ECM,
such as collagens (types II, III, IV, V, VII, IX, X), fibronectin, elastin, proteoglycans, directly or through
the activation of other pro-MMPs and pro-TNFα, in OA [10]. This molecular condition together with
chondrocyte differentiation into a hypertrophic phenotype, result in loss of the ability to restore the
ECM with consequent cartilage degradation. Basic calcium phosphate (BCP) deposition in the cartilage
and synovial membrane is closely associated with OA inflammation, and contributes to local tissue
damage and failed tissue repair, further intensifying hyaline articular cartilage loss and progressive
joint deterioration [11–13].

Current osteoarthritis prevention and treatment are still very limited and unsatisfactory, with
therapeutics focused mainly in drugs which improve pain or symptoms, such as topic and oral
nonsteroidal anti-inflammatory drugs, acetaminophen, and opioids [14]. Although there are some
advances in the design of new molecules to target cartilage repair and bone, or to treat inflammation
and pain, at present, no effective OA drugs have yet been approved [15], making the search for new
potential molecules a priority to overcome the growing burden of OA.

In addition, the lack of reliable models able to simulate the physiologic OA scenario, contributes
to slow down the discovery of novel preventive or therapeutic agents. Monolayer (2D) cell culture
approaches are limited by the lack of a physiologic context, while three-dimensional human tissue
systems, although taking into consideration cell–cell and cell–extracellular matrix interactions, are
still not demonstrative of the OA heterogeneity [16,17]. Preclinical animal models represent a more
complex system, but are not totally representative of the human physiopathology, frequently leading
to the failure of therapeutic responses in a later stage of the drug validation process.

In the search of effective drugs that might prevent or slow down the development of the disease,
natural products derived from plants and marine organisms, remain a source of new molecular
entities for the treatment of chronic inflammatory related diseases, including osteoarthritis [18,19].
Dietary supplements, of natural and synthetic origin, representing a nutritional and health benefit,
were already associated with OA in human clinical trials. Although most were associated with OA
pain relief, some were shown to modify the inflammatory OA process, by balancing anabolic and
catabolic joint events, and promoting the synthesis of structural articulation precursors [20–22].

Among natural products, those containing phenolic rings, such as the flavonoids and some
meroterpenoids, are usually provided of interesting biological activities, and have been shown to
modulate cytokines such as tumor necrosis factor-α (TNFα), interleukin-1β (IL-1β) and interleukin-6
(IL-6), with a crucial role in chronic inflammatory and autoimmune diseases [23]. Some terpenoids
based drugs are already available in the pharmaceutical market such as artemisinin and paclitaxel
(Taxol®), acting as antimalarial and anticancer drugs, respectively [24].

In recent years, a series of meroterpenoids isolated from the brown alga Cystoseira usneoides
have been shown to exhibit anti-inflammatory and antioxidant activities, by reducing the secretion
of pro-inflammatory cytokines and downregulating the expressions of COX-2 and iNOS enzymes
in THP-1 activated macrophages [25–28]. Among those, amentadione (YP) (Figure S1) showed
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radical-scavenging activity and demonstrated a significant role in reducing the production of TNFα
in LPS-stimulated THP-1 human macrophages [26]. These results led us to further investigate the
anti-inflammatory action of this pure marine compound and its potential as a novel cartilage protective
agent in an OA context. For this purpose, we designed an OA preclinical pipeline consisting of
an in vitro 2D-cell based system followed by an ex vivo explant-based and co-culture OA models.
Our aim is to evaluate the potential protective effect of YP in the interplay between mineralization and
inflammatory processes involved in OA development and progression.

2. Results

2.1. YP Acts as an Anti-Inflammatory Agent in the Articular OA Cell System Model

To evaluate the anti-inflammatory potential of YP in the mineralization and inflammatory processes
involved in OA development and progression, a first screening was performed on THP-1 macrophages
(THP-1 MOM). The inflammatory response of lipopolysaccharide (LPS)-induced THP-1 MOM was
significantly reduced by pre-treatment with YP in a dose dependent manner (Figure S2a), as previously
reported [25,26]. Additionally, the increased levels of TNFα production in calcium/phosphate
(Ca/P) hydroxyapatite (HAP)-treated THP-1 MOM, confirmed the induction of a pro-inflammatory
response [29], which was reduced by YP pre-treatment (Figure S2b). Cell proliferation assays were
performed to confirm that tested HAP and YP did not affect THP-1 MOM cell viability (Figure S3).
Based on these results, YP was further tested on a previously established articular OA cell system,
consisting of human chondrocytes and synoviocytes primary cell cultures [30].

Human synoviocytes and chondrocytes primary cells were pre-treated with YP for 24 h followed
by IL-1β (Figure 1) and HAP (Figure 2) stimulation. The effect of YP was determined by measuring
gene expression of the inflammatory marker cyclo-oxygenase-2 (COX-2) and levels of IL-6 released into
the cell culture media. Pre-treatment with YP followed by IL-1β stimulation resulted in a significant
downregulation of COX-2 and decreased levels of IL-6 in both type of cells, relative to non-treated
cells (Figure 1a,b). No cytotoxicity was observed in chondrocytes and synoviocytes, when treated with
different YP concentrations (Figure S4).

Figure 1. Amentadione (YP) reduces the levels of inflammatory markers in articular-derived cells
stimulated with IL-1β (a,b). Primary chondrocytes and synoviocytes were pre-treated with 10 μM YP
for 24 h, followed by stimulation with 10 ng/mL IL-1β during different time points. (a) Relative gene
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expression of the inflammatory marker COX-2 was determined by qPCR, at 3 h and 6h post IL-1β
stimulation in chondrocytes and synoviocytes. (b) Levels of IL-6 in cell culture media 6 h post IL-1β
stimulation, determined by ELISA. Cells treated with 2 μM dexamethasone (DXM) were used as
a positive anti-inflammatory control. Data are presented as means of at least three independent
experiments. All graphs show mean ± SD. One-way ANOVA and multiple comparisons were
achieved with the Dunnett’s test. Statistical significance was defined as p ≤ 0.05 (*), p ≤ 0.005 (**) and
p ≤ 0.0005 (***).

Figure 2. YP downregulates the inflammatory marker COX-2 in articular-derived cells stimulated
with hydroxyapatite (HAP). Primary chondrocytes and synoviocytes were pre-treated with 10 μM
YP for 24 h, followed by stimulation with 750 μg/mL HAP during 6 h. Relative gene expression of
COX-2 was determined by qPCR, at 6 h post HAP stimulation in chondrocytes and synoviocytes.
Data are presented as means of two independent experiments, with duplicates. All graphs show mean
± SD. One-way ANOVA and multiple comparisons were achieved with the Dunnett’s test. Statistical
significance was defined as p ≤ 0.05 (*) and p ≤ 0.005 (**).

Interestingly, a similar upregulation of the inflammatory marker COX-2 was observed in
chondrocytes and synoviocytes treated with HAP, which was reduced by YP pre-treatment (Figure 2).
No cytotoxicity was observed in chondrocytes and synoviocytes, when treated with different HAP
concentrations (Figure S5).

These results demonstrate a promising anti-inflammatory effect of YP in the articular OA cell
system model, through downregulation of inflammatory genes either when stimulated with IL-1β or
treated with the mineralizing agent HAP.

2.2. YP Modulates Cartilage Homeostasis under Mineralizing Conditions in an Ex-Vivo Cartilage
Explant Model

Since cartilage is the main affected tissue in OA, and ectopic mineralization is a known trigger of
several joint alterations, including inflammation and cell differentiation, ultimately leading to cartilage
degradation, cartilage tissue explants were first selected as an experimental model to evaluate ex
vivo the effect of YP in response to HAP stimulation. Cartilage explants used in all experimental
conditions were classified as normal- to early-OA tissues through the modified Mankin score [31].
Histological analysis revealed a smooth surface, a normal and uniform structural organization, and a
normal to slight reduction in matrix staining, with Mankin total score ranging from 1 to 4 in the 1/13
modified Mankin scale (Table S1). The results showed that HAP treatment significantly upregulated
collagen-10 (Col10), runt-related transcription factor-2 (Runx2) and matrix metalloproteinase-3 (MMP3)
relative to control explants (Figure 3a), with simultaneous increased accumulation of MMP3 and the
inflammatory marker IL-6 (Figure 3b). Pre-treatment of human cartilage explants with YP and further
HAP stimulation, resulted not only in a significant down-regulation of the referred differentiation and
ECM-related genes (Figure 3a), but also in decreased levels of the inflammatory marker IL-6 and the
catabolic OA marker MMP3, responsible for ECM degradation (Figure 3b).
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Figure 3. YP downregulates cell differentiation, extracellular matrix degradation and pro-inflammatory
markers associated with osteoarthritis (OA) in the ex vivo cartilage explant model under HAP
stimulation. Human cartilage explants were pre-treated with 10 μM YP for 24 h, followed by 72 h of
750 μg/mL HAP stimulation. Relative gene expression of Col10, Runx2 and MMP3 was determined by
qPCR (a), and levels of MMP3 and IL-6 accumulation in the culture media were determined by ELISA
(b). DXM indicates treatments with 2 μM dexamethasone. Data are presented as means of at least three
independent experiments. All graphs show mean ±SD. One-way ANOVA and multiple comparisons
were achieved with the Dunnett’s test. Statistical significance was defined as p ≤ 0.05 (*), p ≤ 0.005 (**)
and p ≤ 0.0005 (***).

2.3. YP Function as a Protective Agent against Cartilage Deterioration under OA Promoting Conditions
in an Explant-Based Co-Culture OA Model

Since in the joint environment cartilage and synovial membrane are known to be involved in an
interrelated and complex crosstalk affecting cartilage integrity and driving OA progression, an ex vivo
explant-based co-culture OA model was developed and used to study the effects of YP in cartilage.
Human cartilage explants were co-cultured with primary human synoviocytes and treated with IL-1β
(Figure 4) and HAP (Figure 5) to simulate inflammatory and mineralizing conditions. Increased gene
expression of COX-2, IL-6 and MMP3 in the co-culture cartilage explants treated with IL-1β, clearly
indicated an induction of inflammatory reactions and ECM degradation at cartilage tissue level, which
were consistently diminished in cartilage pre-treated with YP (Figure 4).

119



Mar. Drugs 2020, 18, 624

Figure 4. YP downregulates pro-inflammatory and ECM degradation markers associated with OA
in the explant-based co-culture OA model under inflammatory stimulation with IL-1β. Cartilage
explants co-cultured with human primary synoviocytes were pre-treated with 10 μM YP for 24 h,
followed by 24 h of 10 ng/mL IL-1β stimulation. Relative gene expression of COX-2, IL-6 and MMP3 in
cartilage explants were determined by qPCR. DXM indicates treatments with 2 μM dexamethasone.
Data are presented as means of at least three independent experiments. One-way ANOVA and multiple
comparisons were achieved with the Dunnett’s test. All graphs show mean ±SD. Statistical significance
was defined as p ≤ 0.005 (**) and p ≤ 0.0005 (***).

Figure 5. YP decreases the production of ECM degradation and pro-inflammatory markers in the
explant-based co-culture OA model under mineralizing conditions. Cartilage explants co-cultured
with human primary synoviocytes were pre-treated with 10 μM YP 24 h, followed by 72 h of 750 μg/mL
HAP stimulation. Levels of MMP3 and IL-6 accumulation in the co-culture media were determined
by ELISA. DXM indicates treatments with 2 μM dexamethasone. Data are presented as means of at
least three independent experiments. One-way ANOVA and multiple comparisons were achieved
with the Dunnett’s test. All graphs show mean ±SD. Statistical significance was defined as p ≤ 0.05 (*),
p ≤ 0.005 (**) and p ≤ 0.0005 (***).

Additionally, increased levels of MMP3 and IL-6 in the cell culture media of co-culture cartilage
explants treated with HAP demonstrated the interplay between mineralization and inflammation with
consequent increased levels of inflammatory and ECM degrading markers, which were decreased with
the YP pre-treatment (Figure 5).
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Overall, considering the effects of YP at cartilage tissue level, evaluated using the cartilage explants
and the explant-based co-culture models, the results suggest that YP exerts a cartilage protective effect,
by reducing inflammatory reactions and preventing chondrocyte differentiation towards extracellular
matrix mineralization and degradation.

2.4. YP Downregulates NF-kB Expression and Inhibits Ikbα Phosphorylation in Primary Chondrocyte Cells

Since YP was able to downregulate several pro-inflammatory mediators known to be directly
regulated by the nuclear factor-κB (NF-kB) signaling pathway, we investigated whether the
anti-inflammatory action of YP was due to its effect on NF-kB transcription and phosphorylation of its
inhibitor IkBα.

In human primary articular chondrocytes, pre-treated with YP for 24 h followed by IL-1β
stimulation, NF-kB expression was significantly downregulated at all-time points tested (Figure 6a).
To determine the effect of YP in IkBα phosphorylation (pIkBα), known to precede NF-kB nuclear
translocation, an initial experiment was performed to determine the optimal time point of pIkBα under
IL-1β stimulation. Western blot analysis of chondrocyte protein extracts indicated increased levels
of pIkBα from 30 min to 60 min of IL-1β treatment (Figure S6). Based on that, detection of pIkBα in
chondrocytes pre-treated with YP for 24 h followed by 30 min IL-1β stimulation suggests a reduction of
pIkBα in the YP treated chondrocytes relatively to the untreated and IL-1β stimulated cells (Figure 6b).
Specific ELISA assays measuring pIkBα and total IkBα at 30 min shown that YP treatment reduces the
ratio of pIkBα/total IkBα (Figure 6c), strongly indicating an effect of YP on IkBα phosphorylation.

Figure 6. YP downregulates NF-kB expression and inhibits IkBα phosphorylation in IL-1β-stimulated
primary articular chondrocytes. (a) Relative gene expression of NF-kB was determined by qPCR at 3 h
and 6 h post 10 ng/mL IL-1β stimulation. Data is presented as mean of three independent experiments.
(b) Total protein extracts of chondrocytes cultured in untreated conditions, stimulated with 10 ng/mL
IL-1β for 30 min, and pre-treated with YP (μM) followed by 30 min of 10 ng/mL IL-1β treatment,
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were analyzed by Western blot to detect pIkBα. Position of relevant molecular mass marker (kDa) is
indicated on the right side and GAPDH was used as loading control. (c) The pIkBα ratio (pIkBα/total
IkBα) was determined in total protein extracts of chondrocytes cultured in control conditions (Ctr);
30 min of IL-1β (10 ng/mL) treatment; and pre-treated with YP for 24 h followed by 30 min of IL-1β
stimulation (YP), by measuring the content of total and pIkBα with the specific InstantOne ELISA assay
kit. Data is presented as mean of two out of four representative experiments. All graphs show mean
±SD. One-way ANOVA and multiple comparisons were achieved with the Dunnett’s test. Statistical
significance was defined as p ≤ 0.05 (*), p ≤ 0.005 (**) and p ≤ 0.0005 (***).

These results demonstrate an anti-inflammatory effect of YP in articular chondrocytes,
by downregulation of NF-kB expression, and inhibition of its activation through modulation of
IkBα phosphorylation, and consequent downregulation of several NF-kB-related target genes.

3. Discussion

In this study we demonstrated that YP, a meroterpenoid isolated from the brown alga C.
usneoides [26], is able to decrease inflammation, cell differentiation and extracellular matrix (ECM)
degradation in different osteoarthritis in vitro/ex vivo OA model systems. By using a pipeline with
increasing complexity, from 2D monolayer cultures of THP-1 macrophages, primary chondrocytes
and synoviocytes, to ex vivo culture of human cartilage explants and a newly developed OA
explant-based co-culture model, YP consistently promoted a protective effect under pro-inflammatory
and mineralizing stimuli. These results bring new evidences on the health benefits of YP as a protective
OA agent by attenuating cartilage degrading processes under known OA promoting stimuli, with
consequent cartilage maintenance promoting effects, with potential therapeutic application.

In OA, cartilage loss and synovial membrane inflammation are two major factors responsible
for disease progression and associated outcomes. Complex and interconnected molecular events of
cartilage homeostasis disruption associated to inflammation known to fuel cartilage degradation, are
recognized as crucial for disease development and important targets for therapeutic approaches [32].
Cartilage degradation is associated with chondrocytes differentiation leading to apoptosis and
deposition of a mineralized extracellular matrix, which in turn contributes to loss of ECM integrity and
inflammation [33]. In fact, although the pathways involved in the crosstalk between inflammation and
cartilage degradation are still not completely clarified, mineralizing and inflammatory events occur in
a close related manner during OA progression [30]. BCP and calcium pyrophosphate (CPP) crystals,
consistently associate with the early stage of OA and have a pathogenic role in the development
and rapid progression to end-stage OA [11,12]. BCPs have been found in the synovial fluid and
membrane, and cartilage from OA patients [34], and associated with the activation of macrophages,
synovial fibroblasts and articular cells, resulting in increased cell proliferation and production of
pro-inflammatory cytokines and MMPs [35,36]. In concordance, our results show an inflammatory
response to hydroxyapatite stimulation in all tested OA models, similar to those obtained with the
classical inflammatory cytokine IL-1β, and to previously reported effects in OA cell models [30,37].
Of particular relevance, at cartilage level, treatment with hydroxyapatite induced overexpression
of Col10 and Runx2, indicative of triggered chondrocyte differentiation towards hypertrophy and
calcification. In addition, up-regulation of COX-2 and IL-6, widely known to be associated with
joint inflammation, and MMP3, a major responsible for ECM degradation, clearly demonstrate
the detrimental potential of calcification in OA. This is in line with recent data showing that BCP
upregulate IL-6 in in vivo murine OA models, which in turn induced the expression of genes involved
in calcification, promoting BCP formation and potentiating a vicious cycle [38]. Increased levels of BCP
and IL-6 were also associated with cartilage degradation through the induction of matrix-degrading
enzymes activity in chondrocytes [38]. In another study, calcium-phosphate complexes were shown to
induce MMP3 and MMP13, which in turn, promoted the release of calcium and phosphate through
degradation of the ECM calcified cartilage, in a positive loop [39]. Additionally, the effect of IL-1β
on cartilage is known to reflect not only the catabolic effect of aggrecanases and MMPs upregulation,
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but also the downregulation of chondrogenic extracellular matrix synthesis [40,41]. In concordance,
our results showed that IL-1β induced an overexpression of MMP3. Overall, our results clearly
demonstrated the potentialities of the developed ex vivo explant-based co-culture OA model to study
the interplay between cartilage degradation and inflammation, reflecting early molecular events
leading to subsequent phenotypic cartilage alterations, of critical value in drug development for
potential anti-osteoarthritic compounds such as YP.

YP has previously shown to have anti-inflammatory properties associated with the inhibition
of TNFα in LPS-activated human macrophages [26]. In the present study, we demonstrated that YP
was able to counteract inflammation, cell differentiation and ECM degradation, induced not only
by IL-1β but also by hydroxyapatite, in all OA models, including primary articular cells, cartilage
explants and ex vivo explant-based co-culture systems. These effects were demonstrated at multiple
levels. Through downregulation of master players involved in pro-inflammatory reactions, such as
NF-kB, COX-2 and IL-6, and the ECM catabolic marker MMP3, YP is directly contributing to preserve
cartilage homeostasis, by avoiding ECM disruption and cartilage collapse. Similarly, the capacity to
downregulate crucial genes involved in chondrocyte differentiation such as Col10 and Runx2, suggests
YP as an inhibitor of chondrocytes hypertrophic differentiation. The resulting decrease of apoptosis
and ECM mineralization, indirectly contributes to a consequent decrease of pro-inflammatory reactions,
ultimately preserving cartilage homeostasis. Although our studies were not directed to evaluate the
effect of YP as a structural cartilage-modifying drug, its capacity to inhibit early molecular events
leading to joint deterioration, suggests YP as a potential disease modifying OA drug, worth to be
further investigated.

Additionally, this YP protective role might represent a promising alternative to the
anti-inflammatory drugs commercially available to manage symptomatology associated with OA and
chronic autoimmune and inflammatory diseases, mostly based on NSAIDs target to inactivate COX
enzymes (COX-1 and COX-2) [42], or biologics targeting crucial pro-inflammatory cytokines such
as TNFα and IL-1β [43,44]. Although some effectiveness has been shown in slowing inflammatory
reactions, the growing list of adverse side effects and the high percentage of patients presenting
no response to these treatments, clearly demonstrate the urgent need for safer and more effective
anti-inflammatory drugs. In this field, natural derived products, such as YP, have been considered as
promising and valid alternatives. Some examples are the tetracyclic triterpenoid glycoside Ginsenoside
Rb1 (G-Rb1) and curcumin, which have shown both in vitro and in vivo the capacity of targeting the
production of several pro-inflammatory species and promoting the synthesis of anti-inflammatory
mediators, with cartilage protective effects [45–48].

Considering the pivotal role of NF-kB as a major regulator of inflammation, many strategies
have been developed to block NF-kB signaling in a variety of inflammatory disease settings [49].
Although in the context of OA these strategies are still in their infancy, the crucial role of NF-kB
signaling mediating inflammatory responses, but also the hypertrophic conversion of articular
cartilage chondrocytes, leading to ECM damage and cartilage destruction, is of paramount importance
in the disease context [50,51]. Our results demonstrate that YP is able to downregulate NF-kB
expression and decrease IkBα phosphorylation in chondrocytes, strongly suggesting that YP cartilage
protective properties are associated, at least in part, with the inhibition of NF-kB nuclear translocation
and consequent decreased activation of catabolic pathways, including expression of cytokines and
chemokines, inflammatory mediators, matrix degrading enzymes, and regulators of chondrocytes
differentiation. In agreement, YP treatments consistently decreased levels of COX-2 and IL-6, MMP3,
Col10 and Runx2 in cartilage tissue, clearly demonstrating the potential of YP in ameliorating cartilage
homeostasis and integrity, a good rationale for the exploitation of YP in the treatment of OA.
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4. Materials and Methods

4.1. Isolation of Amentadione (YP)

The meroditerpenoid amentadione (YP) was isolated from the brown alga Cystoseira usneoides
collected off the coast of Tarifa (Spain) as previously described [26]. Briefly, the frozen alga was extracted
with methanol and after evaporation of the solution under reduced pressure, the aqueous residue was
extracted with diethyl ether. The resulting extract was subjected to column chromatography (CC) on
silica gel (70–230 mesh) (Merck KGaA, Darmstadt, Germany) eluting with a mixture of n-hexane/diethyl
ether (50:50, v/v), then diethyl ether, mixtures of chloroform/methanol (90:10 and 80:20, v/v), and finally
methanol. The fraction that eluted with chloroform/methanol (90:10, v/v) was further separated by
CC on silica gel using as eluents mixtures of n-hexane/ethyl acetate (50:50 to 30:70, v/v), then ethyl
acetate, and finally methanol. The compound YP was obtained by reversed phase HPLC separation of
selected subfractions using as eluent methanol/water (70:30, v/v). HPLC separations were performed
on a LaChrom-Hitachi apparatus (Merck), equipped with Kromasil 100-5C18 columns (250 × 10 mm,
5 μm or 250 × 4.6 mm, 5 μm) (Hichrom, Reading, UK), using an RI-71 differential refractometer or
L-7400 UV detector (Merck). The pure compound YP was identified as amentadione [52] by NMR
and HRMS analysis (Figure S1) and the negative optical rotation. NMR spectra were recorded on an
Agilent 500 spectrometer (Agilent Technologies, Santa Clara, CA, USA), HRMS spectra were obtained
on a Waters SYNAPT G2 spectrometer (Waters, Milford, MA, USA), and optical rotation was measured
on a JASCO P-2000 polarimeter (JASCO, Tokyo, Japan).

4.2. Cell Culture

Primary human chondrocytes and synoviocytes were commercially acquired (chondrocytes,
Lonza, Visp, Switzerland; synoviocytes, ECACC, Sigma-Aldrich, St. Louis, MO, USA) and obtained
from human tissue explants using well-defined methodology [53,54]. Both cell types were cultured
in Advanced Dulbecco’s Modified Eagle’s Medium (Adv DMEM) (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% (v/v) of heat-inactivated Fetal Bovine Serum (FBS, Sigma-Aldrich), 1 mM of
l-glutamine (l-Gln, Invitrogen) and 1% (v/v) of penicillin-streptomycin (PS, Invitrogen). THP-1 cell
line was kindly given by Dr. Santos (CBME, University of Algarve, Faro) and was cultured according
to ATCC instructions in RPMI Growth Medium (RPMI 1640 with l-glutamine (Lonza)) containing 10%
heat-inactivated FBS (invitrogen) and 1% PS. Differentiation into THP-1 macrophage (THP-1 MOM)
cells was achieved by culturing THP-1 cells in 25 ng/mL phorbol 12-myristate 13-acetate (PMA) (Sigma)
in complete RPMI for 48 h. All cell cultures were maintained at 37 ◦C in a humidified atmosphere
containing 5% CO2, and experiments were performed on confluent cells.

4.3. Inflammatory Assays in Monolayer Cells

THP-1 MOM (1 × 106 cells/mL) were cultured in 500 μL of complete RPMI supplemented with
different amentadione (YP) concentrations (2.5, 5 and 10 μM) in dose-dependence experiments and with
10μM YP in subsequent experiments, or with 2μM dexamethasone (DXM), during 24 h. After, 100 ng/mL
of lipopolysaccharides (LPS) or synthetic hydroxyapatite nano-crystals (HAP) (Sigma) (750 μg/mL)
were added to the culture media for another 24 h or 72 h, respectively. Confluent chondrocytes and
synoviocytes were cultured in 1 mL of Adv DMEM supplemented with 10 μM of YP or 2 μM of DXM
during 24 h, and further treated with: 10 ng/mL of interleukin-1β (IL-1β) for 3 and 6 h, or for 30 min
in the assay for pIKBα content analysis; 750 μg/mL HAP for 6h. Control cells were cultured with
respective media without any treatment. At determined time points, cell culture media were collected
for ELISA analysis and cells harvested for RNA extraction.

4.4. Cell Proliferation

THP-1 MOM cells seeded in 96-well plates at 2 × 105 cells/well, and confluent chondrocytes
and synoviocytes, were cultured in their respective growth media and supplemented with
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different concentrations of YP and HAP. Cell viability was determined at appropriate time
points using the CellTiter 96 cell proliferation assay (Promega, Madison, WI, USA), following
manufacturer’s instructions.

4.5. Cartilage Collection and Tissue Explants Preparation

Knee articular cartilage was obtained from osteoarticular cuts performed on the femoral and
tibial sides, from eight patients (4 male and 4 female, aged 71.5 ± 5.9 years) who had undergone
arthroplasty surgeries at Hospital Particular do Algarve (Faro, Portugal). This study was approved
by the ethics committee of the hospital, and written informed consent was obtained from all the
participants. All principles of the Declaration of Helsinki of 1975, as revised in 2000, were followed.
Macroscopically normal full-depth cartilage slices were removed in sterile conditions using a scalpel,
collected in complete Adv DMEM media, and incubated for 24 h, at 37 ◦C, in a humidified atmosphere
containing 5% CO2, for tissue equilibration before preparation of tissue explants. After equilibration,
2 mm diameter and 1.71 ± 0.70 mm thickness cartilage explants, were obtained using a 2 mm biopsy
punch (Integra-Miltex). Samples of the initial cartilage explant tissues were fixed in 4% PFA for
histological evaluation.

4.6. Cartilage Explants Assays

Cartilage explants (8–10 per well), were plated in a 12 well plate and cultured at 37 ◦C, in a
humidified atmosphere containing 5% CO2, in 1 mL of complete Adv DMEM media supplemented
with 10 μM of YP or 2 μM DXM for 24 h, and then treated with HAP (750 μg/mL), for further 72 h.
As controls, explants were cultured without treatment. At the end of each experiment, cartilage explants
were collected, washed twice with PBS, immediately processed for RNA extraction as described below,
and the cell culture media collected for ELISA assays.

4.7. Co-Culture Assays

Cartilage explants (10 per well), were plated in a 12 well plate and co-cultured with synoviocytes
in a transwell system (6.5 mm insert diameter, 3.0 μm polyester membrane, Corning Incorporated Life
Sciences), in 1.8 mL of complete Adv DMEM, at 37 ◦C, in a humidified atmosphere containing 5% CO2.

To evaluate the effect of YP, co-cultures were supplemented with 10 μM of YP or 2 μM DXM
for 24 h, followed by treatment with IL-1β (10 ng/mL) during 24 h, or HAP (750 μg/mL) during 72 h.
Cartilage explants were collected as described above for RNA extraction, and cell media collected for
ELISA analysis.

4.8. RNA Extraction, cDNA Amplification and Quantitative Real-Time PCR (qPCR)

Cartilage tissue was immediately snap-frozen and manually grounded to powder in liquid nitrogen.
Cells and tissue lysis was performed in a proportion of 1 mL of 4 M guanidine thiocyanate solution
per 107 cells or 100 mg cartilage tissue, thoroughly mixed and passed 10 times through a 22G needle.
Total RNA was further extracted as described by Chomczynski and Sacchi [55]. Briefly, homogenates
were sequentially mixed with 2 M sodium citrate pH 4, phenol pH 4.2 and chloroform/isoamyl alcohol.
After centrifugation, total RNA present in the aqueous phase was precipitated with isopropanol,
redissolved in 4 M guanidine thiocyanate solution, reprecipitated in isopropanol, washed with 75%
ethanol and resuspended in Sigma water. RNA concentration was determined by spectrophotometry
at 260 nm (Nanodrop 1000, Thermo Scientific, Waltham, MA, USA). RNA was then treated with
RQ1 RNase-free DNase (Promega, Madison, WI, USA) and reverse-transcribed using the qScipt
cDNA SuperMix (Quanta bio, Beverly, MA, USA) according to manufacturer’s recommendations.
Quantitative real-time PCR reactions were performed using the CFX connect, Real time System
(Bio-Rad, Richmond, CA, USA), SoFast Eva Green Supermix (Bio-Rad, Richmond, CA, USA), 300 nM
of forward and reverse gene-specific primers for genes of interest (Table S2), and a 1:5 cDNA dilution.
The following PCR conditions were used: initial denaturation/enzyme activation step at 95 ◦C for
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13 min, 50 cycles of amplification (one cycle is 15 s at 95 ◦C and 30 s at 68 ◦C). Fluorescence was
measured at the end of each extension cycle in the FAM-490 channel. Levels of gene expression
were calculated using the comparative ΔΔCt method, and normalized using gene expression levels of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), with the iQ5 software (BioRad).

4.9. ELISA Assays

The cell culture media were used for the quantification of TNFα (Peprotech), IL-6 (Peprotech) and
MMP3 (Life Technologies) following the manufacture’s protocols.

4.10. Histological Evaluation

Paraffin-embedded cartilage tissue sections were processed at the Histopathology Department
of Centro Hospitalar e Universitário do Algarve (CHUA, Faro) and used for histological assessment.
Cartilage grading of initial tissue samples was conducted based on modified criteria originally
established by Mankin et al., and the specimens were analyzed for abnormalities in structure,
cellularity and matrix staining, based on hematoxylin-eosin (HE, Bio-Optica, Milano, Italy), safranin-O
(SO)/Fast Green (Sigma-Aldrich, Steinheim, Germany) and toluidine blue (Merck, Darmstadt, Germany)
stainings [56,57]. Four tissue sections from each sample were analyzed.

4.11. Protein Extraction and Quantification

Total protein from chondrocyte inflammatory assays and YP treatments was obtained by extraction
with RIPA buffer (50 mM Tris HCl pH 8, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS) for 1 h, at 4 ◦C, with agitation, followed by a centrifugation at 16× g for 15 min at
4 ◦C. Protein concentration was assessed using Micro BCA kit (Thermo Scientific), according to the
manufacturer’s instructions.

4.12. Electrophoresis and Western Blot

Aliquots of 20 μg of total protein extracts were size separated in a 4–12% (w/v) gradient
polyacrylamide precast gel containing 0.1% (w/v) SDS (NuPage, Invitrogen, Carlsbad, CA, USA)
and transferred onto a nitrocellulose membrane (Biorad, Richmond, CA, USA). Detection of pIKBα
and GAPDH was performed through overnight (O/N) incubation with the pIKBα pSer32 ABfinity
Rabbit Monoclonal antibody (2.5 μg/μL, Thermo Fisher, Waltham, MA, USA) and anti-GAPDH
polyclonal antibody (1:500, Santa Cruz Biotechnology). Detection was achieved using Goat
anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody and Western Lightning Plus-ECL
(PerkinElmer Inc., Waltham, MA, USA). Image acquisition was obtained using an IQ LAS 4000 mini
biomolecular imager.

4.13. Determination of Total and Phosphorylated IkBα

Total IkBα and phosphorylated IkBα (pIkBα) were determined in chondrocyte cell lysates, using
the InstantOne ELISA assay kit (Invitrogen) according to the manufacturer’s protocol.

4.14. Statistical Analysis

Each independent experiment (n) was performed with different primary cell culture batches and
cartilage from distinct patients. Replicates within an individual experiment were performed using
the same batch of cells and cartilage from a single patient. Data are presented as mean ± standard
deviation (SD). Multiple t tests were used for comparison between two groups. For more than two
groups significance was determined using one-way analysis of variance (ANOVA) with comparison
between groups by Dunnett test. Statistical significance was defined as p ≤ 0.05 (*), p ≤ 0.005 (**) and
p ≤ 0.0005 (***).
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Abstract: Sea cucumbers are bottom dwelling invertebrates, which are mostly found on subtropical
and tropical sea grass beds, sandy reef flats, or reef slopes. Although constantly exposed to fouling
communities in these habitats, many species are surprisingly free of invertebrate epibionts and
microfouling algae such as diatoms. In our study, we investigated the anti-fouling (AF) activities
of different crude extracts of tropical Indo-Pacific sea cucumber species against the fouling diatom
Cylindrotheca closterium. Nine sea cucumber species from three genera (i.e., Holothuria, Bohadschia,
Actinopyga) were selected and extracted to assess their AF activities. To verify whether the sea
cucumber characteristic triterpene glycosides were responsible for the observed potent AF activities,
we tested purified fractions enriched in saponins isolated from Bohadschia argus, representing one of
the most active anti-fouling extracts. Saponins were quantified by vanillin-sulfuric acid colorimetric
assays and identified by LC-MS and LC-MS/MS analyses. We were able to demonstrate that AF
activities in sea cucumber extracts were species-specific, and growth inhibition as well as attachment
of the diatom to surfaces is dependent on the saponin concentration (i.e., Actinopyga contained the
highest quantities), as well as on the molecular composition and structure of the present saponins
(i.e., Bivittoside D derivative was the most bioactive compound). In conclusion, the here performed
AF assay represents a promising and fast method for selecting the most promising bioactive organism
as well as for identifying novel compounds with potent AF activities for the discovery of potentially
novel pharmacologically active natural products.

Keywords: holothurian; diatom; anti-fouling compounds; marine natural products; saponins;
triterpene glycosides; mass spectrometry

1. Introduction

Biofouling is the colonization process of micro- (i.e., protozoa, bacteria, fungi and diatoms) or
macro-organisms (i.e., algae and invertebrates) on either living (known as epibiosis) or artificial
substrates [1,2]. Mckenzie and Grigolava (1996) described that epibiosis decreased host fitness, their
survival rate, and species abundance, as well as affects their community composition [3]. Fouling
on living surfaces of marine invertebrates can increase their friction as well as their body weight,
and thus reduces speed, elasticity, and flexibility of the fouled organism, which in turn may lead to
reduced viability and death [4,5]. Shading by fouling organisms can also impact negatively on the
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growth rate of the fouled organisms due to a reduced photosynthetic rate of macroalgae [6]. Biofouling
processes are however not only relevant from an ecological perspective, but they have also important
economic implications [4]. Marine biofouling shortens the lifespan and increases the maintenance costs
of underwater constructions like ship hulls and aquaculture cages [7,8]. It also increases the weight
and the friction of a ship, which in turn decreases the maximum cruising speed as well as increases fuel
consumption [7,9]. In order to counteract the biofilm production on these structures, various synthetic
anti-fouling (AF) paints that contain toxicants such as mercury (mercuric oxide (HgO), mercuric
arsenate (AsO4Hg3)), arsenic (arsenic trioxide (As2O3)), copper (cuprous arsenite (AsO3Cu3)), as well
as organotins (mainly tributyltin (TBT) based compounds) and rosin-based paint, have been applied in
the past [7,9]. However, there are numerous studies showing that all the latter paints are hazardous
for the environment and negatively affect the growth rate and reproduction of both fouling and
non-fouling marine organisms [7,8,10–12]. As a result of such studies, production and application of
TBT-based AF paints was internationally banned in the 1990s [7,13], and substituted with copper-based
and booster biocides. However, recent research showed that these compounds still display toxic
effects on marine organisms. The use of natural products as biological-based AF biocides in coating
has been suggested as a new sustainable alternative, since they generally show biocompatibility,
biodegradability, and thus their toxicity effects (if any) will not accumulate and generate long-lasting
perturbations in the environment [14–18]. Engineering of an effective biological-based AF coating
may not only protect the marine environment, but could also have substantial economic benefits by
increasing the lifespan of underwater structures and by reducing the fuel consumption rate in the
shipping industry (i.e., 60$ billion per annum). Furthermore, reduced fuel consumption also decreases
carbon dioxide and sulfur dioxide emissions to the atmosphere [19–21] and therefore mitigate the
effects of world-wide shipping to climate change.

In order to avoid the negative effects from unwanted epibioses, organisms can either accept and
tolerate the presence of the fouling organisms (i.e., by developing a symbiosis) or avoid them, by either
changing their habitat or developing chemical defenses [3,22–24]. AF defenses of marine organisms
include mucus secretion (e.g., in sea star Marthasterias glacialis; [25]), shedding, microroughness,
burrowing, scraping, and cleaning their body wall as well as chemical defense [4,26–28]. Chemical
anti-fouling compounds can have various modes of action. They can be toxic to epibionts [29–31],
inhibit settlement of larvae from fouling organisms [5,32,33] or prevent development of bacterial
biofilms by disrupting bacterial communication via inhibition of the bacterial acylated homoserine
lactone (AHL) signaling pathways [34]. Until 2017, almost 200 different AF compounds were described
from marine invertebrates such as echinoderms, sponges, gorgonians and soft corals [35]. These AF
compounds belong to various groups of terpenoids (i.e., triterpenes, sesquiterpenes and diterpenes),
alkaloids, steroids, triterpene glycosides (saponins), polyacetylenes, butenolides, peptides and phenol
derivatives [30,35,36]. More recently, the AF activities of compounds isolated from sea cucumbers such
as Holothuria atra [37,38], H. nobilis [38], H. edulis [39], H. glaberrima [40], H. tubulosa and H. polii [41] were
reported, as these sea cucumbers keep their body surfaces conspicuously free of fouling organisms [3].
Echinoderms, and especially sea cucumbers, are known to produce a wide variety of triterpene
glycosides or saponins [42]. Saponins are composed of a hydrophilic glycone and a hydrophobic
aglycone (i.e., sapogenin; Figure 1) that, depending on the holothuroids (cf. Figure 2), are located in the
Cuverian Tubules (CT), in its body wall and its viscera [43]. Because of the membranolytic activities of
saponin, a wide range of bioactivities such as anti-bacterial, anti-fungal, anti-viral, anti-inflammatory,
ichthyotoxic, as well as anti-fouling properties have been reported [42,44,45].
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The colonization process of fouling organisms starts after the first contact of the respective surface
to sea water [4]. After “biochemical conditioning,” which is initiated by adsorption of macromolecules
to the surface, a bacterial biofilm develops. This is followed by the colonization of unicellular eukaryotes
and algae such as diatoms [4]. One such algae is the meroplanktonic diatom Cylindrotheca closterium,
that showed rapid growth particularly on surfaces [46,47]. This diatom species is also known to produce
different types of hydrophilic and carbohydrate-rich extracellular polymeric substances (EPS) that
often represent the major component of the extracellular aggregative matrix [46]. EPS plays a crucial
role in the biofilm formation, and the microbial and physicochemical defenses of the diatom [48,49],
their motility [50], cell to cell and cell to substratum adhesion [51], as well as in the settlement success
and post larval growth of other organisms [52–54]. Thus, C. closterium has been used as a model
organism in the past for early stage fouling studies [50,52,55].

 

m/z

Figure 1. Structure of the saponin molecule “bivittoside D”, m/z 1449.687 [M + Na]+ [56], consisting of
the glycone and aglycone moieties (produced with ChemDraw, version 16.0.1.4 (77)).

The aim of this study is to determine AF activities of different crude extracts of tropical Indo-Pacific
sea cucumber species against the fouling diatom species C. closterium. To identify phylogenetic
differences in AF activities of sea cucumber species, we choose nine species from three different
genera (i.e., Holothuria, Bohadschia, Actinopyga). Also, we tested purified fractions enriched in saponins
as well as pure saponin compounds to verify whether these sea cucumber characteristic compounds
were involved in the observed AF activities of sea cucumbers.
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Figure 2. Phylogeny tree of the here studied sea cucumbers (CT= cuvierian tubule; adapted from [57–60].

2. Results

2.1. Anti-Fouling Effects of the Crude Extracts

Antifouling activity of the sea cucumber crude extracts was assessed by measuring biomass and
attachment of the diatom C. closterium. To assess suspended algal biomass, chlorophyll a (Chl a) was
extracted from the water samples, while Chl a content of diatoms attached to the substrate was used
to evaluate diatom attachment. Chl a measurements are well established as a proxies for monitoring
water quality, assessing phytoplankton biomass, and estimating primary production [61–63], while
fluorometric measurements of Chl a concentrations are an efficient proxy to monitor the total biomass
of diatoms in the water column and on the substrate. To determine the anti-fouling effects of the
holothurian’s crude extracts, a logarithmic response ratio (LRR; see Section 4.1.5) of measured Chl a
concentrations was calculated. Negative LRR reveals an anti-fouling effect of the extract with less
Chl a in the treated compared to the control samples, while a positive LRR indicates a higher Chl a
concentration and thus an increase in algal growth in the treatments compared to the control samples.

Measurements of Chl a concentration of the suspended cells in the water and the attached cells at
the flasks surface showed that the sea cucumbers crude extracts had a concentration-dependent effect
on growth and settlement of C. closterium (Figure S1A–F). The LRR supports this finding (Figure 3A,B),
showing the highest negative effect (p < 0.05) on diatom growth in the water column at the highest
extract concentrations (150 μg mL−1, Figure 3A), except for extracts from H. whitmaei and H. hilla
where no negative effects could be observed (p = 0.371 and p = 0.65, respectively; Table S1). Actinopyga
spp. and Bohadschia extracts (except B. vitiensis) exhibited negative LRR at 15 μg mL−1 concentration,
indicating significant anti-fouling effects. Extracts of the genera Holothuria (except H. atra) had no
inhibitory effects at the same concentration. At the lowest concentration (1.5 μg mL−1; Figure 3A),
all the crude extracts showed a positive LRR, except B. argus and A. echinites extracts, which had
significant inhibitory activity toward the tested diatom in the water column.

Similar to the LRR in the water column, the highest crude extract concentrations (150 μg mL−1)
inhibited diatom settlement (Figure 3B). The treatment containing 15 μg mL−1 of extract of the genus
Holothuria stimulated diatom settlement, whereas Bohadschia (except B. vitiensis) and Actinopyga extracts
suppressed it. At the lowest concentration (1.5 μg mL−1) all crude extracts (except B. vittiensis) showed
a significant inhibition on diatom settlement (Table S1).
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Figure 3. Logarithmic response ratio (LRR) of C. closterium after exposure to three different
concentrations (150, 15 and 1.5 μg mL−1) of nine sea cucumber extracts in total (genera Holothuria,
Bohadschia and Actinopyga) for (A) suspended cells in the water and (B) attached to the surface of the
incubation flask. Significant differences compared to the control (CT = control) are shown in Table S1.

2.2. Saponin Profile of the Crude Extracts

2.2.1. Saponin Composition

Identification of the most prominent saponins in the crude extracts of the nine sea cucumber
species (peak areas > 10,000 mu) yielded 102 different saponin-like molecules (Table S2). However,
several of the saponins showed the same exact molecular mass, but different retention times, indicating
unknown isomers of potentially known saponin compounds (Table S3).

A hierarchical cluster analysis was performed to explore the similarity of saponin compositions
between the different holothurian species. Except for H. edulis, we observed that all sea cucumber
species cluster with species from the same genus (using the Kelley-Gardner-Sutcliffe (KGS) penalty
function for identifying significant clusters, Figure 4). Note, that all species from the genus Bohadschia
formed a clear separated cluster compared to Actinopyga and Holothuria.
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Figure 4. Cluster dendrogram of sea cucumber species based on their studied saponin and sapogenin
compositions (“average” distance type, log-transformed data, R version 1.2.5019).

More detailed analysis of the various saponin compounds revealed that compound M1104T11.1
(abbreviation indicates molecular mass (M) and retention time (T)) was present in all nine sea cucumber
species, M1118T8.9 in eight and M600T9.3 and M1374T9 in seven species (cf. Table S3). Composition
and relative intensities of both saponins and sapogenins, which are visualized for each sea cucumber
species (Figure 5A,B), showed that Bohadschia species contained the highest number of known saponins,
as well as the highest intensities, whereas signal intensities of sapogenins were especially high in
the genus Holothuria. Interestingly, the three investigated Bohadschia species, which were among the
most active in inhibiting C. closterium growth (Figure 5A), were the only ones containing M1426T10.3
(m/z 1426.698; C67H110O32), M1410T11.3 (m/z 1410.703; C67H110O31), and M1424T9.8 (m/z 1424.6823;
C67H108O32), which represent analogous molecular formulas to the known saponins bivittoside D-like,
bivittoside C-like, and marmoratoside A-like, respectively (Figures S2–S4).

(A) Saponin diversity and relative intensity.  

(B) Aglycone diversity and relative intensity 

 

Figure 5. Major saponin compounds detected in the studied sea cucumbers (peak area ≥ 104).
(A) saponin diversity and relative intensity and (B) sapogenin (aglycon) diversity and relative intensity.
Sample codes represent exact mass (M in Da), and retention time (T in min). Different colors represent
the presence of sulphate groups (in blue), non-sulphate groups (in black) and pure compounds (in purple
and red). Bubble size correlates with differences in relative peak areas of the respective molecules.
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2.2.2. Total Saponin Concentration

The total triterpene glycoside concentration of the crude extracts was assessed using the
vanillin-sulfuric acid colorimetric assay (Figure 6). H. atra (0.456 mg mL−1 ± 0.08) and H. whitmaei
(0.496 mg mL−1 ± 0.08) had the lowest saponin concentration, whereas A. echinites (2.106 mg mL−1 ± 0. 16),
A. mauritiana (1.880 mg mL−1±0.15), B. vitiensis (1.181 mg mL−1±0.01), and B. argus (1.130 mg mL−1 ± 0.01)
contained the highest concentrations of saponins. Saponin concentration in the genus Actinopyga was
significantly higher than within Holothuria and Bohadschia (Kruskal-Wallis test; p < 0.05).

 
Figure 6. Absolute saponin concentration of the tested crude extracts. (a–c) indicate significant
differences between different sea cucumber crude extracts. Kruskal–Wallis, Dunn’s method as a
multiple comparison test. Significance level at p < 0.05 was applied.

2.3. Anti-Fouling Effects of Purified Saponin Fractions and Pure Compounds

2.3.1. AF Assay with an Emphasis on Saponins

Based on the LRR of Chl a calculated for 1.5 μg mL−1 of different fractions, the Kruskal-Wallis test
revealed that fraction 3 and 4 had a significant negative effect on the growth of C. closterium (p < 0.05).
The first two fractions, on the other hand, had a significant positive effect on the growth of the diatom
species (Figure 7A,B).

 

Figure 7. Logarithmic response ratio (LRR) of C. closterium following exposure to B. argus extract
fractions in suspended cells in the water (A) and attached to the substrate (B). Fr.1 and Fr.2: impure,
Fr. 3: semi-pure, Fr. 4: pure singular saponin species (bivittoside D-like). a–d represent result of
Kruskal-Wallis test; p < 0.05.
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2.3.2. Saponin Profile of the Fractions

The most abundant saponin compounds in B. argus (i.e., C67H110O32, bivittoside D-like and
C67H108O32, marmoratoside A-like; Figure S5, Table S4) were isolated to examine whether saponins
are responsible for the observed anti-fouling activities. As shown in Figure S6, the mixed fraction
3, containing the saponin species M1426T10.3 (bivittoside D-like), M1454T10.7 (stichoposide D-like)
and 1424T10.4 (marmoratoside A-like), as well as the relatively pure fraction 4 with mainly saponin
M1426T10.3 (bivittoside D-like) strongly inhibited growth as well as attachment of the diatom. Fraction
1 and 2, on the other hand, contained a mixture of saponins (except bivittoside D-like), which did not
affect the growth and attachment of C. closterium. Currently, the main three saponin species from
fraction 3 are further purified and their molecular structure is being elucidated via NMR spectroscopy.

3. Discussion

Many marine benthic organisms (e.g., sponges, mussels, starfishes, sea urchins, algae) are known to
harbor anti-fouling metabolites that protect them from deleterious fouling organisms (e.g., [33,64–67]).
Sea cucumbers do not have visible defensive mechanisms, however their surfaces are free of fouling
organisms [40]. Several molecules with various biological activities (e.g., anti-bacterial, anti-fungal,
ichthyotoxic) are reported from sea cucumbers, including their anti-fouling properties [38,68]. The AF
potential was found to be species specific, and saponins were identified as the main bioactive molecules
responsible for these activities [69].

This study demonstrated that the AF properties of the crude extracts of nine sea cucumber
species were related to the presence of particular chemical compounds. Our results showed a
clear dose-effect for the genus Actinopyga and Bohadschia, with minimal growth and settlement
inhibition at the lowest concentration. Only two of the four tested Holothuria species (H. atra and
H. edulis) inhibited algal growth and settlement at the highest concentration, whereas their lower
doses (15 and 1.5 μg mL−1) actually induced diatom growth, which is following the hormetic effects
described by Stebbing ([70,71]; Figure 3). Similar patterns have been reported for crude extracts of
Holothuria leucospilota against the diatoms Nitzschia closterium and Navicola subinflata, where lower
concentrations (i.e., < 400 μg mL−1) of H. leucospilota crude extract induced diatom settlement, and at
higher concentrations (i.e., > 400 μg mL−1) inhibited their growth [69].

Previous studies have shown that steroidal and triterpene glycosides in sponges, gorgonians,
sea stars, sea urchins, and sea cucumbers are responsible for the observed anti-fouling
activities [15,36,38,41,65,72,73]. Saponins have often been described from holothurians including
their various biological activities [74]. For example, studies on Holothuria glaberrima [40], H. atra and
Holothuria nobilis [38] showed that saponins were responsible for the observed anti-fouling activities.
Also, Selvin and Lipton (2004), and Ozupeck and Cavas (2017) found that the saponin-enriched
fraction of different sea cucumbers (i.e., Holothuria scabra, Holothuria polii and Holothuria tubulosa) had
pronounced anti-fouling properties [41,75]. In this study, we demonstrated that the composition of
saponins is more similar within species of the same genus. For example, the saponin compositions
of the genus Bohadschia was rather different from the genus Holothuria and Actinopyga (Figure 4).
These observations were in line with the strong AF effects of B. argus and Bohadschia sp. crude extracts
(Figure 3). As apparent from our AF assays, not only Bohadschia, but also the genus Actinopyga showed
much stronger activities compared to H. atra and H. edulis (Figure 3), which may be explained by
significantly higher concentrations of total saponins (cf. Figure 6).

Looking at the saponin profile of the studied genera, we observed similar patterns as described by
Kalinin and his colleagues (2015), that non-sulphated saponins with molecular weights of m/z 1426.698,
and m/z 1410.703 were found in the highest intensity in the genus Bohadschia [76–78]. All these saponins
contain six monosaccharide units in their glycone parts, and were present nearly 1–5-fold higher
than the tetraosides (m/z 1118.551 and m/z 1102.556 ), which were present in the other sea cucumber
species. Whereas, sulphated saponins (e.g., molecular weights of m/z 1206.510 and m/z 868.389),
putatively annotated as echinoside A and echinoside B respectively, were observed only in the two genera
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of Actinopyga and Holothuria. This is in accordance with the results from Kitagawa and colleagues
(1981; 1989), and Grauso and colleagues (2019), who reported echinoside A and B from Holothuria
(i.e., H. atra; [79]), and Actinopyga species [80]. Actinopyga and Holothuria extracts also contained
mixtures of biosides including bivittoside A like compounds (C41H66O12; m/z 750.455), tetraosides such
as the saponin desholothurin A (C54H86O24; m/z 1118.551) and pervicoside B (C54H86O22; m/z 1086.561).
Our data indicated that the AF activity may correlate with the amount and/or type of sugar units in
their glycone part (in genus Bohadschia). A similar result has been observed by Van Dyck and colleagues
(2010), who analyzed the saponin profile of Holothuria forskali in undisturbed and under predator stress
conditions [43]. In the undisturbed state, the body wall of H. forskali produced mainly tetraosides
(i.e., holothurinoside C (m/z 1102) and desholothurin A (m/z 1118)), while under stressed conditions
holothurinoside C was converted to the hexaosides holothurinoside F (m/z 1410) and holothurinoside H
(m/z 1440) and desholothurin A was converted to the hexaosides holothurinoside G (m/z 1426). However,
Van Dyck and colleagues (2010) also pointed out that m/z 1426 is produced under both environmental
states in the tested sea cucumber, suggesting that m/z 1426 is a “background prevention signal,”
and other molecules might play more important roles under stressful conditions [81]. Also, Kalinin
and colleagues (2015) described a molecule with the same molecular mass, but different side chain
(m/z 1426) as a characteristic saponin of Bohadschia, which was identified as “bivittoside D.” A remarkable
similarity observed between H. forskali and genus Bohadschia is the presence of chemically defended
CTs (cf. Figure 1), each containing different saponin mixtures [43,82].

The mechanism of action of many extracted and isolated molecules with anti-fouling effects
are usually unclear because of multiple possible interactions involved [83]. As mentioned earlier,
saponins are amphiphilic molecules with hydrophilic and hydrophobic properties. The amount of
monosaccharides attached on the C-3 position (Figure 2) of the steroid affects the hydrophilicity of
the saponin molecule, which can affect the permeability of the cell membranes by inducing curvature
and forming pores in the membrane [84]. Therefore, high integration values of hexaosidic saponins,
containing lanosterol as the major sterol within the genus Bohadschia [85], may explain their strong AF
activities [81].

It can be concluded that the AF activity is species-specific in sea cucumbers and related to not
only total saponin concentration (e.g., in Actinopyga), but also saponin composition (such as shown
in B. argus). AF activities of the studied crude extracts showed that B. argus contained compounds
affecting fouling by the diatom C. closterium. Consequently, purified fractions and pure compounds
of B. argus (Figure 7) confirmed that particular saponin compounds (here m/z 1426.698) had strong
inhibitory effects on growth and settlement of the diatom C. closterium. Furthermore, the here performed
anti-fouling assays can be a promising and fast method for identifying compounds with anti-fouling
activity and for pre-selecting bioactive extracts and/or compound from various organism to discover
ecologically and potentially pharmaceutically active natural products.

4. Materials and Methods

In this study we investigated nine holothurian species from the family Holothuriidae that were
collected from Guam in 2016. These nine species were members of three different genera, Holothuria
(H. whitmaei, H. hilla, H. atra, H. edulis), Bohadschia (B. argus, B. vittiensis, Bohadschia sp.) and Actinopyga
(A. echinites, A. mauritiana; Figure 2).

4.1. Experimental Setup

4.1.1. Cylindrotheca Closterium Culture

The AF assays were conducted using the diatom species C. closterium as the test organism.
The diatom cultures were kept in climate chamber with constant temperature of 18 ◦C with a light and
dark cycle of 12 h and a light intensity of 90 μmol m−2 s−1. The initial stock culture (strain number
CCAP-1017/8) was obtained from Culture Collection of Algae and Protozoa (CCAP), and was prepared
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in 250 mL polystyrene culture flasks, filled with sterile artificial seawater enriched with F⁄2 nutrients,
which has shown to be an optimal nutrient supply for this algal species [86,87].

4.1.2. Preparation of Sea Cucumber Crude Extracts

Extractions of sea cucumbers were performed by freeze dried material. For each extraction a
1:10 ratio (w/v) of freeze-dried sea cucumber tissue (in g) and organic solvent mixture (in mL) was used.
In brief, the ground tissue samples were extracted twice with a 1:1 mixture (v/v) of methanol (MeOH)
and ethyl acetate (EtOAc) and a third and final time with 100% MeOH. Samples were shaken for at
least 3 h during each subsequent extraction. After filtering through filter paper (Diameter: 150 mm,
Grade: 3 hw, Sartorius GmbH, 37979, Goettingen, Germany), extracts were dried by rotary evaporation
(Rotavapor RII, BUCHI, Flawil, Switzerland) and finally transferred and dried using a centrifugal
vacuum concentrator (Speedvac, Christ RVC 2–25 Co plus; Freeze dryer: Christ Alpha 2–4 LD plus).
The dried crude extracts were weighted and stored at −20 ◦C until further usage.

4.1.3. Anti-Fouling Assay: Experimental Design

The effect of the sea cucumber crude extracts on the growth and settlement behavior of C. closterium
was tested by monitoring the biomass of the diatom after 24 and 72 h incubation, based on chlorophyll
a (Chl a) concentration of suspended cells in the water as well as attached cells on the flask surface.
The AF assays were performed in 40 mL culture flasks (TC Flask T25, SARSTEDT AG & Co. KG, 51588,
Nümbrecht, Germany). All crude extracts were dissolved in MeOH and added in triplicates to empty
the cell culture flasks in order to obtain three different final concentrations of the crude extracts (150, 15
and 1.5 μg mL−1, Figure 8). After the MeOH evaporated, 10% of the diatom stock (i.e., 1.5 mL of algae
inoculated in 15 mL F/2 medium; OD442 = 0.46 ± 0.01) was inoculated to the culture flask pre-filled
with 18 mL of sterile artificial seawater. For three days, the flasks were stored horizontally in a growth
chamber under the above-mentioned culturing conditions (Section 4.1.1) to perform the diatom surface
attachment experiment. Treatments with only MeOH and no sea cucumber crude extract served as
control experiment.

The potential AF effects of particular saponin species were assessed using fractions isolated from
B. argus. The assay with the purified saponin fraction and pure saponin compounds were conducted
with only the lowest concentrations of 1.5 μg mL−1.

A 

 

B C 

Figure 8. (A–C). The test organism C. closterium under the microscope (A), culture flasks demonstrating
high growth rates (left, not-inhibited), medium growth rates (middle) and low growth rates (inhibited)
of C. closterium (B), growth curve of C. closterium in 7 days in the stock solution (C).

4.1.4. Diatom Growth and Settlement Analyses

Chlorophyll a measurements: To assess diatom biomass, Chl a was extracted from the water samples
after 24 and 72 h of inoculation. Furthermore, to study the attachment behavior of the diatom, the Chl a
content of C. closterium attached to the substrate was extracted after 72 h (end of the experiment),
except for the highest concentration. Since we observed that algae biomass was dramatically reduced
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in most of the extracts exposed to the highest extract concentration (150 μg mL−1), Chl a concentrations
in both, suspended in water and attached to substrate, were measured only after 24 h of inoculation.
Experimental procedure included filtering water samples through a combusted and acid-washed
glass microfiber filter (GF/C, Whatman, GE Healthcare life sciences, Pittsburg, PA 15264-3065, USA)
and storing at −80 ◦C until extraction. For extraction, ethanol (90%) was added to the samples,
vortexed, and then placed in an ultrasonic bath filled with ice for 30 min. Before measuring pigment
concentrations, all samples were stored for 24 h at 4 ◦C. Measurements were conducted with a
microplate reader (BioTek, SYNERGY H1, Winooski, VT, USA) to determine the Chl a concentration
using a fluorescence excitation (Ex) wavelength of 395 nm and emission (Em) wavelength of 680 nm.
Chl a concentrations were obtained by converting fluorescence data to concentrations using a Chl a
standard from Anacystis nidulans algae (Product Number C 6144, Sigma-Aldrich, St. Louis, MO, USA).

4.1.5. Anti-Fouling Effects: Data and Statistical Analyses

Statistical analyses were performed with R (version 1.1.423, R Foundation for Statistical Computing,
Vienna, Austria), and SPSS (Version 26, IBM, NY 10504, USA). We assessed the effect of different sea
cucumber extracts and concentrations on diatom settlement, as well as cell density of the diatom
C. closterium. After testing for normality and homoscedastity, Kruskal-Wallis test was conducted for
each extract concentration, followed by Kruskal–Wallis post hoc test. The same method was applied
for the purified fractions and pure compounds (Section 4.3). Differences were considered significant
at a 95% confidence level. The logarithmic response ration (LRR; Equation (1)) was calculated as the
ratio of Chl a concentration affected by crude extracts to the controls. LRR > 0 illustrates higher Chl a
concentration and thus a positive effect in extract treatments, while LRR < 0 identifies decreased Chl a
concentrations, and thus a negative effect compared to control samples.

LRR = Ln
( treatment

control

)
(1)

4.2. Saponins as Potential Bioactive Compounds Affecting the Fouling Organism C. closterium

4.2.1. Dereplication of Saponins

To analyze the content of the most abundant saponin species within the different sea
cucumber crude extracts (dissolved in MeOH), an aliquot was analyzed using ultra performance
liquid chromatography-high resolution mass spectrometry (UPLC-HRMS; Tables S2 and S3).
Chromatographic separation was achieved on a Waters Acquity BEH C18 column (1.7 μm,
2.1 mm × 50 mm) with an ACQUITY ultra performance liquid chromatography (UPLC) H-Class
System (Waters Co., Milford, MA, USA) coupled to a Synapt G2-Si HDMS high-resolution Q-ToF-MS
(Waters Co., Manchester, UK) equipped with a LockSpray dual electrospray ion source operated
in positive (POS) ionization modes. The Q-ToF-MS was calibrated in resolution mode over a
mass-to-charge (m/z) ranging from 50 to 2000 Dalton by using a 0.5 mmol L−1 sodium formate solution.
For each run leucine enkephalin was used as the lock mass, generating a reference ion for POS
mode ([m/z 556.277 M + H]+) to ensure a mass tolerance for all LC-MS or LC-MS/MS experiments
of less than one ppm. Mass spectral data were collected using the MSe data acquisition function to
simultaneously obtain information on the intact molecule (no collision energy applied) as well as
their fragmentation data (collision energy ramp reaching from 15 to 75 eV). Analytes were eluted at a
flow rate of 0.6 mL min−1 using a linear gradient of milliQ water (H2O, 100%, eluent A) to acetonitrile
(ACN, 100%, eluent B) both with 0.1% formic acid. The initial condition was 100% A held for 0.5 min,
followed by a linear gradient to 100% B in 19 min. The column was then washed with 100% B for
9.5 min and subsequently returned and held for 2.9 min to the initial conditions (100% eluent A) to
equilibrate the column for the following run. The column temperature was set to 40 ◦C.
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Data treatment: To identify different saponin compounds in the holothurian extracts we compared
the molecular masses of known saponins to the here-analyzed mass data (MS1) and by confirmation
the saponin nature (Figure 1) by identifying their diagnostic key fragments. Therefore, we used
different diagnostic key fragments corresponding to oligosaccharides residues [88], and the sapogenin
molecule (aglycone) part (Table 1). Unknown saponin molecules (with different molecular formulas
than previously reported) were not considered in this analysis. Given that we identified several
saponins with the same exact mass (probably isomers), we retained the following information for
compound identification: (1) retention time (RT), (2) molecular weight and (3) the integrated area of
the respective peak (Table S3).

Table 1. Key diagnostic fragments of saponins detected via the MS/MS analysis of the studied
sea cucumbers.

Diagnostic Ions
Reported Exact

Mass (m/z)
Molecular
Formula

Organism References

Sapogenin 472.3552 C30H48O4 B. vitiensis [89]

Sapogenin 1 482.3032 C30H42O5 Octacoral (Anthomastus bathyproctus) [90]

Sapogenin 3 457.3318 C29H45O4 Gorgonian (Eunicella cavolini) [91]

Caudinoside A 468.3239 C30H44O4 Paracaudina ransonetii [92]

Stichopogenin A4 486.3345 C30H46O5 Stichopus japonicus [93]

16 Keto holothurinogenin 484.3189 C30H44O5 A. mauritiana [94,95]

MeGlc-Glc-Qui + Na+ 507.164 C19H32O14Na+ H. lesson, H. forskali [96,97]

4.2.2. Saponin Compounds Composition: Data and Statistical Analyses

The integrated areas have been log transformed to reduce the skewness. Principal component
analysis (PCA) was used to evaluate the differences between saponin compositions of the studied
sea cucumbers. In order to identify the saponin similarity among different sea cucumber species,
a hierarchical cluster analysis (function hclust, using packages ape for R) was used. After choosing the
best cluster method using cophenetic correlation distances (pearson correlation), the penalty function
of Kelley Gardner Sutcliffe (KGS; package maptree in R) was used to trim the dendrogram. Compounds
with integration values higher than 10,000 were then selected to further study the saponin composition
of each of the sea cucumber species.

4.2.3. Total Saponin Concentration within the Examined Sea Cucumber Species

Since only known saponins could be identified by the LC-MS/MS data, we also quantified
total saponin concentration of different sea cucumbers using a spectrophotometric method with
vanillin-sulfuric acid, which was adapted after Hiai and colleagues [98]. Based on their method,
sulfuric acid oxidizes saponins and transformes glycone chains to furfural. The free hydroxyl group at
the C-3 position of the agylcone part reacts with vanillin and produces a distinctive yellow-brown
color [41]. According to this methodology, we prepared 8% vanillin solution (w/v) dissolved in ethanol
(analytical grade), and sulfuric acid 72% (v/v) dissolved in distilled water. Crude extracts as well as
double distilled water (used as blanks), were mixed with vanillin (8%; AppliChem GmbH, Germany)
and sulfuric acid (72%) in a 1:1:10 (v/v/v) proportion in an ice bath. Next, we incubated the obtained
solution at 60 ◦C in a water bath for 10 min. To stop the reaction, samples were cooled down on ice.
A standard curve was measured, using a concentration gradient of Quillaja bark saponin (AppliChem
GmbH, 64291, Darmstadt, Germany), diluted in distilled water. Finally, the absorbance was measured
at 540 nm using a microplate reader.

4.3. Anti-Fouling Effects of Purified Saponin Fractions

We further fractionated the crude extract of B. argus, since it had exhibited one of the highest AF
activity among the tested organic extracts. The aim was the identification of one or multiple saponin
compounds responsible for the anti-fouling activity observed in the crude extract.
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4.4. Sample Fractionation and Purification

Liquid/liquid partitioning: The crude extracts of B. argus were first partitioned using (1) EtOAc:H2O
(1:1) followed by partitioning of the H2O fraction with (2) n-BuOH:H2O (1:1).

Solid Phase Extraction (SPE) chromatography: The BuOH fraction which contained the saponins was
further fractionated by SPE chromatography [99]. Therefore, the SPE column (SUPELCLEAN LC18,
60 mL/10 g; Supleco Park, USA) was desalted/washed with 60 mL MeOH and preconditioned with
120 mL distilled water. Then, the concentrated BuOH fraction was added to the column and washed
with five elution gradients: (1) Elution with H2O (Fraction A, 120 mL), (2) MeOH:H2O (Fraction B,
50:50, 180 mL), (3) ACN: H2O (Fraction C, 70:30, 180 mL), (4) ACN 100% (Fraction D, 180 mL) and (5)
CH2Cl2: MeOH (fraction E, 90:10, 180 mL; Figure 9).

Preparative HPLC: Preliminary biological and chemical screening of each SPE fraction showed that
fractions B (MeOH:H2O 50:50) and C (CH3CN:H2O 70:30) contained not only diverse and high amounts
of saponins, they also had high activities against the fungi Rhodotorula glutinis and Candida albicans
(unpublished data). Therefore, these fractions were selected for further purification by semi-preparative
HPLC (Agilent Technologies, 1260 Infinity) with a PDA detector (Agilent, G4212-60008, CA, USA).
Chromatographic separation was achieved using a C18 column (Pursuit XRs 5 μm, 250 mm × 10 mm,
Agilent, CA, USA) with a pre-column (2.7 μm, 2.1 mm × 5 mm, Agilent, CA, USA) and applying a
linear gradient: initial 50% A/50% B, 0–4 min 50% A/50% B; 4–36 min 38% A/62% B; 36–39 min 100% B,
and a column reconditioning phase for 39–59 min 100% B, and 8 min to 50% A/50% B. (flow rate 1.5 mL
min−1; eluent A: 95% H2O and 0.1% of formic acid 98% (Roth); eluent B: ACN and 0.1% formic acid).
Several fractions were collected by peak picking at specific retention times. In order to determine the
saponin composition of the obtained fractions and pure compounds, the fractions and compounds
were dissolved in HPLC-grade MeOH, filtered through a 0.2 μm syringe filter, and injected into the
HPLC-DAD-MS system, as previously described in Section 4.2.1. The peak integration of saponins in
the final fractions has been assessed (Table S4), and these fractions have been used for AF assay.

Figure 9. Flow chart showing the applied procedure for isolating the bioactive saponin compounds
(Cutignano et al., 2015; Ebada et al., 2008 [99,100]). Sample set 1 and 2 refers to the samples that were
tested for anti-fouling (AF) activity in this study.
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Supplementary Materials: Figure S1A–F: Chl a concentrations in the suspended cells in the water after incubation
of C. closterium with different concentrations of sea cucumbers extracts (A = 150 μg mL−1; C = 15 μg mL−1;
E = 1.5 μg mL−1) and of C. closterium attached to the flask surface (B = 150 μg mL−1; D = 15 μg mL−1;
F = 1.5 μg mL−1). Dashed lines separate different genera of sea cucumbers (Holothuria, Bohadschia, Actinopyga).
CT = Control. (a–e) indicate significance levels according to post hoc test. Figure S2: LC/MS spectra of the crude
extracts of genus Holothuria (Y-axis relative intensity in % of maximum peak, x-axis retention time in minutes).
Figure S3: LC/MS spectra of the crude extracts of genus Bohadschia (Y-axis relative intensity in % of maximum
peak, x-axis retention time in minutes). Figure S4: LC/MS spectra of the crude extracts of genus Actinopyga (Y-axis
relative intensity in % of maximum peak, x-axis retention time in minutes). Figure S5: LC/MS spectra of fractions
isolated from B. argus (see Table S4; Y-axis relative intensity in % of maximum peak, x-axis retention time in
minutes). Figure S6: Identified saponins species presented in different fractions isolated from B. argus. The red
color referred to the presence of a semi-purified saponin species (bivittoside D-like at m/z 1426.698). Size of bubbles
represented the peak area of the molecules obtained from LC/MS analysis. Table S1. Significant differences
(reported as p-values) of sea cucumber crude extracts compared to control experiments using the Kruskal–Wallis
test. Table S2: Saponins reported, and found in studied species. Table S3: Exact mass (m/z), molecular formula,
retention time (RT), and intensity signal (IntSig) of saponins, and sapogenins (aglycone parts) presented in the
three sea cucumber genera Holothuria, Bohadschia and Actinopyga. Table S4: Exact mass (m/z), molecular formula,
retention time (RT in minutes) and intensity signal of saponins presented in isolated fractions of B. argus.
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Abstract: Benthic cyanobacteria strains from Guadeloupe have been investigated for the first time by
combining phylogenetic, chemical and biological studies in order to better understand the taxonomic
and chemical diversity as well as the biological activities of these cyanobacteria through the effect
of their specialized metabolites. Therefore, in addition to the construction of the phylogenetic
tree, indicating the presence of 12 potentially new species, an LC-MS/MS data analysis workflow
was applied to provide an overview on chemical diversity of 20 cyanobacterial extracts, which
was linked to antimicrobial activities evaluation against human pathogenic and ichtyopathogenic
environmental strains.

Keywords: benthic cyanobacteria; tropical mangrove; Guadeloupe; phylogenetic diversity; chemical
diversity; molecular networking; antimicrobial activity

1. Introduction

Cyanobacteria are among the important primary producers in various coastal ecosystems including
mangroves. Besides their occurrence in the bacterioplankton, various cyanobacteria occur in biofilms on
the sediment surface, on rocks, and on biological surfaces as part of the periphyton [1,2]. Biofilm-forming
cyanobacteria contribute to locale trophic networks through carbon fixation, and depending on species
also to nitrogen fixation, accumulation of calcium, magnesium, and phosphorous [3]. The benthic
species, especially in tropical zones, may form dense biofilms on various types of substrates and may
have major ecological roles [2] but are still poorly known, compared to pelagic species. Although
cyanobacteria are of particular interest as ecologically-relevant microorganisms, they are also regarded
as producers of a broad diversity of bioactive secondary metabolites including cyanotoxins and various
antimicrobial compounds which influence their interactions with other organisms [1,4,5]. Some of
these compounds are of pharmacological interest, as illustrated by the use of Brentuxymab vedotin,
based on dolastatin 10 from Symploca, in the treatment of Hodgkin’s lymphoma [1,6].

Currently, the 1700 described cyanobacterial species [7] are probably only a small subset of the
group’s true diversity. The tropical regions and the benthic compartment are particularly ill-explored
compared to the potential diversity their harbor [2]. Chemical investigations have focused on an even
smaller subset of this diversity, with over 50% of characterized metabolites reported from the order
Oscillatoriales, and 35% in the sole genus Lyngbya [5].

Mar. Drugs 2020, 18, 16; doi:10.3390/md18010016 www.mdpi.com/journal/marinedrugs151
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In this study, we investigated both the phylogenetic and chemical diversity of cultivable
cyanobacteria isolated from coastal habitats in Guadeloupe (French West Indies). Marine benthic
cyanobacteria from Guadeloupe have indeed received very little attention despite the fact that they can
form biofilms that may cover large areas of sediment and plant surfaces. Three filamentous morphotypes
were, for example, recently characterized, but were not maintained in culture collections [8]. In the
present study, 20 bacterial strains were isolated from various biofilms in Guadeloupe collected from
the benthic sediment surface or from the surface of immersed mangrove tree branches and roots in the
Manche-à-Eau mangrove lagoon, the Marina Bas-du-Fort harbor, and the Canal Des Rotours, a 6-km
long canal connecting the city of Morne-à-l’eau to the coastal mangrove. Strains were characterized
by means of 16S rRNA comparative gene sequence analysis, and their metabolites were analyzed
using LC-MS/MS. A molecular network was built to establish chemical entities families, which were
compared among strains [9]. Finally, the antibacterial activities were evaluated against six human
and four marine pathogen reference strains. This study provides a first glimpse of the taxonomic and
chemical diversity of the benthic cyanobacteria occurring in Guadeloupe coastal mangroves.

2. Results

A total of 20 cyanobacterial strains were successfully isolated, and grown from green biofilms
collected from distinct locations in Guadeloupe, namely the Manche-à-Eau lagoon close to red mangrove
trees (two stations ST1 and ST2 and five strains), the Marina Bas-du-Fort (one station ST4, one strain),
and the Canal Des Rotours (three stations ST5, ST6, and ST7 and 14 strains, Figure 1 and Table 1).
Biofilms were found either covering the sediment surface, attached to immersed roots of mangrove
trees, or attached to sunken deadwood.

 

Figure 1. Google map showing the collection sites (ST: stations) located in Grande-Terre (ST4, ST5, ST6,
and ST7) and in Basse-Terre (ST1 and ST2), the two main islands constituting Guadeloupe.

2.1. Phylogenetic and 16S rRNA Dissimilarity-Based Identification of Strains

The 16S rRNA-encoding gene sequences from the 20 strains clustered within the three
cyanobacterial orders Oscillatoriales, Synechococcales and Nostocales (ten, eight, and two strains,
respectively, Figure 2). Strains were affiliated to hypothetical species and genera based on widely
accepted 16S rRNA similarity cutoff values for species and genus delimitation [7,10], respectively, and
monophyly with members of these species and genera. A large-scale comparison of 6787 genomes
from 22 prokaryotic phyla established that a 99% 16S rRNA similarity cutoff value should be retained
to delimit species [10]; and reference taxonomic works on Cyanobacteria recommend a 95% cutoff of
cyanobacterial genera delimitation [7].
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Five of the ten Oscillatoriales strains clustered with sequences from uncultured Oscillatoria and
a strain assigned to Kamptonema formosum (formely Oscillatoria formosa). Using the aforementioned
criteria, these strains are congeneric, and can be assigned to three new hypothetical species represented
by strain PMC 1075.18, strains PMC 1068.18 and 1076.18, and strains PMC 1050.18 and 1051.18,
respectively (Table 1 and Table S1). Strains PMC 1056.18 and 1057.18 (0.8% dissimilarity) from
Manche-à-Eau represent one hypothetical new species that displays 4% dissimilarity with the closest
described genus, Arthrospira, and thus probably belong to this genus. Strains PMC 1071.18 (7.8%
dissimilarity with Symploca sp. NAC 12/21/08-3), and PMC 1072.18 (5.1% dissimilarity with Ramsaria
avicennae and Coleofasciculus chthonoplastes) represent two new species, each belonging to a new genus
based on the 95% similarity threshold. Strain PMC 1092.19 displayed 2.2% dissimilarity with Lyngbya sp.
ALCB114379 and thus likely represents a new species within this genus. Within the Synechococcales,
five strains (PMC 1073.18, 1074.18, 1078.18, 1079.18, and 1080.18, all from Canal des Rotours) clustered
with genus Jaaginema and represent a single new hypothetical species. Strain PMC 1066.18 was closely
related (0.5% sequence dissimilarity) to a sequence from an uncultured Nodosilinea sp. CENA 322,
isolated from leaves of the mangrove tree Avicennia schaueriana in Brazil [11]. Sequence from strain
PMC 1064.18 was highly similar (0.5% dissimilarity) to sequences from two unpublished strains of
Limnothrix. Strain PMC 1052.18 displayed at least 7.4% dissimilarity to all other sequences in databases,
and represents a new species within a new undescribed genus. Finally, strains PMC 1069.18 and
1070.18 from Canal des Rotours were the only two Nostocales, clustering together and representing a
single new hypothetical species belonging to the genus Scytonema.

2.2. MS/MS Analysis and Annotation of Cyanobacterial Specialized Metabolites

In an attempt to map the chemical diversity of the 20 cyanobacterial extracts, their LC-MS/MS
data were preprocessed using MZmine 2 [12] and the obtained 2468 mass features were organized
into a molecular network consisting of 156 clusters (two or more connected nodes of a graph,
Figure 3). In order to visualize the distribution of the cyanobacterial metabolites across the
20 extracts, the whole molecular network was mapped at the genus identification level using
a typical color tag (Figure 3). An examination of the network reveals that certain clusters are
constrained to specific genera. This observation highlighted the distribution of closely related
yet different chemical structures in each genus (See supporting information for further details).
Moreover, MS/MS data constituting the entire molecular network were searched against the
GNPS spectral libraries [13] and yielded only 9 hits (triangle shapes on the network), including
a nucleotide, diketopiperazines and phosphocholines (https://gnps.ucsd.edu/ProteoSAFe/result.jsp?
task=9581427a15b7422d8bd2b3b4b086189e&view=view_all_annotations_DB). To further expand the
annotation coverage, we applied DEREPLICATOR, a recently developed dereplication algorithm
that enables high-throughput peptide natural products (PNPs) identification from their tandem mass
spectra [14–17]. Interestingly, this tool allows to putatively identify an unknown PNP from its known
variants (for example, with a substitution, a modification or an adduct) through the so-called variable
dereplication process (as opposed to the strict dereplication when a PNP is described in the database).
This dereplication process allowed the annotation of 54 peptide spectrum matches (PSMs) (red ellipses
on the network, Figure 3) analogues closely related to known ones (Table S2). Even though, no perfect
match was generated through DEREPLICATOR algorithm, marine peptide natural products were
proposed and therefore support the relevance of this tool for the exploration of peptide diversity.
Furthermore, on the basis of the taxonomic annotation, some clusters were restricted to a single genus
indicating the chemical uniqueness of the features within the whole map and, potential structural
originality (Figure S1) [18].
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Figure 2. Phylogenetic tree based on the maximum-likelihood analysis of the bacterial 16S
rRNA-encoding gene. Sequences from this study are in bold and colored. Support values at nodes
were obtained from 100 boostrap replicates. Scale bar represents estimated 5% sequence difference.
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Figure 3. The molecular network obtained through the LC-MS/MS analysis of the 20 extracts of
cyanobacterial strains collected in Guadeloupe. Peptides dereplicated via DEREPLICATOR are
visualized in red ellipses. Nodes (round shape) are colored according to the mean precursor ion
intensity per cyanobacterium genus (For further details See Figure S1).

2.3. Evaluation of the Antimicrobial Activity

The evaluation of the antimicrobial activity was performed against six human pathogenic bacteria
(Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Enterococcus faecalis, Staphylococcus aureus,
and Bacillus cereus) and four marine environmental pathogenic bacteria (Vibrio alginolyticus, Vibrio
anguillarum, Pseudoalteromonas atlantica, and Pseudoalteromonas distincta). All the cyanobacterial strains
extracts were tested in triplicates at a concentration of 100 μg/mL. Only positive results (i.e., inhibition
above 50%) are presented in Table 2.

Most of the cyanobacterial strains showed moderate activity against P. atlantica with a mean
growth inhibition of 20% to 60%; three Jaaginema strains PM 1078.18, 1079.18 and 1080.18 as well as
Oscillatoria n. sp. 2 PMC 1076.18 displayed highest growth inhibition properties.
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Table 2. Summary of significant antibacterial activities among the 20 cyanobacterial strains expressed
as percentage of growth inhibition against pathogenic human and marine environmental bacteria.

Strain ID

Gram-Negative Pathogenic Bacteria

Human
E. coli

Environmental
P. atlantica

Oscillatoria spp.
PMC 1051.18 100 ± 4.17 n.a.
PMC 1076.18 n.a. 50.87 ± 1.37

Jaaginema sp.
PMC 1078.18 n.a. 54.07 ± 8.50
PMC 1079.18 n.a. 60.95 ± 5.52
PMC 1080.18 n.a. 53.01 ± 4.42

n.a.: not active at the concentration of 100 μg/mL (i.e., inhibition below 50%); Chloramphenicol was used as positive
control in both human E. coli and marine environmental P. atlantica pathogenic bacteria. Values presented as the
mean ± SEM (n = 3).

Interestingly, Oscillatoria/Kamptonema strain PMC 1051.18 was the only strain to reveal significant
activity against E. coli with 100 % growth inhibition at 100 μg/mL, while its conspecific strain PMC
1050.18 did not show significant activity.

3. Discussion and Conclusions

3.1. Mangroves of Guadeloupe are a Source of Novel Cyanobacteria

This study yielded 20 new cyanobacterial strains including ten Oscillatoriales, eight
Synechococcales and two Nostocales [7]. Based on 16S rRNA phylogeny and similarity criteria,
these possibly represent 12 new species within three new and seven already known genera (Jaaginema,
Scytonema, Oscillatoria, Nodosilinea, Lyngbya, Arthrospira, and Limnothrix). Ascertaining the exact
status of strains as new species or genera requires further characterization beyond simple 16S rRNA
dissimilarity- and phylogeny-based criteria considered here. A polyphasic approach is required in
order to offer a proper taxonomic description, that is beyond the scope of this paper [7,19]. However,
this result based on the analysis of 16S rRNA-encoding genes alone, already emphasizes the high level
of taxonomic novelty found in Guadeloupe coastal environments. Apart from a recent paper describing
three cyanobacteria not closely related to strains described herein, namely Oscillatoria sp. clone gwada
strain OG (displaying over 5 % 16S rRNA sequence dissimilarity with our Oscillatoria/Kamptonema
sequences), ‘Candidatus Planktothricoides niger’ strain OB and ‘Candidatus Planktothricoides rosea’ strain
OP, very little data is available regarding cyanobacterial taxonomic diversity in Guadeloupe [8]. Overall
the level of novelty documented here reveals mostly untapped cyanobacterial diversity in Guadeloupe.
Various authors have highlighted the potential of tropical ecosystems, in particular mangroves, as
reservoirs of cyanobacterial diversity and bioactive molecules [11,20], and the predominance of orders
Oscillatoriales and Synechococcales among recovered strains [21,22], so this novelty is not unexpected
and warrants further investigations.

3.2. The Benthic Cyanobacterial Strains Reveal a High Level of Chemical Novelty

The presence of 54 peptides, variants of known previously identified peptides, was documented
using the DEREPLICATOR algorithm. These latter include eleven peptides previously isolated from
yanobacteria (Table 3 and Figure S2) but also twelve known peptides from marine Sponges, three from
Chordata, five from Fungi (including two marine fungi), and ten from Bacteria, whose one marine
bacterium (Table S2). These results suggest that some of the previously isolated peptides from marine
organisms could have a symbiotic origin and could be in fact produced by cyanobacteria associated
with these organisms.

157



Mar. Drugs 2020, 18, 16

Table 3. Eleven peptide natural products (PNPs) previously isolated from cyanobacteria (in the
increasing order of P values) dereplicated by DEREPLICATOR.

Variant PNP Producer Detected in Score P-Value
Variant PNP

Mass
Peptide
Mass *

Viequeamide A
Marine Button

Cyanobacterium
(unidentified)

Oscillatoria sp.,
Scytonema sp.,
Arthrospira sp.

12 2.8 10−17 803.50 892.55

Nostophycin Nostoc 152 Lyngbya sp. 11 2.1 10−15 888.48 943.55

Wewakamide A Lyngbya semiplena
Lyngbya majuscula

Oscillatoria sp.,
Scytonema sp.,
Arthrospira sp.

12 4.4 10−15 994.65 891.59

Majusculamide
C_Demethoxy Lyngbya majuscula

Oscillatoria sp.,
Scytonema sp.,
Arthrospira sp.

11 4.6 10−13 954.58 892.49

Wewakazole Lyngbya majuscula Lyngbya sp. 12 6.7 10−12 1140.54 1058.54
Anacyclamide A10 Anabaena sp. 90 Lyngbya sp. 10 9.6 10−11 1052.53 1009.49

Aerucyclamide C Microcystis
aeruginosa Lyngbya sp. 7 9.5 10−9 516.22 645.28

Microcystin LR Microcystis bloom Lyngbya sp. 7 1.5 10−8 980.53 846.91

Pitipeptolide A Lyngbya majuscula
Oscillatoria sp.,
Scytonema sp.,
Arthrospira sp.

7 1.6 10−8 807.48 795.51

Microcystin RA Microcystis Lyngbya sp. 7 1.7 10−8 952.50 825.38
Raocyclamide B Oscillatoria raoi Arthrospira sp. 6 6.5 10−8 568.21 581.17

*: Peptide mass (in Da) found in our extracts and previously isolated from Cyanobacteria.

The comparison of ions observed in the chemical extracts of the 20 strains also revealed high
heterogeneity in chemical composition despite that strains were grown under similar conditions
(temperature, Z8 media, photoperiod). This indicates high levels of inter-strain variability.

The assessment of those cyanobacterial extracts using molecular networking and in silico
annotation tool finally pointed out a high level of chemical novelty. Notably, this endeavor will
allow prioritizing cyanobacterial strains for further chemical studies that will be pursued with full
structure elucidation of each isolated compound through detailed NMR analyses.

3.3. Certain Cyanobacterial Strains Reveal Promising Antimicrobial Activities

All strains inhibited the growth of P. atlantica to a certain extent. The most active strains, namely
PMC 1078.18, 1079.18, and 1080.18, displaying more than 50% of inhibitory activity, belong to a single
hypothetical new species of the genus Jaaginema and were isolated from the Canal des Rotours. The two
other conspecific strains PMC 1073.18 and 1074.18 did not display a significant inhibition, suggesting
that this property is limited to certain strains within this species. More interestingly, a single strain
of Oscillatoria/Kamptonema, namely PMC 1051.18, isolated in the Manche à Eau lagoon, showed a
very high inhibition against the human pathogenic bacterium strain E. coli with 100% of inhibition
at the concentration of 100 μg/mL. This promising activity stimulates a deeper chemical study of
this strain in order to isolate and identify the molecule(s) responsible for the detected activity. The
antimicrobial activity assay will also be enlarged with assays against resistant pathogenic bacterial
strains. Surprisingly, its closest relative in the phylogenetic tree, strain PMC 1050.18 did not display
such an activity, again suggesting a strain-specific level of activity.

Altogether these findings support that activities are limited to certain strains of a given
cyanobacterial species. Inter-strain variability is most often attributed to the existence of certain
genes or pathways that are found in some, but not all strains of a given species [23]. This could
explain some of the chemical and activity differences observed herein between closely related strains.
Alternatively, recent studies on cyanobacterial strains maintained in culture have revealed the existence
of an overlooked associated cyanosphere, i.e., a cohort of other microorganisms (mostly bacteria)
that is co-isolated and co-cultured with the cyanobacterium [24]. In this case, as observed in other
organisms that co-exist with a microbiota, this cyanosphere certainly interacts and influences the
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cyanobacterial strains physiology, possibly being in obligate symbiosis, a consequence being the
reported difficulty to obtain axenic cultures in Cyanobacteria [24]. These interactions might result in
strain-specific differences in chemical composition and activities, either by modulating cyanobacterial
gene expression, or because compounds and activities are in fact due to other members of the
cyanosphere, and not the cyanobacterium itself. This may explain why different strains within a single
species and cultured under similar conditions can display very different compounds and properties,
and emphasizes the necessity to account for this heterogeneity by investigating various strains in
parallel within each species.

In conclusion, easy-to-sample coastal areas in Guadeloupe harbor an untapped diversity of
benthic cyanobacteria that probably represent novel lineages and display a diversity of potentially
novel molecules, some of which have promising antimicrobial properties. The taxonomic affiliation of
the strains has to be further investigated using polyphasic approaches (that include morphological,
ultrastructural and molecular analyses). The different types of activities of the isolated peptides have
also to be further explored. It certainly emphasizes the need to further investigate the different habitats
in Guadeloupe, in particular mangroves, and more generally tropical coastal habitats, as environmental
conditions have a major impact on cyanobacterial diversity [20]. To understand the significance of these
Cyanobacteria in these ecosystems, and the possible roles of antibacterial compounds in nature, work is
under way to address the actual abundance and functions of isolated strains in biofilms in natura using
additional approaches including metagenomics, metabolomics and metatranscriptomics. This study
paves the way for further promising investigations on benthic cyanobacteria from tropical mangroves.

4. Materials and Methods

4.1. Sampling and Strain Isolation

Green biofilms, presumed to contain abundant cyanobacteria, were sampled in July 2018 from
distinct locations in Guadeloupe, namely two stations located in the Manche-à-Eau lagoon close to red
mangrove trees (Rhizophora mangle, [25], five strains), the Marina Bas-du-Fort (one strain), and the Canal
Des Rotours, a 6-km long canal build between 1826 and 1830 connecting the city of Morne-à-l’eau to
the sea on three stations, representing a transition between the coastal mangrove (stations 5 and 6 with
six and three strains, respectively) and freshwater (station 7 with five strains, Table 1). In accordance
with Article 17, paragraph 2, of the Nagoya Protocol on Access and Benefit-sharing, a sampling permit
was issued and published (https://absch.cbd.int/database/ABSCH-IRCC-FR-246959). Biofilms, either
benthic or attached to submerged tree roots or branches (periphyton) were sampled by snorkeling.
Back to the lab, biofilms were examined under a binocular and individual cyanobacterial morphotypes
were transferred to plates containing solid Z8 medium [26] containing 0, 20, and 35 g/L salt (Instant
Ocean, Aquarium Systems, France). Isolation in liquid Z8 medium was also attempted.

4.2. Strain Cultivation and Biomass Production

Back to the laboratory, surviving non-axenic strains were stabilized. Strains were
registered in the Paris Museum Collection (PMC) under labels PMC 1050.18 to PMC
1092.19 (Table 1). They are maintained in liquid medium and are available upon
request (https://www.mnhn.fr/fr/collections/ensembles-collections/ressources-biologiques-cellules-
vivantes-cryoconservees/microalgues-cyanobacteries). Biomass was produced for two months in
increasing volumes of liquid Z8 media (25 ± 1 ◦C; 15 μmol/m2/s white light; 16 h light: 8 h dark)
without salt (PMC1069.18, 1070.18, 1071.18, 1072.18, 1073.18, 1092.18) or with 20 g/L salt (other strains).

4.3. Strain Identification

DNA was extracted from cultures using the ZymoBIOMICS Fecal/Soil Kit (Zymo Research,
Irvine, CA, USA) following manufacturer’s instructions including a 3 min disruption of cells using
ceramic beads. Concentrations were measured using Nanodrop and Qubit. Fragments of the 16S
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rRNA-encoding gene were amplified by PCR for 35 cycles using two primer sets commonly used
to specifically amplify cyanobacterial genes. Annealing temperature of 58 ◦C was used for primer
set 8F (5’-AGAGTTTGATCCTGGCTCAG 3’) and 920R (5′-TTGTAAGGTTCTTCGCGTTG-3’), and
annealing at 55 ◦C was used for primer set 861F (5′-TAACGCGTTAAGTATCCC-3′) and 1380R
(5′-TAACGACTTCGGGCGTGACC-3′) [27,28]. For each strain, sequence chromatograms (Genoscreen,
Lille, France) were examined, assembled using Geneious (https://www.geneious.com/), and compared
to the GENBANK database using BLAST. Sequences are deposited in GENBANK under accession
numbers MN823169 to MN823186; MN824246 and MN824247.

A dataset was built consisting of sequences from the 20 isolated strains, their best BLAST hits,
and representatives of major cyanobacterial lineages. Sequences from genus Gloeobacter were used
as an outgroup. Sequences were aligned using the secondary structure-aware Infernal Aligner v. 1.0
tool available on the Ribosomal Database Project website [29]. Alignment was controlled to remove
ambiguously-aligned zones. Phylogenetic tree was reconstructed using the software MEGA7 [30].
Relationships were inferred using a Maximum Likelihood approach using a General Time Reversible
model (5 categories and invariants), and 1280 nucleotide positions. Support values at nodes were
obtained from 100 boostrap replicates analyzed using the same method. A pairwise p-distance matrix
(Table S1) was built to support preliminary genus and species delimitation.

4.4. Preparation of Cyanobacteria Chemical Extracts

An aliquot each culture was deposited in a 15 mL Falcon tube containing 10 mL of unsalted Z8
medium. After centrifugation at 4000 g and three successive washes with unsalted Z8 medium, the
pellets were lyophilized under vacuum at −40 ◦C for 12 h. The dry extracts were weighed and then
re-suspended in a MeOH/CH3CN/H2O mixture (40:40:20) for having a final concentration of 1 mg
/100 μL of solvent mixture. After three successive sonications (6 min cycle: 1 min ON/30 s OFF) and
centrifugations at 14,000 g for 5 min, the supernatants were evaporated and the dry extracts were
prepared for having a final concentration of 1 mg/mL and were then filtered on a membrane of 13 mm
in diameter and 0.2 μm in pores (VWR International). An aliquot of 30 μL was reserved for LC-MS2

analysis. The remaining samples were evaporated and diluted in DMSO at a concentration of 10 μg/μL
for antibacterial activities evaluation.

4.5. LC-MS2 Analyzes of Extracts

The extracts were subjected to an Agilent 1260 HPLC (Agilent Technologies, Les Ulis, France)
coupled to an Agilent 6530 Q-ToF-MS equipped with a Dual ESI source. The chromatographic
separation was performed using an HPLC (C18 Sunfire® Waters 150 × 2.1 mm, 3.5 μm column, 250
μL/min gradient elution (A: CH3CN, B: H2O + 0.1% formic acid) from 5% to 100% A, over 20 min).
The divert valve was set to waste for the first 3 min. In positive ion mode, purine C5H4N4 [M +H]+

ion (m/z 121.0509) and hexakis (1H, 1H, 3H-tetrafluoropropoxy) phosphazine C18H18F24N3O6P3 [M +
H]+ ion (m/z 922.0098) (HP 0921) were used as internal lock masses. Source parameters were set as
follow: capillary voltage at 3500 V, gas temperature at 320 ◦C, drying gas flow at 10 L/min, nebulizer
pressure at 40 psi. Fragmentor was set at 175 V. Acquisition was performed in auto MS2 mode on the
range m/z 100–1200 with an MS rate of 1 spectra/sec and an MS/MS scan rate of 3 spectra/sec. Isolation
MS/MS width was 2 m/z. Fixed collision energies 45 eV was used. MS/MS events were performed on
the three most intense precursor ions per cycle with a minimum intensity of 5000 counts. Full scans
were acquired at a resolution of 11,000 [FWHM] (m/z 922).

4.5.1. MS/MS Data Pretreatment

The MS data were converted from RAW (Thermo) standard data format to mzXML format using
the MSConvert software, part of the ProteoWizard package [31]. The converted files were treated using
the MZmine software suite v. 2.38 [12].

160



Mar. Drugs 2020, 18, 16

The parameters were adjusted as following: the centroid mass detector was used for mass
detection with the noise level set to 1.0E6 for MS level set to 1, and to 0 for MS level set to 2. The
ADAP [32] chromatogram builder was used and set to a minimum group size of scans of 2, minimum
group intensity threshold of 3.0E3, minimum highest intensity of 3.0E3 and m/z tolerance of 10.0 ppm.
For chromatogram deconvolution, the algorithm used was the wavelets (ADAP). The intensity window
S/N was used as S/N estimator with a signal to noise ratio set at 10, a minimum feature height at 1000,
a coefficient area threshold at 10, a peak duration range from 0.02 to 1.0 min and the RT wavelet range
from 0.02 to 0.6 min. Isotopes were detected using the isotopes peaks grouper with a m/z tolerance of
10.0 ppm, a RT tolerance of 0.3 min (absolute), the maximum charge set at 1 and the representative
isotope used was the most intense. Peak alignment was performed using the RANSAC alignment
method (m/z tolerance at 10 ppm), RT tolerance 0.3 min, RT tolerance after correction 0.5 min, RANSAC
iterations 0, Minimum number of points: 80.0 %, Threshold value: 0.3, requiring the same charge
state. The peak list was gap-filled with the same RT and m/z range gap filler (m/z tolerance at 10 ppm).
Eventually the resulting aligned peaklist was filtered using the peak-list rows filter option in order to
keep only features associated with MS2 scans.

4.5.2. Molecular Networks Generation

In order to keep the retention time, the exact mass information and to allow for the separation
of isomers, a feature-based molecular network (https://ccms-ucsd.github.io/GNPSDocumentation/
featurebasedmolecularnetworking/) was created using the mgf file resulting from the MZmine
pretreatment step detailed above. Spectral data was uploaded on the GNPS molecular networking
platform. A network was then created where edges were filtered to have a cosine score above 0.7
and more than six matched peaks. Further edges between two nodes were kept in the network
if and only if each of the nodes appeared in each other’s respective top 10 most similar nodes.
The spectra in the network were then searched against GNPS’ spectral libraries. All matches
kept between network spectra and library spectra were required to have a score above 0.7 and
at least six matched peaks. The output was visualized using Cytoscape 3.6 software [33]. The
GNPS job parameters and resulting data are available at the following address (https://gnps.ucsd.
edu/ProteoSAFe/status.jsp?task=9581427a15b7422d8bd2b3b4b086189e). The DEREPLICATOR job
resulting data is available at the following address (https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=
0c058507ac774dd7b881c2ee36d57720).

4.6. Evaluation of the Antibacterial Activity of Cyanobacterial Strains

The antibacterial activities of the chemical extracts of the various cyanobacterial strains were tested
against six human pathogenic bacteria (Escherichia coli ATCC 8739, Klebsiella pneumoniae ATCC 11296,
Pseudomonas aeruginosa ATCC 13388, Enterococcus faecalis ATCC 29212, Staphylococcus aureus ATCC
6538 and Bacillus cereus ATCC 14579) and four marine pathogenic bacteria (Vibrio alginolyticus ATCC
17749, Vibrio anguillarum ATCC 19264, Pseudoalteromonas atlantica ATCC 19262 and Pseudoalteromonas
distincta ATCC 700518). The selected pathogenic human and marine bacteria were cultured in LB
(Luria Bertoni) medium at 37 ◦C or in MB (Marine Broth) at 25 ◦C, respectively. The different bacteria
were isolated on LB or MB agar by incubation at 37 ◦C or 25 ◦C overnight. A pre-culture of 5 mL was
prepared by inoculating a colony of each bacterial strain, and incubated at 37 ◦C or 25 ◦C and stirring
overnight. The bacterial suspension was adjusted by dilution to obtain an optical density (OD) of
0.03 at 620 nm. The antibacterial assays were performed by a liquid method in 96-well microplates.
Briefly, 100 μL of the bacterial suspension of different bacteria strains were distributed in each well.
The extracts, diluted in DMSO, were tested in triplicate at a concentration of 100 μg/mL. The 96-well
microplates were incubated overnight at 37 ◦C or 25 ◦C and shaked at 450 rpm. The OD of each well
was measured at 620 nm using an absorbance reader plate (Multiscan, Thermofisher, Saint-Herblain,
France). The percentage of growth inhibition was calculated using the formula: % inhibition = 100 −
[(ODS − ODB)/(ODT − ODB) × 100] where T = bacterial suspension without test sample, B = culture
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medium without bacteria and S = bacterial suspension test sample. Standard antibiotics were used as
positive controls (ampicillin against E. faecalis, B. cereus, P. distincta, V. anguillarum; chloramphenicol
against E. coli, P. aeruginosa, V. alginolyticus, P. atlantica; gentamycin against S. aureus, K. pneumoniae).

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/1/16/s1,
Table S1: Pairwise distance values among new cyanobacterial strains isolated during this study. Values below 0.05
(5% divergence, as congenerics) are in bold. Table S2. List of the 54 candidate structures, which are consistent with
previously identified peptides using DEREPLICATOR algorithm. Figure S1. Global molecular network obtained
from LC-MS/MS data of 20 cyanobacteria extracts (red ellipses are DEREPLICATOR peptide matches). Figure S2.
A selection of clusters and self-loops annotated with putative cyanobacterial peptides and their origin.
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Abstract: Polar marine ecosystems hold the potential for bioactive compound biodiscovery, based on
their untapped macro- and microorganism diversity. Characterization of polar benthic marine
invertebrate-associated microbiomes is limited to few studies. This study was motivated by our interest
in better understanding the microbiome structure and composition of the ascidian, Synoicum adareanum,
in which palmerolide A (PalA), a bioactive macrolide with specificity against melanoma, was isolated.
PalA bears structural resemblance to a hybrid nonribosomal peptide-polyketide that has similarities
to microbially-produced macrolides. We conducted a spatial survey to assess both PalA levels
and microbiome composition in S. adareanum in a region of the Antarctic Peninsula near Anvers
Island (64◦46′ S, 64◦03′ W). PalA was ubiquitous and abundant across a collection of 21 ascidians
(3 subsamples each) sampled from seven sites across the Anvers Island Archipelago. The microbiome
composition (V3–V4 16S rRNA gene sequence variants) of these 63 samples revealed a core suite
of 21 bacterial amplicon sequence variants (ASVs)—20 of which were distinct from regional
bacterioplankton. ASV co-occurrence analysis across all 63 samples yielded subgroups of taxa
that may be interacting biologically (interacting subsystems) and, although the levels of PalA detected
were not found to correlate with specific sequence variants, the core members appeared to occur in
a preferred optimum and tolerance range of PalA levels. These results, together with an analysis
of the biosynthetic potential of related microbiome taxa, describe a conserved, high-latitude core
microbiome with unique composition and substantial promise for natural product biosynthesis that
likely influences the ecology of the holobiont.

Keywords: Antarctica; ascidian; microbiome; microbial diversity; palmerolide A; co-occurrence

1. Introduction

Microbial partners of marine invertebrates play intrinsic roles in the marine environment at both the
individual (host survival) and community (species distribution) levels. Host–microbe relationships are
mediated through complex interactions that can include nutrient exchange, environmental adaptation,
and production of defensive metabolites. These functional interactions are tied to the structural nature
(diversity, biogeography, and stability) of host and microbiome, and the ecological interactions between
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Mar. Drugs 2020, 18, 298

them. Studies of sponges, corals, and, to a lesser degree, ascidians have revealed strong trends in
invertebrate host species specificity to particular groups of bacteria and archaea. These studies have
documented an underlying layer of diversity (e.g., [1–3]) in which habitat and biogeography appear to
have strong influences on the microbiome structure and function [4–6].

The vast majority of host–microbiome studies have been conducted at low- and mid-latitudes
from coastal to deep-sea sites. High-latitude benthic marine invertebrate-associated microbiome
studies are currently limited to the Antarctic, where just the tip of the iceberg has been investigated in
regards to different host–microbe associations [7] and ecological understanding is sparse. Antarctic
marine invertebrates tend to have a high degree of endemicity at the species level, often display
circumpolar distribution, and in many cases have closest relatives associated with deep-sea fauna.
Whether endemicity dominates the microbiomes of high-latitude benthic invertebrate is currently
not known, nor is the extent of diversity understood within and between different host-associated
microbiomes. Likewise, reports of core (conserved within a host species) microbiomes within Antarctic
invertebrate species are sparse.

The few polar host-associated microbiome studies to date have documented varying trends in
host species specificity, with generally low numbers of individuals surveyed. For example, low species
specificity was reported in sponge microbiome compositions between different sub-Antarctic and
South Shetland Island Mycale species [8] which shared 74% of the operational taxonomic units (OTUs),
possibly representing a cross-Mycale core microbiome. On the contrary, high levels of microbiome–host
species specificity and shared core sequences within a species was observed in five McMurdo Sound
sponge species [9]. The same was found across several Antarctic continental shelf sponge species [10].
Webster and Bourne [11] also found conserved bacterial taxa dominated by microorganisms in the
class Gammaproteobacteria across the soft coral, Alcyonium antarcticum, sampled at three sites in
McMurdo Sound. Another cnidarian, the novel ice shelf burrowing sea anemone Edswardsiella andrillae,
contained novel microbiota, though the composition across a limited set of individuals was only
moderately conserved, in which some specimens were dominated by an OTU associated with the
phylum Tenericutes, and others, a novel OTU in the class Alphaproteobacteria [12]. Lastly, a single
representative of the Antarctic ascidian Synoicum adareanum revealed limited rRNA gene sequence
diversity, including representatives of Actinobacteria, Bacteroidetes, Proteobacteria, Verrucomicrobia,
and TM7 phyla [13], though persistence of these taxa across individuals was not studied.

Alcyonium antarcticum (formerly, A. paessleri) and Synoicum adareanum are both reported to be rich
in secondary metabolites. The soft coral A. antarcticum produces sesquiterpenes that are unusual in
bearing nitrate ester functional groups [14], while the ascidian, S. adareanum, is known to produce a
family of macrolide polyketides, the palmerolides, which have potent activity against melanoma [15].
The role of the microbial community in contributing to host defensive chemistry, microbe–chemistry
interactions and niche optimization, as well as microbe–microbe interactions, are unknown in these
high-latitude environments.

Here, we have designed a study to investigate whether a core microbiome persists among
S. adareanum holobionts that may inform our understanding of palmerolide origins. We conducted
a spatial survey of S. adareanum in which we studied coordinated specimen-level quantitation of
the major secondary metabolite, palmerolide A (PalA), along with the host-associated microbiome
diversity and community structure across the Anvers Island Archipelago (64◦46′ S, 64◦03′ W) on
the Antarctic Peninsula (Figure 1). The results point to a core suite of microbes associated with
PalA-containing S. adareanum, distinct from the bacterioplankton, which will lead to downstream
testing of the hypothesis that the PalA producer is part of the core microbiome.
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Figure 1. Bathymetric map of the study area off Anvers Island. Synoicum adareanum collection sites
are shown with red triangles. The map was generated by Environmental Research and Assessment,
Cambridge, UK, using Arthur Harbor bathymetry data from the PRIMO survey project 2004–2006
(Dr. Scott Gallagher and Dr. Vernon Asper). Inset: Colonial ascidian, S. adareanum, which occurs in
clusters of multiple lobes connected by a peduncle which together comprise a colony on the seafloor,
collected at depths ranging from 24 to 31 m.

2. Results

2.1. Variation in Holobiont PalA Levels Across Ascidian Colonies and Collection Sites

Typical procedures for natural product chemistry samples utilize bulk specimen collections for
chemistry extraction (~30 individual ascidian lobes per lipophilic extraction in the case of S. adareanum).
Prior to this study, variation in PalA content at the individual lobe or colony level (inset, Figure 1) was
unknown. Our sampling design addressed within- and between-colony variation at a given sampling
site, as well as between site variation. The sites were constrained to the region that was logistically
accessible by Zodiac boat in the Anvers Island Archipelago off-shore of the United States Antarctic
Program (USAP)-operated Palmer Station. S. adareanum colonies were sampled across seven dive sites
(Figure 1), in which three lobes per multi-lobed colony were sampled from three colonies per dive site,
totaling 63 lobes for PalA comparison. PalA stands out as the dominant peak in all LC–MS analyses of
the dichloromethane:methanol soluble metabolite fraction of all samples analyzed (e.g., Figure 2a,b).
The range in PalA levels varied at an order of magnitude of approximately 0.49–4.06 mg PalA x g−1 host
dry weight across the 63 lobes surveyed. Our study design revealed lobe-to-lobe, intra-site colony level
and some site-to-site differences in PalA levels (p < 0.05) in the archipelago (Figure 2c and Figure S1).
Within a given colony, the lobe-to-lobe variation was often high and significantly different in 17 of
21 colonies surveyed. Significant differences in PalA levels between colonies were also observed within
some sites (Janus Island (Jan), Bonaparte Point (Bon), Laggard Island (Lag), and Litchfield Island
(Lit); see Figures 1 and 2c), in which at least one colony had significantly different levels compared
to another colony or both. Despite this, we found differences between some of the sites. Namely,
Bon was significantly lower than all six other sites. This site is the closest to the largest island, Anvers
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Island, and Palmer Station. Samples from Killer Whale Rocks (Kil) and Lit sites were also found to
have significantly higher PalA levels than Jan, Bon and Norsel Point (Nor), although these did not
appear to have a particular spatial pattern or association with sample collection depth.

Figure 2. Palmerolide A (PalA) detection in S. adareanum holobionts. (a) Total ion chromatogram
derived from sample Lit-1a. The PalA peak dominates the dichloromethane-methanol fraction of
the S. adareanum extract. Inset: PalA structure. (b) Mass spectrum of PalA (sample Lit-1a) derived
from peak at scan number 631 showing [M – H2O +H]+ (C33H47N2O6 calculated m/z 567.3429), [M +
H]+ (C33H48N2O7 calculated m/z 585.3534) and [M +Na]+ (C33H47N2O7Na calculated m/z 607.3359).
(c) Levels of PalA normalized to tissue dry weight detected by mass spectrometry in S. adareanum
holobiont tissues (three lobes per colony) surveyed in three colonies per site across the Anvers Island
Archipelago. Error represents individual lobe technical replication (standard deviation). Colonies with
significant differences in PalA levels within a site (e.g., Jan-1:Jan-2) are indicted with triangles, in which
the direction of the point indicates a significantly higher or lower colony. Filled triangles indicate
significance (p < 0.05) in comparison to the other two colonies, and open triangles are those that were
different from only one of the two colonies. Most colonies had significant lobe-to-lobe differences in
PalA concentration, and some site-level differences were observed (Figure S1).

2.2. Characterization of Host-Associated Cultivated Bacteria

Given our interest in identifying a PalA-producing microorganism [13], we executed a cultivation
effort with S. adareanum homogenate on three different marine media formulations at 10 ◦C. The 16S
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rRNA gene sequencing revealed seven unique isolates (of 16 brought into pure culture) at a level of
< 99% sequence identity. All but one of the isolates was affiliated with the class Gammaproteobacteria,
including five different genera commonly isolated from marine environments (Shewanella, Moritella,
Photobacterium, Psychromonas and Pseudoalteromonas—of which, nine were highly related). In many
cases, we characterized their near neighbors as well-known marine psychrophiles, with many from
polar habitats (Figure S2). The exception to this was the isolation of a cultivar associated with the
Alphaproteobacteria class, Pseudovibrio sp. str. TunPSC04-5.I4, in which its two nearest neighbors
were isolated from a temperate marine sponge and a temperate ascidian (associated with a different
Ascidiacea family). This result marks the first Pseudovibrio sp. cultivated from high latitudes. HPLC
screening results of biomass from all sixteen isolates did not reveal the presence of PalA.

2.3. Synoicum Adareanum Microbiome (SaM)

To understand the nature of conservation in the composition of the host-associated microbiome of
S. adareanum, we identified the microbiome structure and diversity (based on the V3–V4 region of the
16S rRNA gene) with sections of the 63 samples used for holobiont PalA determinations. This effort
resulted in 461 16S rRNA gene amplicon sequence variants (ASVs) distributed over 13 bacterial phyla
(Table 1, Table S1). The core suite of microbes, defined as those present in > 80% of samples (referred
to as the Core80), included 21 ASVs (six of which were present across all 63 samples). The Core80
ASVs represented the majority of the sequenced iTags (95% on average across all 63 samples), in which
the first four ASVs dominated the sequence set (Figure 3). The ASVs present in 50%–79% of samples
represented the Dynamic50 category and contained 14 ASVs, which represented only 3.3% of the data
set. The remaining ASVs fell into the Variable fraction, which included 426 ASVs, representing 1.7% of
the iTag sequences, yet the majority of phylogenetic richness (Table 1). Comparative statistical analyses
were conducted with the complete sample set, which was subsampled to the lowest number (9987) of
iTags per sample. This procedure was limited by one sample (Bon1b) that underperformed in terms
of iTag sequence yield. After the elimination of this sample from the analysis, the 62-sample set had
19,003 iTags per sample with a total of 493 ASVs, the same 21 sequences in the Core80 (with seven
common to all 62 samples), the same 14 Dynamic50 sequences, and a total of 458 Variable ASVs.

Table 1. Relative proportions (average +/− standard deviations, n = 63) of phyla (and class for the
Proteobacteria) across the different microbiome fractions.

Phlya or Class Whole Community Core80 Dynamic50 Variable

Proteobacteria
Gammaproteobacteria 71.990 ± 6.640 73.280 ± 6.330 51.300 ± 23.160 43.710 ± 23.630
Alphaproteobacteria 22.900 ± 5.390 23.830 ± 5.930 23.830 ± 19.700
Deltaproteobacteria 0.170 ± 0.100 0.160 ± 0.100 1.110 ± 2.000

Bacteroidetes 2.830 ± 2.140 0.790 ± 0.690 46.550 ± 22.910 17.40 ± 14.690
Verrucomicrobia 1.560 ± 2.800 1.590 ± 2.930 2.830 ± 3.970
Nitrospirae 0.270 ± 0.230 0.290 ± 0.240 0.020 ± 0.170
Planctomycetes 0.120 ± 0.130 2.150 ± 3.060 4.600 ± 12.840
Actinobacteria 0.100 ± 0.080 0.050 ± 0.050 3.150 ± 3.530
Patescibacteria 0.020 ± 0.090 0.840 ± 2.050
Dadabacteria 0.020 ± 0.003 1.220 ± 2.030
Uncl. Bacteria 0.009 ± 0.017 0.720 ± 1.530
Dependentiae 0.004 ± 0.018 0.340 ± 1.990
Chlamydiae 0.002 ± 0.006 0.190 ± 0.830
Acidobacteria 0.000 ± 0.003 0.020 ± 0.130
Chloroflexi 0.000 ± 0.003 0.020 ± 0.130
Epsilonbacteraeota 0.000 ± 0.001 0.010 ± 0.070
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Figure 3. Heatmap of square root transformed amplicon sequence variant (ASV) occurrence data
for the core microbiome. ASVs (ranked and numbered) are shown on the y-axis, and hierarchically
clustered samples (63) are shown on the x-axis (site-based; square root transformed abundance data).
Nodes with significant clusters are indicated from left to right (p < 0.05); order of clustering inside the
node was not significant. The horizontal line drawn below SaM_ASV6 demarcates those ASVs that
were present in all 63 samples.

The Core80 microbiome category included a relatively high degree of phylogenetic novelty,
with nearly one-third of the membership having low (< 95.0%) sequence identities to nearest neighbors.
At the same time, the rest of the Core80 ASVs (14) matched mostly uncultivated marine taxa from
polar seas or sediments—in many cases, with identities > 97%. Several of the nearest neighboring
sequences originated from marine invertebrate microbiomes. The Core80 ASVs were distributed across
five phyla (Proteobacteria, Actinobacteria, Nitrospirae, Verrucomicrobia and Bacteroidetes; Table 1),
in which seven highly related ASVs were associated with the Gammaproteobacteria genus Microbulbifer,
and dominated the ASV sequences (Figure S1). Two other Gammaproteobacteria ASVs in the Core80
were affiliated with the Endozoicomonas genus (SaM_ASV7) and Nitrosospira (SaM_ASV13). There were
several Alphaproteobacteria with nearest neighbors falling in Pseudovibrio, Hoeflea, Sulfitobacter,
and Octadecabacter, genera. A Rhodospirillales-related sequence was only distantly related to known
taxa, with an 86.6% sequence identity to its nearest neighbor. A Deltaproteobacteria Bdellovibrio-related
ASV was also part of the Core80 microbiome (SaM_ASV9) that was also unique, with a sequence
identity of 90.3% to its nearest neighbor. The Actinobacteria-affiliated core ASV (SaM_ASV20) was
related to an uncultivated Solirubrobacterales sequence. ASV11 most closely matched a sequence in
the Nitrospirae family from Arctic marine sediments. There were two Verrucomicrobium-affiliated
sequences represented in different families (Puniceicoccaceae, SaM_ASV14, and Opitutacae, SaM_ASV15).
Lastly, there were two ASVs affiliated with the phylum Bacteroidetes: one related to polar strain,
Brumimicrobium glaciale (SaM_ASV19), and the other to a marine Lutibacter strain (SaM_ASV12).

Five Dynamic50 ASVs were affiliated with the marine Bacteroidetes phylum (Cryomorphaceae
and Flavobacteriacae-related), in addition to six ASVs associated with the class Gammaproteobacteria
(including four additional Microbulbifer-related sequences). There were also two additional phyla,
an ASV related to a sponge-affiliated Verrucomicrobium isolate, and a Planktomycetes-related ASV
(Table 1, Figure S2). Several of these ASVs were most closely related to isolates from marine sediments.

Interestingly, five sequences identified from earlier cloning and sequencing efforts with this
host-associated microbiome (Figure S2; [13]) matched sequences in the Core80 and Dynamic50 data
sets. Phylogenetic comparisons also revealed that the SaM isolates were distinct from the Core80 and
Dynamic50 except for the Pseudovibrio sp. TunPSC04-5.I4 isolate, which was present in both the Core80,
and the clone and sequencing study.
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The hierarchical clustering of Core80 ASVs (based on Bray–Curtis similarity) across all 63 samples
did not reveal strong trends in site or colony specific patterns (Figure 3). There were eight instances
where two of three lobes paired as closest neighbors, and four of eight primary clusters that included
three lobes derived from the same colony. Sample Bon1b clustered apart from them all. In some cases,
clusters could be attributed to specific ASVs. For example, cluster 2 (Figure 3) had the highest relative
levels of SaM_ASV15 (an Opitutaceae family-affiliated sequence), whereas cluster 3 (Figure 3) had the
highest relative levels of ASV4 (affiliated with Microbulbifer spp.).

Overall, the community structures in the S. adareanum microbiomes across the 63 lobes surveyed
had a high degree of similarity. Bray–Curtis pairwise similarity comparisons between lobes and
colonies within each site were higher than 54% in all cases. When comparing the averages of pairwise
similarity values within and between colonies, all sites, other than Lag, had higher similarity values
within lobes in the same colony (ranging from 69.9% to 82.2%) compared to colonies within a site
(66.5%–81.0%; Figure S3), although the differences were small, and only Bon and Jan were significantly
different (p < 0.05). We performed a two-dimensional tmMDS analysis based on Bray–Curtis similarity
to investigate the structure of the microbiome between sites (Figure 4a). The microbiomes sampled at
Kil and Lit had the highest overall degree of clustering (> 75% similarity) while Kil, Lag, Lit, and Jan
samples all clustered at a level of 65%. The microbiomes from DeLaca (Del) were the most dissimilar,
which was supported by SIMPER analysis, in which two of the most abundant ASVs in the Core80 were
lower than the average across other sites (SaM_ASV1 and 3) while others in the Core80 (SaM_ASV4,
15, and 17) were higher than the average across sites. We also performed a 2D tmMDS on the SaM
fractions (Core80, Dynamic50, Variable) with and without permutational iterations, which showed
similar trends although partitioning of community structures between sites was more evident with
the permutations (Figure S4). Site-based clustering patterns shifted to some degree in the different
SaM fractions. For the Core80 alone, Jan samples clustered apart from the others. For Dynamic50,
both Jan and Kil were outliers. Finally, for the Variable fraction, Kil and Del samples clustered apart
from the other sites. The Variable fraction was more homogeneous, obscuring any site-to-site variability,
while the core displayed tighter data clouds that showed a modest level of dispersion.

 

(a) (b) 

Figure 4. Similarity relationships amongst the S. adareanum microbiome samples in the Anvers Island
Archipelago. (a) tmMDS of Bray–Curtis similarities of square root transformed ASV occurrence
data representing the microbiome of the 63 S. adareanum lobe samples using the complete ASV
occurrence profiles. Microbiome samples with significant levels of similarity are shown (see legend).
(b) β-diversity across Anvers Island Archipelago sites represented by PERMDISP (9999 permutations)
reveals differences between the highly persistent core, dynamic and variable portions of the S. adareanum
microbiome (standard error shown). The degree of dispersion (variance) around the centroid changes
significantly (p < 0.0001) for the different microbiome classifications. The lowest levels of dispersion
are found in the core microbiome.
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A PERMANOVA analysis investigated the drivers of variability in community structure, in which
we tested the role of colony-level, site-level, and stochastic environmental variation. When evaluating
the whole community (all sites and ASVs), site-to-site differences explained 25% of the variability in the
microbiome (Table S2). Colony-to-colony differences explained 28%, while the remaining 47% of the
variability was unexplained and is likely attributed to stochastic environmental variation. When the
SaM fractions were analyzed separately, the most significant difference (p < 0.05) was in the Variable
fraction of the microbiome, in which the site-to-site differences explained only 19.2% of the variation
and the residual (stochastic) level increased to 58.4% (Table S2). Conversely, PERMDISP (Figure 4b),
representing dispersion about the centroid calculated for each site (a measure of β-diversity), revealed
differences in the community structures in each SaM fraction across sites, as well as differences between
the microbiome fractions. The Core80 had a low level of dispersion (PERMDISP average of 9.1,
range: 6.8-12.1), compared to the Dynamic50 (average 28.6, range: 24.5- 38.6), which were moderately
dispersed about the centroid, and were more variable with differences between the more apparent
sites; Bon, Del, and Nor had higher values compared to the other four sites. The Variable fraction had
high PERMDISP values (average 54.7, range: 51.6–57.6), representing high differences in β-diversity,
in which values were relatively close across the seven sites.

2.4. ASV Co-Occurrences, and Relationship to PalA

To further investigate the ascidian–microbiome ecology, we performed a network analysis of the
ascidian holobiont with a particular emphasis on ASV co-occurrence and explored the relationship
between ASV and PalA using direct and indirect measures. The co-occurrence network depicted a
sparse graph with 102 nodes and 64 edges (average degree 1.255; diameter 15; average path length
5.81) that associated ASVs from similar SaM fractions (assortativity coefficient of 0.41), confirming the
robustness of the above discrimination. Upon inspection of the co-occurrence network, a dominant
connected component contained 42.1% of ASVs, in which we identified three highly connected
modules (via the application of an independent network analysis WGCNA, soft threshold = 9,
referred to here as subsystems; Figure 5). The network also contained several smaller systems
(2–6 nodes), and 30 singletons—only one of which was in the Core80 (Gammaproteobacteria class,
Endozoicomonas-affiliated). The three subsystems included ASVs from the Core80, Dynamic50 and
Variable SaM fractions, but were unevenly distributed. Mostly driven by Core80 SaM fractions,
Subsystem 1 harbored most of the highly represented ASVs, including the Microbulbifer-related ASVs
as well as the Pseudovibrio ASV. Subsystem 2, interconnecting Subsystems 1 and 3, is mostly driven by
Variable fraction ASVs and includes lower relative abundant Core80 Hoeflea and the Opitutaceae ASVs,
as well as several Bacteroidetes taxa. Finally, Subsystem 3 was smaller. It included several diverse taxa
dominated by Dynamic50 fraction, including Lentimonas, and Cryomorphaceae-affiliated ASVs from the
Core80. The overall role of Variable ASVs in the network is surprising, as they appear to be critical
nodes linking the subsystems via 13 edges that lie between Subsystems 2 and 3. Another, perhaps
noteworthy smaller connected component is in the lower left of the graph, in which three Core80
ASVs, the chemoautotrophic ammonia and nitrite oxidizers, Nitrosomonas and Nitrospira, and an
uncharacterized Rhodospirillales-related ASV, were linked with a Variable ASV.

To address the first-order question as to whether there was a relationship between the PalA
concentration levels detected in the LC–MS analysis and the semi-quantitative ASV occurrences of
S. adareanum ASVs, we performed three complementary analyses: correlation analysis, weighted
co-occurrence networks analysis (WGCNA) and niche robust optima with PalA concentration as
a variable. Pearson correlations between ASV occurrences and PalA concentrations ranged from
−0.33 to 0.33 at the highest (24 of which were significant, ≤ 0.05; although none of those with a
significant relationship were part of the core microbiome and were present in < 50% of the samples
with the highest occurrence of 24 sequences), suggesting little relationship at the gross level of dry
weight-normalized PalA and ASV relative abundance. This indicated that relative abundance of ASV
is not a good predictor of PalA. A complementary WGCNA result showed no significant association
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between subsystem co-occurrence topology and PalA (correlations = −0.23; 0.033; −0.17 for subsystems
1, 2 and 3 respectively), pointing to the lack of relationship between microbial community structure and
PalA. Finally, another aspect of the relationship between ASV occurrence and PalA levels was explored
using the robust optimum method, which estimates the ecological optimum and tolerance range for
ASVs about PalA. In this case, we calculated the PalA niche optimum for each ASV and ranked them
based on the median (Figure S5). Core80 ASVs showed a consistent PalA niche range. Furthermore,
the median optima values of the Dynamic50 ASVs lie, for the most part, in lower or higher PalA
optima compared to the Core80, with a substantial niche overlap between Core80. The Variable ASVs
collectively lie at the lower and higher extremes of the optimum and tolerance range. Altogether,
these complementary analyses advocated for not considering an individual nor a community effect
on PalA, but rather, acclimation to the high levels of PalA observed (Figure 2c) that likely rely on
unknown metabolic or environmental controls.

Figure 5. ASV co-occurrence network. The largest connected component of the co-occurrence
network (seeded with ASVs found in at least 5 samples, 102 in total) identified three subsystems.
Node colors represent the microbiome fractions (Core80, green; Dynamic50, blue; Variable, pink).
Taxonomic identities of the ASVs are shown next to the nodes, with the phylum_highest level taxon
identified shown.
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2.5. Culture Collection: Microbiome and Bacterioplankton Comparisons

To address whether the composition of the Synoicum adareanum-associated bacterial cultivars
was also present in the SaM or in the free-living bacterioplankton (< 2.5-μm fraction), we considered
the overlap in membership between the isolate 16S rRNA gene sequences and these other two data
sets. Representation of isolates in the 16S rRNA gene ASV data set was estimated by comparing
the two sequence data sets, albeit different ascidian samples were used for the culture collection
and the S. adareanum survey. Excepting Pseudovibrio sp. TunPSC04-5I4 that was present in the
Core80 with a 100% sequence match, two other isolates also had 100% matches to sequences in
the Variable SaM (BONS.1.10.24 and BOMB.9.10.19). Three other isolate 16S rRNA sequences
(BOMB.3.2.14, BOMB.9.10.16, BOMB.9.10.21) were found to match sequences in the Variable microbiome
at a level of 97% or higher. Only the Pseudoalteromonas-related isolate and the Shewanella-related
isolate sequences were not detected with relatives at a level of at least 97% identity to the SaM
ASVs; which could be explained by undersampling. The bacterioplankton composition was
dominated by Gammaproteobacteria ASVs (47.35% of all ASVs; Table S3), in which six of the isolates
(BOMB.9.10.21, BONS.1.10.24, BOMB.9.10.16, BOMB.3.2.20, BOMB.3.2.14, BONSW.4.10.32) matched
sequences in the bacterioplankton data set at > 99.2% identity; even at a level of 95% sequence identity,
the remaining ten isolates did not match sequences in the plankton, including the Pseudovibrio sp. str.
TunPSC04-5I4 isolate.

2.6. Microbiome: Bacterioplankton Comparisons

Although at a high taxonomic level Proteobacteria and Bacteroidetes phyla dominated the
microbiome and bacterioplankton (Table S3), the relative proportions varied and the taxa represented
were quite different. Membership between SaM and the bacterioplankton data set indicated
a low-level overlap at 100% identity, with 39 of 604 perfectly matched ASVs. At 100% ASV
sequence identity, the results indicate a single, Core80 SaM ASV was a perfect match with the
bacterioplankton data set—the Microbulbifer-associated sequence that is the most abundant across
all 63 SaM data sets. Interestingly, this sequence was only identified in one bacterioplankton
sample (IPY-225-9) at a low occurrence (14 of > 1.18 million tags distributed across 604 ASVs).
There were three (of 14) Dynamic50 ASVs that were perfect matches with the bacterioplankton
ASVs. These were affiliated with a poorly classified Bacteroidetes family Flavobacteraceae ASV (77%
of SaM samples), a Gammaproteobacteria-associated Sinobacterium (73% of SaM samples), and a
second Gammaproteobacteria-associated ASV that is associated with Candidatus Tenderia (71% of SaM
samples). The remaining 35 perfect match ASVs between the two data sets were classified as part of
the Variable microbiome. These sequences fell across four phyla and nine classes—13 of which were
well distributed across the Bacterioplankton data set samples (> 50%).

At a level of 97% ASV sequence identity, there were three additional matches between the
Bacterioplankton data set and the Core80. These included Alphaproteobacteria-related Hoeflea and
Halocynthibacter-related sequences, and a Nitrospira-related sequence. There were also two other
Dynamic50-related ASVs: these were both related to unclassified Flavobacteriaceae. The rest (79 ASVs)
of the matches at > 97% were affiliated with the Variable fraction of the microbiome.

3. Discussion

This study reports our growing understanding of the microbiome composition of PalA-containing
S. adareanum. To enhance our understanding of the ecology of the PalA-containing ascidian, S. adareanum,
we investigated the ascidian colony microbiome and PalA chemistry levels at an individual lobe level,
and compared the ascidian microbiome to the plankton. This comparison allowed us to address
questions regarding variability in PalA content and whether a conserved core microbiome occurs across
these PalA-containing Antarctic ascidians, thereby supporting the logic that if a microbial producer
synthesizes PalA, the producing organism should be present in all PalA-containing S. adareanum
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samples. Before this study, however, we did not have quantitative data at the level of the individual
ascidian lobe that forms the pedunculated S. adareanum colonies (Figure 1). This discussion focuses
on the core microbiome, then takes a broader look at secondary metabolite distributions about the
microbiome and in other marine invertebrates as well as the biosynthetic potential of core membership,
and concludes with information gained from our initial cultivation effort.

3.1. Core Microbiome

Ascidian (host)-microbiome specificity is an active area of research. Compared to sponges
and corals, for example, ascidian microbiomes have been less well characterized. To achieve a
broad perspective on the microbiome composition, we also used cultivation-independent approaches.
We found that the Antarctic ascidian S. adareanum has a persistent core microbiome across the
Anvers Island Archipelago that is distinct from the plankton. This dissimilarity between ascidian
host-associated microorganisms and bacterioplankton appears to be a consistent observation across
the global ocean (e.g., [16–19]). The Core80 is comprised of ASVs that numerically dominate the
community, as well as those representing only a fraction of a percent of the sequences surveyed.
Although ascidian symbioses have not yet been systematically studied in the Antarctic, better-studied
lower latitude ascidian microbiomes provide several examples for comparison. The overall trend
across ascidian microbiome studies to date suggests that there is a high degree of both geographical as
well as host species-level specificity of microbiome composition (e.g., [16,17,20]). The same appears
to be true of S. adareanum. Although this study was restricted to a small geographical region,
we identified a conserved core of 21 16S rRNA gene sequence types across 63 individual pedunculate
lobes studied. We attribute the detection of this high degree of persistent members in part to the
uniform homogenization, extraction, and sequencing methodological pipeline applied. Microbiome
analysis is sensitive to sequencing depth, quality parameter choices, and algorithmic differences in
data-processing pipelines (amplicon sequence variants vs. cluster-derived operational taxonomic
units), which can impact direct comparisons between studies. Along these lines, the numerous highly
related Microbulbifer ASVs would have fallen into a single OTU (97% sequence identity), resulting in a
core with 14 members. These limitations aside, our findings are in line with several other ascidian
microbiome studies from lower latitudes in terms of the relative size of core membership (where
core definitions vary to some degree between studies). For example, Styela plicata, a solitary ascidian,
was reported to have a core membership of 10 [21] to 16 OTUs [22]. Other solitary ascidians, including
Herdmania momus had a core of 17 OTUs [21], while two Ciona species ranged from 8 to 9 OTUs [23].
Temperate colonial ascidians Botryliodes leachi and Botryllus schlosseri ranged from 10 to 11 members
in their core microbiomes [20]. Further, an extensive survey of 10 different ascidian microbiomes
(representing both solitary and colonial forms) conducted on the Great Barrier Reef reported core
memberships ranging from 2 to 35 OTUs [16], while the numbers of individuals surveyed in each case
were only 2–3. Note that a few other studies reported much higher numbers of shared OTUs ranging
from 93 to 238 [18,19]; the scale of sequencing was higher in these later studies. Further, as others
have reported [24], the membership of these core ascidian microbiomes is distinct, and in the case of
SaM, the core microbiome diversity appears to be unique at the ASV level, although several taxa are in
common with other ascidian-associated microbes at the genus level including Microbulbifer associated
with Cystodytes sp. [25], Pseudovibrio with Polycitor proliferus [26] and an Endozoicomonas-specific clade
was identified in a survey of a number of ascidians [27].

Predicted metabolic abilities of the Core80 taxa suggest aerobic heterotrophy (aerobic
respiration—organic carbon is the carbon and energy source), microaerophily (growth in low oxygen
conditions) and chemoautotrophy (CO2 fixation provides carbon and reduced chemicals provide
energy, e.g., NH4

+ and NO2
−) are themes amongst the Core80, in which the most abundant ASVs are

high-molecular-weight carbon degraders. The Microbulbifer genus has members known to degrade
cellulose [28], and perhaps noncoincidently, ascidians are the only known invertebrate capable of
cellulose biosynthesis in the marine environment (e.g., [29,30]). From this, we could speculate that
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the Microbulbifer strains associated with S. adareanum could occupy a commensal, if not somewhat
antagonistic, relationship [31]. In support of this possibility is the fact that the only overlapping
sequence between the Core80 and the bacterioplankton was a Microbulbifer sequence, which was a
rare sequence in the plankton, suggesting that it may be an opportunistic member of the S. adareanum
microbiome. In addition, free-living and sponge-associated isolates from the Microbulbifer genus
have been found to produce bioactive compounds including pelagiomicins [32] and parabens [33],
respectively. This observation, in the least, suggests that the Microbulbifer(s) is/are likely well adapted
to their ascidian host and might be considered a potential PalA-producing organism.

The NH4
+-oxidizing Nitrosopumilis-affiliated Thaumarchaeota have been commonly detected in

ascidian microbiomes [16,21,22,34], which contrasts phylogenetically, but not in terms of biogeochemical
function, with the NH4

+-oxidizing Nitrosomonas ASV that was part of the SaM core. The niche, however,
has been reported to be different for the archaeal and bacterial NH4

+ oxidizers, in which the archaea
tend to be found in oligotrophic systems, while the bacteria (e.g., Nitrosomonas) can tolerate high levels
of dissolved ammonia (reviewed by [35]). This result might reflect both the environment, and in situ
S. adareanum tissue ammonia levels where it may accumulate. Several studies have reported on the high
levels of oxidizing ammonia Thaumarchaeota in the coastal waters of the Anvers Island Archipelago
which are numerous only in winter to early spring waters [36–38]. Our study was conducted with
samples collected in Fall, when the ammonia-oxidizing Thaumarchaeota are not abundant in the
coastal seawater [36], advocating for the comparisons between the SaM with bacterioplankton collected
in both late summer and winter periods.

In a similar vein, although we did not intentionally conduct a temporal study, the data from
samples collected in 2007 and 2011 appear to suggest that a number of the core microorganisms are
stable over time. We found several ASVs in 2011 samples that matched (at 100% sequence identity)
cloned sequences from samples collected in 2007 [13]. Stability of the ascidian microbiome over time
has been reported in a few studies [17,24,34]. Studying the persistence of the core membership over
the annual cycle would be interesting (and provide compelling evidence for stable relationships) in
this high-latitude environment, where light, carbon production, and sea ice cover are highly variable.

The co-occurrence analysis indicated three subsystems of ASVs that co-occur within S. adareanum.
A small side network included the two taxa involved with the 2-step nitrification process, including the
Nitrosomonas ASV mentioned above and a Nitrospira ASV. Even though at present, the functional
underpinnings of the host–microbial system have not been studied, the co-occurrence relationships
provide fodder for hypothesis testing in the future. One interaction network that warrants mentioning
here is the ASVs in Subsystem 1, which harbor several Core80 Microbulbifer ASVs, and the Pseudovibrio
ASV are linked to a Bdellovibrio ASV that is also a member of the Core80. Members of the Bdellovibrio
genus are obligate bacterial predators [39] that penetrate the outer membrane and cell wall of their
prey. The linkage position in the subsystem is compelling in the sense that the Bdellovibrio could
potentially control the abundance of the connected members of the network. Lastly, the positions of a
couple of Dynamic and several the Variable ASVs in the network, as links between the subsystems,
was unexpected. The central positions of these ASVs suggest that they may not be merely stochastic
members of the microbiome; that they could play opportunistic, adaptive or ecological roles in the
functionality of the microbiome subsystem(s) which potentially participate in different aspects of
the holobiont system in particular, by promoting the switch between different ecological modes
supported by different subsystems. Such roles were proposed for dynamic members of the Styela plicata
microbiome [21].

The culturing effort succeeded in isolating a Pseudovibrio strain that is a crucial member of the
Core80. In addition, several other Gammaproteobacteria-affiliated strains which matched sequences in
the Variable SaM and the bacterioplankton were cultivated. However, the cultivated diversity using
the approaches applied here reared a collection of limited diversity. It is likely that additional media
types and isolation strategies could result in additional cultivated diversity as there are a number of
taxa with aerobic heterotrophic lifestyles in the Core80 that have been brought into pure culture (e.g.,
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Microbulbifer, Hoeflea). One challenge we experienced using the nutrient-replete media was overgrowth
of plates, even at 10 ◦C.

3.2. Secondary Metabolite Distributions and Bioaccumulation in Marine Biota

Although the results of the archipelago spatial ascidian survey did not support a direct relationship
between PalA levels and the relative abundance of microbiome ASVs, the results of the PalA niche
analysis suggests that the Core80 ASVs occur in a preferred optimum and tolerance range of PalA
levels. The lack of specific ASV-PalA patterns may not be entirely surprising, as secondary metabolites
result from a complex combination of metabolic reactions that require a fine-tuning to environmental
conditions and further metabolic modeling for the sake of understanding. Furthermore, these
metabolites have been found to accumulate in the tissues in several different marine invertebrates.
The Optimal Defense Theory can be applied to marine invertebrates and reflects the hypothesis
that secondary metabolites are distributed in specific tissues based on exposure and anatomic
susceptibility for predation [39]. For example, nudibranchs sequester toxic compounds, which have
been biosynthesized by the gastropod or acquired from their prey. The toxins are concentrated in the
anatomical space of their mantles, the most vulnerable portion of their soft, exposed bodies [40–42].
Bioaccumulation of secondary metabolites in invertebrates with less anatomical differentiation is
also known to occur. In the phylum Porifera, different cell types and layers have been studied
to determine spatial and anatomical differences in secondary metabolite concentrations [43–45].
Compounds have been found to be concentrated spatially on the surface (e.g., [46]) or apical parts
of the sponge [47] in some cases. Sponges may be able to differentially bioaccumulate secondary
cytotoxic metabolites based on tissues more susceptible to predation [48]. Metabolite distribution
investigations that are ascidian-specific are less well documented; however, there is also evidence of
ascidian secondary cytotoxic metabolite bioaccumulation. The patellazoles, marine macrolides from the
ascidian Lissoclinum patella, bioaccumulate in the ascidian tissues to concentrations up to seven orders
of magnitude higher than their cytotoxic dose in mammalian cell lines [49,50]. Additionally, there are
other instances in which bioaccumulation in ascidian host tissues suggests metabolic cooperation of
producer and host as well as compound translocation from producer to host [15,51,52]. Although the
PalA levels were normalized to grams of dry lobe weight, tissue-specific spatial localization is a
potentially confounding factor in the statistical analyses investigating the ASV:PalA relationship.

3.3. The Biosynthetic Potential of the Core

We investigated the natural product biosynthetic potential of the nine genera associated with 15 of
21 Core80 ASVs using antiSMASH (Table 2, Table S4). From this, it appears that all genera had at least
one relative at the genus level with biosynthetic capacity for either polyketide or nonribosomal peptide
biosynthesis or both. Even though the number of genomes available to survey were highly uneven,
there is quite a disparity of biosynthetic capacity between the genera analyzed, thus, it appears that
Pseudovibrio, Nitrosomonas, Microbulbifer, Nitrospira have the greatest capacities (in that order). Likewise,
Microbulbifer, Pseudovibrio, Hoeflea and Opitutaceae might be prioritized as candidate PalA producers
based solely on relative abundance ranking (Table 2; [24]). Although we did not conduct this analysis
for the six ASVs that were classified at best at the family or order level, a few of these might be worth
considering as potential producers considering their higher-level relationships with marine natural
product producing lineages. For example, marine actinobacteria are classically associated with the
production of numerous bioactive natural products (e.g., [53,54]), although speculation is difficult with
actinobacteria SaM_ASV20 in the core as it is only distantly related to known natural product producers.
Likewise, Opitutaceae-related SaM_ASV15 is ranked 7 in terms of average relative abundance and
falls in the same family the ascidian-associated Candidatus Didemnitutus mandela, which harbors
the biosynthetic gene cluster predicted to produce mandelalide, a glycosylated polyketide [55].
From this, we might prioritize the Microbulbifer, Pseudovibrio, and Opitutaceae ASVs for downstream
investigation, with the lower relative abundance Nitrosomonas and Nitrospira ASVs also holding
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some potential given the perhaps surprising abundance of biosynthetic gene cluster content in these
chemoautotrophic, and generally small genome-size taxa. Although this analysis focused on predicted
pathway characterizations across genera detected, the distributions of predicted pathways varied
substantially across the taxa analyzed. The potential for these new Antarctic ascidian-associated strains
to harbor secondary metabolite pathways remains speculative as they are amongst the most variable
component of a bacterium’s genome.

Table 2. Taxonomic affiliations of core microbiome, relative abundance rank, and the potential of
affiliated genus in natural product gene cluster biosynthesis. Taxonomy is shown according to genome
taxonomy database (GTDB) classification and NCBI taxonomy is included (GTDB/NCBI) where they
differ. Biosynthetic potential only calculated for ASVs with genus-level taxonomic assignments was
based on representative genome biosynthetic gene cluster content in the same genus (See Figure S3 for
list of genomes). ASVs in bold ranked in the top 10. Where more than one ASV was found per genus,
the average relative abundance and standard deviations were summed. n = 63 individuals.

ASV_ID Phylum, Highest Taxonomic Assignment
Average
Relative

Abundance (%)
Rank

Nearest
Neighbor

% Identity

NRP
BGC

PKS
BGC

Combined
NRP-PKS

SaM_ASV1, 2,
4, 5, 10, 17, 18

Proteobacteria, Microbulbifer 77.54 ± 21.86 1, 2, 4, 5, 8, 9, 10 97.42 + + -

SaM_ASV7 Proteobacteria, Endozoicomonas 0.47 ± 0.51 13 96.71 + + -
SaM_ASV13 Proteobacteria, Nitrosomonas 0.46 ± 0.35 14 99.77 + + +
SaM_ASV3 Proteobacteria, Pseudovibrio 19.92 ± 4.74 3 98.75 + + +
SaM_ASV6 Proteobacteria, Hoeflea 1.59 ± 1.36 6 99.25 + + +
SaM_ASV16 Proteobacteria, Halocynthiibacter 0.63 ± 0.64 11 99.75 + - -
SaM_ASV11 Nitrospirota/Nitrospirae, Nitrospira 0.27 ± 0.23 15 98.32 + + +
SaM_ASV12 Bacteroidota/Bacteroidetes, Lutibacter 0.50 ± 0.55 12 94.54 + - +
SaM_ASV14 Verrucomicrobiota/Verrucomicrobia, Lentimonas 0.16 ± 0.22 19 99.77 + - +
Sam_ASV21 Proteobacteria, Rhodobacteraceae 0.18 ± 0.26 18 98.75 - - -
SaM_ASV8 Proteobacteria, Rhodospirillales 0.22 ± 0.22 17 86.60 - - -
SaM_ASV9 Bdellovibrionota/Proteobacteria, Bdellovibrionaceae 0.15 ± 0.09 20 90.35 - - -

SaM_ASV19 Bacteroidetes, Cryomorphaceae 0.24 ± 0.23 16 89.10 - - -
SaM_ASV15 Verrucomicrobiota/Verrucomicrobia, Opitutaceae 1.34 ± 2.77 7 90.14 - - -
SaM_ASV20 Actinobacteria, Solirubrobacterales 0.05 ± 0.05 21 91.80 - - -

4. Conclusions

This work has advanced our understanding of the Antarctic ascidian S. adareanum, PalA
distributions, and microbiome in several ways. First, we found PalA to be a dominant product
across all 63 samples, with some variation but no coherent trends with the site, sample, or microbiome
ASV. Second, the results point to a conserved, core, microbiome represented by 21 ASVs—20 of
which appear to be distinct from the Antarctic bacterioplankton. The phylogenetic distribution of
these taxa was diverse and distinct from other ascidian microbiomes in which organisms with both
heterotrophic and chemosynthetic lifestyles are predicted. Third, the co-occurrence analysis suggested
the potential for ecologically interacting microbial networks that may improve our understanding
of this ascidian–microbiome–natural product system. Likewise, based on the occurrence and
likelihood of natural product biosynthesis, there are a number of taxa that may bear biosynthetic
capabilities, including that of PalA. These results advance the long-term goal of palmerolide-producing
Synoicum adareanum and host-associated microbiome research, which is compelled by the fact that by
identifying the producer, genome sequencing could then provide information on PalA biosynthesis,
and then lead to the development of a potential therapeutic agent to fight melanoma.

5. Materials and Methods

5.1. Cultivation-Dependent Effort

S. adareanum samples collected by SCUBA in 2004 and 2007 were used for cultivation (Table S5).
The 2004 specimen were archived in 20% glycerol at−80 ◦C until processing by manual homogenization
using sterilized mortar and pestle prior to plating a suspension onto marine agar 2216 (BD Difco™,
Franklin Lakes, NJ, USA) plates in 2006. The 2007 samples were homogenized immediately following
collection using sterilized mortar and pestle, and suspensions were prepared in 1X marine broth 2216
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or filter-sterilized Antarctic seawater then transferred at 4 ◦C to DRI. Shortly after (within 1 month of
collection), the 2007 isolates were cultivated on three types of media in which suspensions initially
stored in marine broth 2216 were plated onto marine agar (2216), while homogenate preparations
stored in seawater were plated onto VNSS agar media [56] and Antarctic seawater agar plates amended
with 3 g yeast extract (BD Difco™), 5 g peptone (BD Difco™), and 0.2 g casein hydroslyate (BD Difco™)
per liter. Colonies were selected from initial plates, and purified through three rounds of growth on
the same media they were isolated on.

5.2. Field Sample Collections for Cultivation-Independent Efforts

Next, a spatial survey of Synoicum adareanum was executed in which samples were collected by
SCUBA in austral fall between 23 March and 3 April 2011. Seven sampling sites (depths 24.7–31 m;
Table S6) around the region accessible by Zodiac boat from Palmer Station were selected in which we
sampled in a nested design where three multi-lobed colonies were selected from each site, and three
lobes per colony were sampled (Figure 1). At each dive site, multi-lobed colonies were collected by
hand into separate mesh collecting bags. Underwater video [57] was taken at each site, then video
footage was observed to note general ecosystem characteristics (% cover of major benthic species and
algae). In total, 63 S. adareanum lobes were sampled (9 from each site). Samples were transported
to Palmer Station on ice and multi-lobed colony samples were placed in sterile Whirl-Pak®bags
(Nasco, Fort Atkinson, WI, USA) and frozen at −80 ◦C, until processing at DRI and USF. At DRI, frozen
pedunculated S. adareanum lobes were separated, then cut longitudinally in half for parallel processing
through DNA and palmerolide detection pipelines.

Then, to address whether the composition of the SaM was distinct from the free-living
bacterioplankton (< 2.5 μm fraction), we considered the overlap in membership between the SaM
and bacterioplankton in the water column. To accomplish this, we used a reference seawater data set
represented by samples that had been collected in the period February–March 2008 (five samples)
and in the period August–September 2008 (nine samples) from LTER Station B near Anvers Island
(east of the Bonaparte Point dive site), and at a few other locations in the region (Table S7). Seawater
samples were collected by a submersible pump and acid washed silicone tubing at 10 m at Station
B, and using a rosette equipped with 12 L Niskin bottles for the offshore samples at 10 and 500 m
(2 samples each depth). The February–March seawater samples were processed using in-line filtration
with a 2.5 μm filter (Polygard, MilliporeSigma, Burlington MA, USA) to screen larger organisms
and bacterioplankton were concentrated using a tangential flow filtration system and the cells were
harvested on 25 mm and 0.2 μm Supor filters (MilliporeSigma). The August–September seawater
samples were processed using inline filtration with a 3.0 μm filter (Versapor, MilliporeSigma), and then
bacterioplankton was collected onto 0.2 μm Sterivex (MilliporeSigma) filters using a multichannel
peristaltic pump (Masterflex®, Cole-Parmer, Vernon Hills, IL, USA). All filters were immersed in
sucrose:Tris:EDTA buffer [58] and stored frozen at −80 ◦C until extraction.

5.3. Palmerolide A Screening

Sixty-three frozen S. adareanum lobes were cut in half. Half lobes were lyophilized and then
exhaustively extracted using dichloromethane for three days, followed by methanol for three days.
The extracts were combined and dried on a rotary evaporator. The extracts were filtered, dried down,
and reconstituted at 1.0 mg/mL to ensure the injected concentration was consistent. The residue
was subjected to liquid chromatography-mass spectrometry (LC–MS) analysis using a H2O:ACN
gradient with constant 0.05% formic acid. The high-resolution mass spectra were recorded on an
Agilent Technologies 6230 electrospray ionization Time-of-Flight (ESI-ToF) spectrometer. LC–MS was
performed using a C-18 Kinetex analytical column (50 × 2.1 mm; Phenomenex, Torrance, CA, USA).
The presence of PalA was verified using MS/MS on an Agilent Technologies 6540 UHD Accurate-Mass
QTOF LC–MS.
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The S. adareanum-associated microbial culture collection was screened for the presence of
PalA. Isolates were cultivated in 30 mL volumes, and the resulting biomass was lyophilized and
screened by HPLC. Each sample was analyzed in ESI-SIM mode targeting masses of 585 amu and
607 amu. The reversed-phase chromatographic analysis consisted of a 0.7 mL × min−1 solvent
gradient from 80% H2O:CH3CN to 100% CH3CN with constant 0.05% formic acid using the same
C-18 column as above. The analysis was conducted for over 18 min. PalA had a retention time of
approximately 14 min. The twenty-four sample sequence was followed by a PalA standard to confirm
its analytical characteristics.

5.4. S. Adareanum-Associated Microbial Cell Preparation

The outer 1–2 mm of the ascidian tissue, which could contain surface-associated microorganisms,
was removed using a sterilized scalpel before sectioning tissue subsamples (~0.2 g) of frozen (−80 ◦C)
S. adareanum ( 1

2 lobe sections). Tissue samples were diced with a sterile scalpel before homogenization in
sterile autoclaved and filtered seawater (1 mL) in 2 mL tubes. Each sample was homogenized (MiniLys,
Bertin Instruments, Montigny-le-Bretonneux, France) using sterile CK28 beads (Precellys, Bertin
Instruments) 3 times at 5000 rpm for 20 s, samples were placed on ice in between each homogenization.
Homogenates were centrifuged at 500× g at 4 ◦C for 5 min to pellet tissue debris. The supernatant was
removed to a new tube for a second spin at the same conditions. This supernatant was decanted and
the cell suspension centrifuged at 12,000× g at 4 ◦C for 5 min to collect the microbial cells. Suspensions
were stored on ice, then entered an extraction pipeline, in which 12 samples were processed in parallel
on the QIAvac 24 Plus Manifold (Qiagen Inc., Germantown, MD, USA).

5.5. DNA Extractions

S. adareanum-associated microbial cell preparations were extracted with Powerlyzer DNEasy
extraction (Qiagen Inc.) following the manufacturer’s instructions starting at with the addition of the
lysis solution. Samples were processed in parallel in batches of twelve at a time using the QiaVac
24 Plus Vacuum Manifold. Two rounds of lysis (5000 rpm for 60 s each with incubation on ice) were
performed on the MiniLys using the 0.1 mm glass beads that come with the Powerlyzer kit. DNA
concentrations of final preparations were estimated using Quant-iT Picogreen dsDNA Assay Kit
(Invitrogen) fluorescence detection on a Spectramax Gemini (Molecular Devices, Mountain View,
CA, USA).

DNA from bacterioplankton samples was extracted following [58], and DNA from bacterial cultures
was extracted using the DNeasy Blood and Tissue kit (Qiagen Inc.) following the manufacturer’s
instructions. All DNA concentrations were estimated using Picogreen.

5.6. The 16S rRNA Gene Sequencing

Illumina tag sequencing for the S. adareanum microbiome (SaM) targeted the V3–V4 region of the 16S
rRNA gene using prokaryote-targeted primers 341F (5′-CCTACGGGNBGCASCAG-3′ [59]) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′ [60]; source: Integrated DNA Technologies). The first round
of PCR amplified the V3–V4 region using HIFI HotStart Ready Mix (Kapa Biosystems, Wilmington,
MA, USA). The first round of PCR used a denaturation temperature of 95 ◦C for 3 min, 20 cycles of
95 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C for 30 s and followed by an extension of 72 ◦C for 5 min before
holding at 4 ◦C. The second round of PCR added Illumina-specific sequencing adapter sequences
and unique indexes, permitting multiplexing, using the Nextera XT Index Kit v2 (Illumina, Inc.,
San Diego, CA, USA) and HIFI HotStart Ready Mix (Kapa Biosystems). The second round of PCR
used a denaturation temperature of 95 ◦C for 3 min, 8 cycles of 95 ◦C for 30 s, 55 ◦C for 30 se and
72 ◦C for 30 s and followed by an extension of 72 ◦C for 5 min before holding at 4 ◦C. Amplicons were
cleaned up using AMPure XP beads (Beckman Coulter, Indianapolis, IN, USA). A no-template PCR
amplification control was processed but did not show a band in the V3–V4 amplicon region and was
sequenced for confirmation. A Qubit dsDNA HS Assay (ThermoFisher Scientific, Waltham, MA, USA)
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was used for DNA concentration estimates. The average size of the library was determined by the
High-Sensitivity DNA Kit (Agilent) and the Library Quantification Kit—the Illumina/Universal Kit
(KAPA Biosystems) quantified the prepared libraries. The amplicon pool sequenced on Illumina MiSeq
generated paired-end 301 bp reads was demultiplexed using Illumina’s bcl2fastq.

The bacterioplankton samples sent to the Joint Genome Institute (JGI, Walnut Creek, CA,
USA) for library preparation and paired-end (2 × 250 bp) MiSeq Illumina sequencing of the
prokaryote-targeted variable region 4 (V4) using primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′)
and 806R (5′-GGACTACHVGGGTWTCTAAT-3′ [60]; source: Integrated DNA Technologies).
No-template PCR amplification controls were run as above, and were negative. Sequence processing
included removal of PhiX contaminants and Illumina adapters at JGI.

The identity of the cultivated isolates was confirmed by 16S rRNA gene sequencing using Bact27F
and Bact1492R primers either by directly sequencing agarose gel-purified PCR products (Qiagen
Inc.), or TA cloning (Invitrogen, ThermoFisher Scientific) of PCR fragments into E. coli following the
manufacturer’s instructions, in which three clones were sequenced for each library and plasmids were
purified (Qiagen Inc.) at the Nevada Genomics Center, where Sanger sequencing was conducted on an
ABI3700 (Applied Biosystems, Life Technologies, Foster City, CA, USA). Sequences were trimmed and
quality checked using Sequencer, v. 5.1.

5.7. Bioinformatic Analysis of 16S rRNA Gene tag Sequences

We employed a QIIME2 pipeline [61] using the DADA2 plug-in [62] to de-noise the data and
generate amplicon sequence variant (ASV) occurrence matrices for the SaM and bacterioplankton
samples. The rigor of ASV determination was used in this instance given the increased ability to uncover
variability in the limited geographic study area, interest in uncovering patterns of host-specificity,
and ultimately in identifying the conserved, core members of the microbiome—at least one of which
may be capable of PalA biosynthesis. Sequence data sets were initially imported into QIIME2
working format and the quality of forward and reverse were checked. Default trimming parameters
included trimming all bases after the first quality score of 2, in addition, the first 10 bases were
trimmed, and reads shorter than 250 bases were discarded. Next the DADA2 algorithm was used to
de-noise the reads (corrects substitution and insertion/deletion errors and infers sequence variants).
After de-noising, reads were merged. The ASVs were constructed by grouping the unique full
de-noised sequences (the equivalent of 100% OTUs, operational taxonomic units). The ASVs were
further curated in the QIIME2-DADA2 pipeline by removing chimeras in each sample individually if
they can be exactly reconstructed by combining a left segment and a right segment from two more
abundant “parent” sequences. A pre-trained SILVA 132 99% 16S rRNA Naive Bayes classifier (https:
//data.qiime2.org/2019.1/common/silva-132-99-nb-classifier.qza) was used to perform the taxonomic
classification. Compositions of the SaM and the bacterioplankton ASVs were summarized by proportion
at different taxonomy levels, including genus, family, order, class, and phylum ranks. In order to
retain all samples for diversity analysis, we set lowest reads frequency per sample (n = 62 samples at
19,003 reads; n = 63 samples at 9987 reads) as rarefaction depth to normalize the data for differences in
sequence count. ASVs assigned to Eukarya or with unassigned taxa (suspected contaminants) were
removed from the final occurrence matrix such that the final matrix read counts were slightly uneven
with the lowest number of reads per sample with 9961 reads.

The SaM ASVs were binned into Core (highly persistent) if present in ≥ 80% of samples (Core80),
Dynamic if present in 50%–79% of samples (Dynamic50) and those that comprise the naturally
fluctuating microbiome, or Variable fraction, which was defined as those ASVs present in < 50% of the
samples [2,3]. We used these conservative groupings of the core microbiome due to the low depth of
sequencing in our study [3].

ASV identities between the SaM, the S. adareanum bacterial isolates and the bacterioplankton
data sets were compared using CD-HIT (cd-hit-est-2d; http://cd-hit.org). The larger SaM data set
which included 19,003 sequences per sample was used for these comparisons to maximize the ability
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to identify matches; note that this set does exclude one sample, Bon1b, which had half as many
ASVs, though overall this larger data set includes nearly 200 additional sequences in the Variable
fraction for comparison. ASVs with 100% and 97% identity between the pairwise comparisons were
summarized in terms of their membership in the Core, Dynamic or Variable fractions of the SaM.
Likewise, CD-HIT was used to dereplicate the isolate sequences at a level of 99% sequence identity,
and then the dereplicated set was compared against the bacterioplankton iTag data set.

Phylogenetic analysis of the SaM ASVs, S. adareanum bacterial isolates, and 16S rRNA gene
cloned sequences from Riesenfeld et al. [13] was conducted with respect to neighboring sequences
identified in the Ribosomal Database Project and SILVA and an archaea outgroup using MEGA v.7 [63].
Two maximum likelihood trees were constructed—the first with the Core80 ASVs, and the second with
both Core80 and Dynamic50 ASVs. A total of 369 aligned positions were used in both trees. A total of
1000 bootstrap replicates were run in both instances, in which the percentage (≥ 50%) of trees in which
the associated taxa clustered together are shown next to the branches.

5.8. Statistical Analyses

T-tests were run in Statistica (v. 13, Tibco Software, Palo Alto, CA, USA) to determine significance
(p < 0.05) of site-to-site, within- and between-colony variation in PalA concentrations. Similarity
matrix and hierarchical clustering analyses were performed using PRIMER v.7 and PERMANOVA+
(PRIMER-e, Auckland, New Zealand). Analyses were performed on the complete microbiome as
well as the three microbiome fractions in most cases. The ASV occurrence data were square root
transformed for all analyses. A heat map based on the Core80 ASV occurrence was generated with the
transformed data, and hierarchical clustering with group average parameter was employed, which
was integrated with SIMPROF confidence using 9,999 permutations and a 5% significance level.
Bray–Curtis resemblance matrixes were created using ASV occurrences without the use of a dummy
variable. To determine basic patterns in community structure within- vs. between-colony and site
variation, the significance was determined by t-test using Statistica v. 13. To compare within- (n = 9) vs.
between-colony variation (n = 27), nine between-colony pairwise similarity values were randomly
sampled in order to compare equal sample sizes, checking that the homogeneity of variance was similar
between them. Then threshold metric Multi-Dimensional Scaling (tmMDS) was conducted based on
Kruskal fit scheme 1, including 500 iterations, and a minimum stress of 0.001. Similarity profile testing
through SIMPROF was performed based on a null hypothesis that no groups would demonstrate
differences in ASV occurrences. This clustering algorithm was also used to generate confidence levels
on the MDS plot, which were set to 65% and 75%. In addition, 95% bootstrap regions were calculated
with 43 bootstraps per group, set to ensure a minimum rho of 0.99. In order to assess the contribution of
each factor to the variance of the microbial community in this nested experimental design, Site(Colony),
permutational multivariate analysis of variance (PERMANOVA) was used. Site-based centroids were
calculated and the PERMDISP algorithm was used to determine the degree of dispersion around
the centroid for each site. Overall, site-to-site difference in dispersion was determined and pairwise
comparisons were also calculated, with 9999 permutations used to determine significance (P(perm)
< 0.05). Exploratory analysis of the major ASV contributors to similarity was performed using the
SIMPER procedure based on sites and colonies, with a cut off for low contributions set to 70%.

Co-occurrence networks were constructed using filtered ASV occurrence data sets in which the
ASV were filtered to only those that were present in at least five samples resulting in a 102 ASV data
set. The 102 × 63 matrix was provided as input to FlashWeave v1.0 [64] using default parameters,
and visualized in Gephi v. 0.9.2 [65]. Then to consider whether the ASVs in the Core80, Dynamic50,
or Variable fractions of the SaM were affiliated with particular levels of PalA in the ascidian lobes, PalA
niche robust optimum and range were computed using the occurrence and dry weight-normalized
contextual data [66]. Weighted gene correlation network analysis (WGCNA package in R [67]) was used
to identify modules and their correlation with PalA levels. The matrix was total-sum normalized [68],
and WGCNA was used in signed mode. There were few modules detected, although they were
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not correlated with PalA. Modules were projected on the FlashWeave co-occurrence network and
called subsystems.

5.9. Biosynthetic Gene Cluster Analysis

Subsequently, in order to predict the likelihood of Core80 ASV lineages harboring the potential
for natural product biosynthesis, we designed a meta-analysis of neighboring genomes found at the
Integrated Microbial Genomes (IMG) database [69]. The analysis was conducted only for ASVs in
which confidence of taxonomic assignment was at the genus level. Therefore, genomes were harvested
from IMG that were associated with a total of 9 genera (Microbulbifer (16 genomes), Pseudovibrio
(24 genomes), Endozoicomonas (11 genomes), Nitrosomonas (19 of 68 total genomes in this genus),
Nitrospira (14 genomes), Hoeflea (7 genomes), Lutibacter (12 genomes), Halocynthilibacter (2 genomes),
and in the case of Lentimonas, since no genomes were found, we harvested 8 genomes from the
Puniciococcaceae family). This results in 113 genomes that were submitted to antiSMASH [70] for
analysis. The genomes and counts of biosynthetic gene clusters assigned to nonribosomal peptide
synthase, polyketide synthase, or a hybrid of the two classes were tabulated (Table S4).

5.10. Data Availability

Synoicum adareanum microbiome Illumina sequence information and associated metadata are
described under NCBI BioProject PRJNA597083 (https://www.ncbi.nlm.nih.gov/bioproject/?term=
PRJNA597083), and the S. adareanum culture collection 16S rRNA gene sequences were deposited
in GenBank under MN960541- MN960556. The bacterioplankton sequence information and
associated metadata are described under NCBI BioProject PRJNA602715 (https://www.ncbi.nlm.
nih.gov/bioproject/?term=PRJNA602715). Antarctic project metadata [71] and environmental metadata
(data set identifiers: Synoicum_adareanum_microbiome_part1, Synoicum_adareanum_microbiome_part2,
Synoicum_adareanum_microbiome_part3) are available at: POLA3R (2020)—POLA3R Polar Links
to Antarctic, Arctic and Alpine Research. Scientific Committee on Antarctic Research, Antarctic
biodiversity portal, (www.biodiversity.aq/pola3r/).

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/6/298/s1,
Table S1: ASV occurrences, sequences, and taxonomic affiliations, Table S2: PERMANOVA estimators of drivers
of variability, Table S3: Taxonomic distribution of bacterioplankton ASVs, Table S4: Biosynthetic gene clusters
in bacterial genomes related to Core80 SaM genera, Table S5: Synoicum adareanum collections and preparations
for microbiome cultivation, Table S6: Synoicum adareanum collections for palmerolide A and microbiome
characterization by V3–V4 rRNA gene tag sequencing, Table S7: Bacterioplankton collections used in v4 rRNA
gene tag sequencing. Figure S1: Results of pairwise t-tests of PalA levels determined by mass spectrometry,
Figure S2: Maximum likelihood 16S rRNA gene phylogenetic tree, Figure S3: Average pairwise similarity within
and between S. adareanum microbiome community structures, Figure S4: tmMDS plots representing the microbiome
of the 63 S. adareanum samples, and Figure S5. PalA niche optimum for S. adareanum microbiome ASVs.
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Abstract: Porphyrins and derivatives form one of the most abundant classes of biochromes. They result
from the breakdown of heme and have crucial physiological functions. Bilins are well-known
representatives of this group that, besides significant antioxidant and anti-mutagenic properties, are
also photosensitizers for photodynamic therapies. Recently, we demonstrated that the Polychaeta
Eulalia viridis, common in the Portuguese rocky intertidal, holds a high variety of novel greenish and
yellowish porphyrinoid pigments, stored as granules in the chromocytes of several organs. On the
follow-up of this study, we chemically characterized pigment extracts from the worm’s skin and
proboscis using HPLC and evaluated their light and dark toxicity in vivo and ex vivo using Daphnia
and mussel gill tissue as models, respectively. The findings showed that the skin and proboscis have
distinct patterns of hydrophilic or even amphiphilic porphyrinoids, with some substances in common.
The combination of the two bioassays demonstrated that the extracts from the skin exert higher
dark toxicity, whereas those from the proboscis rapidly exert light toxicity, then becoming exhausted.
One particular yellow pigment that is highly abundant in the proboscis shows highly promising
properties as a natural photosensitizer, revealing that porphyrinoids from marine invertebrates are
important sources of these high-prized bioproducts.

Keywords: porphyrinoids; annelida; marine bioproducts; HPLC-DAD; toxicity; photosensitizers

1. Introduction

Biological pigments (biochromes) can be defined as any material from biological origin that results
in color. They can have many functions, among which mimicking and communication are but a few,
and are normally products of complex and varied biosynthetic pathways involving a wide span of
enzymes [1]. Pigments resulting from these metabolic processes can be broadly divided in two classes:
those that are directly responsible for organism colors and those that are colored secondary metabolites,
which may or may not be directly involved with the organisms’ primary pigmentation [2]. One of the
most abundant classes of natural pigments are tetrapyrroles, considered as the “pigments of life” [3]
due to their role in photosynthesis, gas transport, and redox reactions. This class includes porphyrins,
which are metabolites of heme.

Arguably, the best known porphyrinoids are bilins (also termed bilichromes or bile pigments) [2,4],
whose coloration can vary between yellow, green, red, and brown [5]. They are secondary metabolites
devoid of metal cores and are arranged in linear (chain) structures rather than in the customary
cyclic configuration of porphyrins [2]. Biliverdin and bilirubin are notorious members of this group
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that, despite resulting from the breakdown of heme, hold important biological functions, such as
antioxidants, in humans and other animals [6]. Like many other tetrapyrroles, bilins are photosensitive,
which provides them with a high interest in photodynamic therapy (PDT), since they can generate
singlet oxygen when irradiated, thus triggering localized cytotoxic effects [7]. In fact, depending
on their structure, porphyrinoids have a distinctive absorption spectrum in the UV-visible region,
characterized by a strong band around 420 nm, named the Soret band, and a series of low-intensity
absorption bands at longer wavelengths, typically between 500 and 650 nm, termed Q bands (refer to
Arnaut [8] for an overview). However, photoactivation may occur when the pigments are subjected
to light from the whole visible spectrum [9]. Porphyrinoids may exert light-independent toxicity,
nonetheless, which renders mandatory safeguarding a high light:dark toxicity ratio to uphold a
compound’s value as photosensitizer [10]. Altogether, porphyrinoids are provided with a particular
interest for biotechnological purposes as colorants, antimicrobial, biocides, or as biomarkers for the
physiological status of animals [11–13].

Marine invertebrates, in particular, especially those of coastal environments, known for their
bright and diversified coloration, seemingly have a wider span of porphyrinoids than their vertebrate
counterparts. However, as for other natural products, the true diversity, nature, and function of these
pigments in marine invertebrates remains largely unknown. Some of the first works on tetrapyrrole
pigments from marine animals began with bonellin, a distinctive chlorin-like greenish pigment from
the females of the Echiuran Polychaeta Bonellia viridis that is turned into a potent biocidal when
photoactivated, protecting the animal from predators and biofoulants [14,15]. In turn, Hediste (Nereis)
is a common intertidal worm that is known to have a diversified and seasonally changing pattern of
pigments, in large part due to porphyrinoids resulting from endogenous heme breakdown [16].

Recently, we showed that an uncanny uniformly green Polychaeta, Eulalia viridis, an opportunistic
predator of the rocky intertidal, owes its coloration to a multiplicity of endogenous porphyrin-like
pigments whose abundance and distribution changes between organs [17–20]. These pigments,
which seem to almost entirely replace common biochromes such as carotenoids and melanins,
were found to be chiefly stored as granules allocated within unique specialized chromocytes [19,20].
The function and bio-reactivity of these pigments is not, however, fully understood. It was hypothesized
that, more than mimicking the worm’s surroundings, these pigments offer important protection from
sunlight and that, being porphyrinoids, they may also have toxic properties modulated by light.
Additionally, E. viridis secretes toxins that, delivered by its copious mucus secretion, are used to
immobilize and partly digest prey (mostly invertebrates, especially mussels, barnacles, and other
Polychaeta) before extracting a portion of flesh via suction with its jawless but highly muscular
proboscis [21]. This ability also led us to hypothesize a strong investment in chemical warfare
on behalf of the species that may extend to its pigmentation. On the follow-up of our preceding
research, the current work aimed at a comparative screening for potential light-mediated toxicity of
the novel porphyrinoid pigments extracted from E. viridis skin and proboscis in view of its potential
biotechnological value.

2. Results

2.1. Chemical Characterization of Pigments

In accordance with Martins et al. [20], the crude extracts in cold Dulbecco’s phosphate-buffered
saline (PBS) from the proboscis and skin, being yellowish and greenish in color, respectively,
were comprised of multiple pigments. Both extracts of skin and proboscis tissues were analyzed by
HPLC-DAD and recorded at 280 and 440 nm (exemplified in Figure 1). For simplification purposes,
this distinction based on visual inspection will be retained. Albeit variable among individual pigments,
the absorption spectra of either extract had maxima within the UV range (ca. 280 nm), plus Soret bands
between 350 and 500 nm and the characteristic Q bands (580–750 nm) of porphyrin-like pigments,
which is particularly obvious for the main pigments fractionated from the skin (Figure 2). Among the
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main pigments in skin extracts that better fit the expected porphyrin signature, we found a yellowish
pigment that was exclusive to this organ, with a retention time of 1.8 min. To this substance a greenish
pigment was added with retention time 3.43 min and two yellow pigments with retention times 0.95
and 4.40 min (Figure 3). The latter, in particular, was found to be the most abundant pigment in skin
extracts, as inferred from its higher absorbance (Figure 3D).

Figure 1. Representative HPLC-DAD profiles at 440 and 280 nm (black and red line, respectively).
Pigments extracts from (A) skin, and (B) proboscis. Compounds with * did not present the characteristic
absorption of porphyrin pigments and were not further addressed.

 

Figure 2. Absorption spectra of the four main pigments in Eulalia viridis skin crude pigment extracts
spectra retrieved from HPLC-DAD analyses (each pigment’s spectrum is identified by its retention
time). The Soret (350–500 nm) and Q (580–750 nm) bands typical of porphyrinoids are highlighted.
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Figure 3. Spectra of the principal pigments in the crude extracts from the skin of Eulalia viridis
fractionated by HPLC-DAD. The skin yielded mainly one greenish and three yellowish pigments.
(A) yellow pigment (0.95 min); (B) yellow pigment (1.8 min); (C) green pigment (3.43 min); (D) yellow
pigment (4.40 min). The pigments detected at retention times 1.80 and 3.34 min are specific to the skin.

The proboscis extract yielded two green and two yellowish main pigments with porphyrinoid
signatures (Figure 4). Among the four main compounds, two yellow pigments were detected at
retention times of 0.95 and 4.40 min, presenting maxima at both 282 and 286 nm, respectively. To this
pigment two greenish pigments detected at retention times of 0.82 and 1.34 min were added, with
absorbance maxima at 272 and 257 nm, respectively, which were exclusive to this organ (Figure 5).
The yellow pigments detected in the proboscis are similar to those described earlier in the skin, judging
from similar retention times (0.95 and 4.40 min) and absorbance magnitudes. As previous, the yellow
pigment shown in Figure 5D with the 4.40-min retention time was most abundant, not only in extracts
from the proboscis but also comparatively to the skin. Table 1 summarizes the main similarities and
differences between pigment extracts from the two organs.
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Figure 4. Absorption spectra of the four main pigments in Eulalia viridis proboscis crude pigment extracts
spectra retrieved from HPLC-DAD analyses (each pigment’s spectrum is identified by its retention
time). The Soret (350–500 nm) and Q (580–750 nm) bands typical of porphyrinoids are highlighted.

Figure 5. Spectra of the principal pigments in the crude extracts from the proboscis of Eulalia viridis
fractionated by HPLC-DAD. The proboscis yielded mainly two yellowish and two greenish pigments.
(A) green pigment (0.82 min); (B) yellow pigment (0.95 min); (C) green pigment (1.34 min); (D) yellow
pigment (4.40 min). The pigments detected at retention times of 0.82 and 1.34 min are specific to
the proboscis.
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2.2. Comet Assay

The light/dark experimental treatment (here identified as the two-factor variable “treatment”) was
the only explanatory variable found to significantly modulate DNA damage (Table 2). In accordance,
significant differences were found between the L (light) and D (dark) experimental conditions in gills
exposed to extracts from the proboscis, albeit only for the 50% concentration (D2), attaining a maximum
of ≈56% DNA in tail (Figure 6). In the case, gills exposed to the extract, in the light, revealed highest
damage by ca. two-fold on average, relative to the dark condition (Figure 7). Even though pigment
extracts from the skin failed to elicit significant differences between experimental conditions, regardless
of dilution, the highest level of DNA damage scored in gills exposed to this extract was recorded
in gills subjected to light and exposed to the highest (100%) concentration of pigments (termed D1),
attaining an average of 51% DNA in tail.

Table 1. Summary of the main pigments in PBS extracts from the skin and proboscis of Eulalia viridis,
based on data retrieved from HPLC-DAD.

Retention Time (min)
Organ Color Absorbance Maximum (nm)

Skin Proboscis Green Yellow Skin Proboscis

0.95 • • • 280 nm 282 nm
4.4 • • • 276 nm 286 nm
0.82 – • • – 272 nm
1.34 – • • – 257 nm
1.8 • – • 288 nm –
3.43 • – • 288 nm –

[•] and [–] indicate presence or absence, respectively.

Figure 6. Comet assay results (as % DNA in tail) from the gills of Mytilus exposed to two dilutions of
pigment extracts corresponding to the nominal concentrations of 100% (D1) and 50% (D2), plus controls,
i.e., gills treated with PBS only, which was the vehicle for pigment extracts (C). Mussels were exposed
to the extracts from skin and proboscis mixtures under light (L) and dark (D) conditions. The results
are expressed as means + SD. [*] indicates significant differences between L and D conditions (t-test,
p < 0.05).
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Table 2. Results from ANOVA for GLM (based on sequential analysis of deviance) for the Comet assay
on mussel gills exposed to pigments.

Variable df Deviance Residuals df Residual Deviance p

Treatment 1 0.44403 46 5.0954 0.02629 1

Pigment 1 0.20322 45 4.8922 0.13280
Dilution 2 0.13029 43 4.7619 0.48465

1 significant with p < 0.05.

Figure 7. Exemplificative Comet fields from mussel gills treated with pigment extracts from Eulalia
illustrating the differences between light and dark treatments. (A) Gills exposed to 50%-diluted extracts
from the proboscis (light treatment); (B) same as previous but gills subjected to dark conditions,
evidencing lower DNA damage, as seen by higher and lower head and tail intensities, respectively,
comparatively to the previous.

2.3. Daphnia Immobilization Assay

All explanatory variables (“treatment”, “exposure time”, “pigment”, and “dilution”) were found to
significantly modulate the immobilization of Daphnia (Table 3). Extracts from the skin were responsible
for the overall highest immobilization rates, which tended to increase with concentration and total
exposure time after the initial 1-h light or dark treatment (Figure 8). However, contrarily to the
previous findings, exposure to pigment extracts in the dark tended to cause highest effects either
at 24 (Figure 8A) or 48 h (Figure 8B), albeit the effects being more significant for assays conducted with
the most concentrated extracts from the skin. Accordingly, the highest immobilization rates resulted
from Daphnia exposed to the most concentrated (D1) skin pigment extract, followed by exposure to
D2, both after 48 h, hitherto the dark treatment attaining a ca. two-fold increase relatively to the light
condition. Still, after 24 h of the experiment this effect was almost three-fold higher.

Table 3. Results from ANOVA for GLM (based on sequential analysis of deviance) for the Daphnia
immobilization assay.

Variable df Deviance Residuals df Residual Deviance p

Treatment 1 36.461 190 862.43 1.558 × 10−9 1

Pigment 1 31.388 189 795.04 2.113 × 10−8 1

Exposure time 1 143.122 188 651.92 <2 × 10−16 1

Dilution 3 160.977 185 490.94 <2 × 10−16 1

1 significant with p < 0.01.
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Figure 8. Daphnia immobilization assay after exposure to three dilutions of pigment extracts
corresponding to the nominal concentrations of 100% (D1), 50% (D2), and 10% (D3), plus controls (C).
Daphnia were exposed for 1 h to the extracts from skin and proboscis mixtures under light (L) and dark
(D) conditions and analyzed after (A) 24 h; (B) 48 h. The results are expressed as mean immobilized
individuals (out of 20) + SD. [*] indicates significant differences between L and D treatment conditions
(t-test, p < 0.05).

3. Discussion

In accordance with our previous findings (Martins et al. [20]), the extracts from the “greenish” skin
and the “yellowish” proboscis of Eulalia viridis contain multiple pigments and sustain very significant
inter-organ variation. However, the extraction methods were distinct between the two works, albeit
HPLC-DAD being used for fractioning in either case. Whereas we previously used HCl:acetonitrile to
extract the pigments, in the present work we opted for extraction in PBS to obtain a physiologically
compatible vehicle for the bioassays. The most notorious difference is the higher representativity of
individual yellowish pigments in the skin found in the current work relatively to Martins et al. [20].
Nonetheless, the main pigments, in particular the yellow compound retrieved at retention time
4.40 min (Figures 3D and 5D) is seemingly present in the extracts from our preceding work. Moreover,
this pigment shows the expected porphyrinoid signature. The methodological differences between the
two works are likely responsible for disparities and render direct comparisons difficult, taking into
account extraction efficiencies. However, it is clear from the current results that many porphyrinoid
pigments in E. viridis are hydrophilic and compatible with PBS, which has important implications for
biotechnological endeavors. It must be noted, though, that our previous paper already suggested
the amphiphilic nature of porphyrinoids from Eulalia, similarly to what has already been described
for other porphyrin-derived pigments [22]. In addition, the advantages of amphiphilic substances in
therapeutics, as they can be transported through the blood stream and have facilitated crossing through
the phospholipid by-layer, leads to substantial efforts to produce these compounds synthetically for
the purpose of PDT (see for instance Malatesti et al. [22]). The discovery of natural bioproducts with
these properties, as in the present case, is, therefore, an important biotechnological asset.

The two very distinct toxicity-testing procedures yielded divergent, albeit complementary results,
in any case the presence or absence of light being a significant factor. The duration of the assays
(i.e., total time of exposure) is inferred to be a key to explain the differences. Indeed, the shorter-term (1
h) assays with mussel gills revealed a trend for higher DNA-damage effects under light, whereas the
Daphnia immobilization assay yielded the opposite tendency after 24 and 48 h of exposure following
the initial 1 h treatment under light or dark conditions. Consequently, despite the differences between
model and endpoint, time of exposure is seemingly a major player in the modulation of toxicity because
the generation of singlet oxygen by photodynamic substances occurs swiftly after irradiation with
visible light [23]. Evidently, this depends on oxygen supply, which is certainly more reduced in the
test medium of Daphnia, especially after 48 h, even assuming minimal degradation of the pigments in
the test medium or by the cladocerans’ own mechanisms of porphyrinoid catabolism and elimination.
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Consequently, the photodynamic effect of porphyrinoids was more evident in DNA damage determined
by the standard alkaline Comet assay, which is directly sensitive to singlet oxygen radicals in the
short term, with particular respect to the formation of oxidized purines [24,25]. On the other hand,
after 24 and 48 h of exposure, low oxygen and photosensitizer exhaustion seemingly reduced the
photodynamic effects of pigments, leaving dark toxicity of phorphyrinoids as the most evident effect.
This effect has already been described for a range of porphyrin-based photosensitizers in vitro [25,26].
Even though dark toxicity for these compounds in vivo is not well understood, the results suggest
significant effects in Daphnia. However, details on the toxicity, metabolism, and elimination of heme
and its secondary metabolites are scarce (refer, for instance, to Lamkemeyer et al. [27] and references
therein on Daphnia hemoglobin). Still, Fabris et al. [28] found Daphnia magna particularly sensitive to
both light and dark toxicity of certain porphyrinoids after short term (1 h) and 24–48 h of incubation.
It is noteworthy that the same authors employed the standard Daphnia immobilization assay as well.
These results are thus in good alignment with the current study and show that the toxicodynamics and
toxicokinetics of photosensitizers is complex as it depends on the ratio between light:dark toxicity and
how it changes with time. Even though the sensitivity of our models and endpoints cannot be directly
compared, the findings also demonstrate the importance of testing both immediate and longer-term
effects of exposure to isolate light and dark toxicity of porphyrinoids. This subject is of particular
relevance for further studies to investigate the potential of pigments in PDT, as dark toxicity can cause
significant effects during the period of elimination, after the effective photodynamic capability of
pigments has been exhausted.

There are also very noticeable differences between the effects caused by the two extracts that
ultimately enable shortlisting the pigments with the most promising properties as photosensitizers.
The findings show that the extracts from the proboscis, where the yellow pigment with 4.40 min
retention time is by far more abundant than in the skin (which makes it responsible for the difference in
color between the two extracts), hold higher phototoxicity. This can be ascertained from the comparison
between Figures 6 and 8. Most likely, the majority of the phototoxicity causing the increment of DNA
damage relatively to the dark treatment shown in Figure 6 is due to this same yellow pigment, despite
inconclusive dose-response effects. On the other hand, the mixture of pigments in the skin extracts,
which includes the same compounds albeit in much lower proportion, caused higher dark toxicity.
Altogether, the results indicate that this yellow pigment is an interesting candidate for further research
as an effective photosensitizer. It must be noted, though, that the lack of a clear dose-response is in part
due to significant inter-replica variation and reduced number of concentrations tested. Nonetheless,
we must emphasize that at this stage we were testing crude extracts and not the purified pigments,
which also contributed to the overall variation. Further toxicity testing involving the isolation of
this candidate pigment are needed, as well a complete chemical characterization. It must also be
noticed that the extracts from the skin caused DNA damage and suggest a potential dose-response
and light-mediated toxicity as well. However, as pointed out in our previous work, this organ holds a
much wider variety of pigments than the proboscis [20], which complicates, at this stage, isolating
specific substances of interest and obtaining sufficient amounts for analyses.

It can be inferred that the light toxicity of porphyrins is certain to cause deleterious effects to the
worm itself. This consequence has been noted before and has, inclusively, been suggested as one of
the reasons why Polychaeta are so difficult to rear in captivity [29], which explains the need to add
shelter and provide dimmed light to Eulalia in the laboratory [18]. Considering that Eulalia is a diurnal
forager of the rocky intertidal, its pigments likely have two important roles. First, they are either toxic
or repellent to predators and parasites that cause rupture to the pigment cells where the pigments are
“safely” stored in granules [19,20]. Second, they warn of excessive exposure to daylight by causing
physiological stress, which can be considered a form of non-nervous sensorial arrangement. The fact
that Eulalia uses its proboscis as the main organ for sensing and preying [19,21] explains the natural
difference between the pigmentation of the skin as a major adaptive trait. These particular features,
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which are probably not circumscribed to Eulalia or even to the Order Phyllodocida, show that the
Polychaeta are very promising targets for the bioprospecting of photoactive tetrapyrrolic pigments.

In conclusion, the present work revealed different porphyrin-like pigments in the body of the
Polychaeta Eulalia, distributed differentially between the proboscis and the skin. The differential
pigmentation pattern between the two organs is also reflected in distinct light:dark toxicity ratios that are
influenced by time of exposure, as light-dependent toxicity occurs swiftly whereas light-independent
will occur in a longer timeframe until the substances are metabolized and finally eliminated from the
recipient organism. With this respect, the two bioassay procedures with mussel gills and Daphnia
(1 and 48 h, respectively), showed the importance of performing short and longer tests to evaluate
the unique toxicodynamics of photosensitizers. From the aggregate findings we were able to detect
a specific pigment, yellowish in color, present in both organs albeit much more concentrated in the
proboscis of the worm. This pigment, in particular, is a serious candidate as photosensitizer: (i) it is
likely amphiphilic and compliant with PBS, which is an advantage for distribution during therapeutics;
(ii) its light toxicity is considerably higher than its dark toxicity, and (iii) its reduced toxicity with time
in vivo may be an indicator of rapid exhaustion and facilitated elimination. These highly promising
results also confirm that marine invertebrates are a prolific source of natural porphyrinoids, a class of
substances with high value for therapeutics and whose research is still mostly based on synthetics.

4. Materials and Methods

4.1. Animals

Adult E. viridis (ca. 5–10 cm length) were collected by hand in Parede Beach, an intertidal rocky
beach in Western Portugal (38◦41′42” N; 09◦21′36” W), during the low tide. Organisms were then
transported to the laboratory and kept in a mesocosm recreating their natural habitat consisting of
dark-walled aquaria, equipped with a system providing constant aeration and water recirculation,
to which natural rocks were added, with barnacles and mussels collected from the same area to provide
shelter and feed to the worms, as developed by Rodrigo et al. [18]. Salinity, water temperature and
photoperiod were maintained restrained at about 30, 18 ◦C and 16:8 h light-dark, respectively. Animals
were thus acclimatized for 7–14 days until pigment extraction.

Mussels (Mytilus sp.) were also collected as models for the ex vivo assay. Laboratory cultures of
wild-type Daphnia pulex were maintained in an aquarium with filtered pond water, replicating optimal
environmental conditions for their reproduction (temperature: 20 ± 2 ◦C; pH: 7.5; photoperiod: 16 h
light:8 h dark). Daphnia were fed with a mixture of Arthrospira platensis and Saccharomyces cerevisiae,
following Pellegri et al. [30] and Santos et al. [31].

4.2. Pigment Extraction

Worms were immobilized by hypotonic shock and microdissected to collect proboscis and skin
(factually the body wall containing epidermis plus underlying musculature). The organs were then
homogenized separately with a pestle in cold Dulbecco’s phosphate-buffered saline (PBS), pH 7.5
to extract the hydrophilic fraction of pigments. Samples were afterwards centrifuged for 5 min,
5000 g at 4 ◦C. The supernatant containing the pigments was collected and immediately placed on ice
and in the dark. The pellet was subjected to repeated extractions until the supernatant was visibly
devoid of pigments. The supernatants were then pooled. Each pooled sample contained extracts from
approximately five animals.

The crude extracts of either organ were then analyzed spectrophotometrically at 440 and 700 nm,
the maxima described by Martins et al. [20]. Extracts were then diluted in PBS, with the absorbance
at 440 being used to normalize the dilutions until samples yielded an absorbance value of 1 (D1),
corresponding to the 100% concentrated extract. This solution was necessary to overcome the absence
of suitable standards for the mixtures of pigments in the extracts from either organ. Serial dilutions D1
(100%) were then produced, termed D2 and D3, corresponding to 50% and 10% of D1, respectively.
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Pigment extraction was performed in a dim-lighted environment to avoid photodegradation of
pigments. Exposure of worm tissues and extracts to ambient light and air was kept to the minimum.
Analysis and toxicity testing involved only fresh extracts.

4.3. Chemical Characterization of Pigments

Crude extracts of the two organs (skin and proboscis) were filtered with a GHP filter before
analysis. Pigments were analyzed based on the protocol for separation and quantification of human
bilins developed by Woods and Simmonds [32], with many optimizations. In brief, high-performance
liquid chromatography (HPLC) analyses were conducted on a Merck-Hitachi instrument equipped
with a diode array detector (DAD), scan range 200–800 nm (Merck-Hitachi L-4500 Diode Array Detector,
Merck, Poole, UK), operating at 20 ◦C, using a reversed-phase analytical column (RP-HPLC, Onix®

Monolithic C18 column, 100 × 4.6 mm i.d., 13 nm and 2 μm). Samples were prepared in MeOH
and the injection volume was 20 μL. Preliminary assays showed that optimal peak separation was
obtained with sodium phosphate buffer 10 mM, pH 3.5 (solvent A) and pure MeOH (solvent B) at a
flow rate of 2 mL/min: linear gradient from 45% to 95% B for 10 min and 95% B for 2 min. The total
run time excluding equilibration was 12 min. Linear gradient from 30% to 60% B for 5 min and
linear gradient from 60% to 95% B for 10 min. The total run time excluding equilibration was 15 min.
Throughout analysis, the pressure was maintained at about 67 bar and the temperature column kept at
environmental temperature (20 ± 2 ◦C).

4.4. Experimental Design

4.4.1. Assays with Mytilus sp. Gills

Ex vivo bioassays using Mytilus sp. gills were performed to investigate DNA damage resulting
from exposure to pigments under light or dark conditions. For the purpose, valves of live mussels
(ca. 40 mm in length) were carefully separated to retain integrity of gills and the visceral mass swiftly
removed. Assays began immediately after excision. One valve being used as a test sample (pigment
extract, diluted in PBS as described above) and the other as its respective control (PBS only). For both
crude extracts, proboscis (P) and skin (S), the test valve was exposed to 1 mL of D1 or D2 dilutions,
while the control was treated with 1 mL of PBS. Test valves and controls were subjected to either
ambient light (L), i.e., indirect daylight, or dark (D) conditions for 1 h and processed immediately
afterwards. All assays were made in triplicate (n = 3).

4.4.2. Comet Assay

Damage to DNA was evaluated using an adaptation of the alkaline single-cell gel electrophoresis
(Comet) assay, developed by Singh et al. [33], adapted by Raimundo et al. [34] for molluscan solid
tissue. Freshly harvested gill samples were minced with pliers in 700 mL of cold PBS and centrifuged
for 1 min at 1200 rpm. The supernatant (clear cell suspension) was diluted in 1% m/v molten (37–40 ◦C)
low melting point agarose (LMPA) prepared in PBS. Afterwards, two 80-μL drops of LMPA cell
suspensions were placed on slides pre-coated with 1.2% m/v of normal melting point agarose (dried for
at least 48 h) and covered with a coverslip. After LMPA solidification (15 min, 4 ◦C) coverslips were
removed and the slides immersed in cold lysis buffer (0.45 M NaCl (m/v); 40 mM EDTA (m/v); 5 mM
Tris pH 10) for 1 h. Slides were then placed in cold electrophoresis buffer (0.1 mM EDTA; 0.3 M NaOH,
pH 13) for 40 min to allow DNA-unwinding and expression of alkali-labile sites. Electrophoresis
was run at 25 V for 30 min at 4 ◦C. Then, the slides were neutralized in 0.2 M Tris-HCl, pH 7.5, and
dried with methanol for archiving before analysis. Rehydrated slides were stained with GreenSafe
(Nzytech, Portugal) [35] and analyzed with a DM 2500 LED microscope adapted for epifluorescence
with an EL 6000-light source (Leica Microsystems). Scoring was done with CometScore 1.6 (Tritek),
with 100 nucleoids being analyzed per slide. The percentage of DNA in tail was considered as a direct
measure of DNA damage [36].
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4.4.3. Acute Toxicity Assay with Daphnia pulex

Based on standard guidelines for toxicity testing with Daphnia sp. [37–39], daphnids with less than
24 h were selected for the assay. For the purpose, several females with mature eggs in the brood pouch
were transferred to a 90-mm Petri dish containing with distilled water 12 h before the experiments.
Hatched juveniles (daphnids) were afterwards collected and used for the tests. The test replicate
consisted of a well of a 24-well clear bottom microplate (2-mL well) containing 20 daphnids. Each well
contained 0.2 mL of extract and 1.8 mL of distilled water. Plates were then exposed under dark (D) of
light (L) conditions, for 1 h, to dilutions D1, D2, or D3 of P and S pigment extracts, plus controls, which
consisted of adding 0.2 mL of PBS to the test water (n = 6) and afterwards incubated in unchanged
medium, in the dark, until analysis. The number of immobilized daphnids was evaluated after 24 and
48 h from the beginning of the exposure.

4.5. Statistical Analysis

Homoscedasticity of data was assessed by the Levene’s test. After invalidation of this assumption
for parametric analysis, we used generalized linear models (GLM) through a Poisson regression
with a log link function, considering dilution, light/dark treatment, organ, and time (duration) of
the experiment (in the case of the Daphnia assay) as explanatory variables. Analysis of variance
based on deviance was carried out to assess the effect of independent variables on DNA damage and
immobilization of Daphnia. Complementary comparisons were done with Student’s t-test. All analyses
were done using R [40]. Generalized linear models were computed with the package glm2.
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