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José Antonio Vázquez, Javier Fraguas, Ramón Novoa-Carvallal, Rui L. Reis, Luis T. Antelo,
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Preface to ”Advances in Marine Natural Product
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The search for bioactive marine natural products calls for the need for efficient chemical profiling

strategies, together with the need for advances in separation and characterization methodologies, in

order to expedite their discovery. This Special Issue of Marine Drugs highlights some advances in

extraction, isolation, purification and dereplication methodologies in the quest for bioactive marine

natural products. In total, ten articles have been published, covering applications such as the

application of the CD Exciton Chirality method, Super critical carbon dioxide extraction, dereplication

approaches, synthesis and preparative separation, as well as various approaches to deducing the

absolute configuration of a range of marine natural products.
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Abstract: The circular dichroism (CD) exciton chirality method (ECM) is a very popular approach for
assigning the absolute configuration (AC) of natural products, thanks to its immediacy and ease of
application. The sign of an exciton couplet (two electronic CD bands with opposite sign and similar
intensity) can be directly correlated with the molecular stereochemistry, including the AC. However,
a correct application of the ECM necessitates several prerequisites: knowledge of the molecular
conformation; knowledge of transition moment direction; and preeminence of the exciton coupling
mechanism with respect to other sources of CD signals. In recent years, by using quantum-chemical
CD calculations, we have demonstrated that some previous applications of ECM were wrong or
based on incorrect assumptions. In a recent publication of this journal (Mar. Drugs, 2017, 15(4), 121),
the ECM was employed to assign the AC of a marine metabolite, laucysteinamide A. This is a further
case of incorrect application of the method, where none of the aforementioned prerequisites is fully
met. Using this example, we will discuss the criteria required for a correct application of the ECM.

Keywords: electronic circular dichroism; absolute configuration; molecular conformation; electric
transition dipole moment; exciton coupling; TDDFT calculations

1. Introduction

The very large majority of known natural products is chiral and contains multiple centers of
chirality [1]. The two enantiomers of a chiral substance most often display different biological and
pharmaceutical properties [2]. As a consequence, a complete stereochemical elucidation is a common
requirement in natural products discovery. A novel chiral natural compound cannot be said to be
fully characterized until its absolute configuration (AC) is determined. Marine natural products are,
of course, not an exception [3]. The most important method for assigning ACs is X-ray structure
determination [4]. Unfortunately, it is restricted to crystalline materials of compounds exhibiting
enough strong anomalous dispersion. Alternatively, a wide family of chiroptical techniques exists
specifically designed to analyze chiral nonracemic substances [5,6]. Of these, electronic circular
dichroism (ECD, or simply CD) remains the most popular one in the field of natural products
discovery [7], although vibrational CD (VCD) and Raman optical activity are gaining progressive
interest [8,9]. Currently, the most common approach to assign AC by ECD or VCD analysis consists
in the comparison between experimental and quantum-chemical calculated spectra [10]. However,
there are several other means for interpreting ECD spectra to be used for AC determination [7,11].

The exciton chirality method (ECM) has been for a long time the most employed approach
for assigning the AC of natural products by ECD spectra [12]. First developed for compounds
containing a diol moiety convertible into a bis(benzoate) [13], it has then been applied to hundreds
of natural compounds with very diverse skeletons and functionalities [14,15]. In a nutshell,
the essence of the method is the following: a chiral molecule containing two separate chromophores
with electric-dipole-allowed electronic transitions—if properly arranged with respect to each

Mar. Drugs 2018, 16, 388; doi:10.3390/md16100388 www.mdpi.com/journal/marinedrugs1
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other—displays a CD spectrum containing a so-called exciton couplet, that is, two bands of opposite
sign and similar intensity, centered around the chromophores UV maxima. The couplet sign (defined
as that of the long-wavelength component) correlates with the absolute angle of twist defined by the
two transition dipoles: a positive couplet indicates that the two transition dipoles define a positive
chirality, that is, when viewed along the line connecting the dipoles, one would need a clockwise
rotation to move from the dipole in the front onto that in the back. Obviously, the dipole chirality
is dictated by the AC, but it also depends on the molecular conformation. In many favorable cases,
just looking at the CD spectrum will yield the AC assignment, provided that a good molecular model is
utilized. The most important quality of the ECM is its ease of application; it is also very robust, because
it is based on a well-established theoretical basis [6,12]. These two facts render the ECM still popular,
in the present computational era, to assign the AC of natural products including marine-derived ones,
as demonstrated by a few recent references selected from this journal [16–21]. The method is so useful
that when a compound lacks the necessary chromophores, it may be convenient to introduce them
covalently or noncovalently to apply the ECM [15,22], rather than resorting to a different approach.

Any method for structural determination, however robust and efficient it may be, relies upon a
correct application which meets all necessary prerequisites and hypotheses. For the ECM, the latter
includes the knowledge of the molecular conformation and of transition moment directions, and
confidence that the ECM dominates the CD spectrum. Strictly speaking, the ECM should not be applied
unless all these pieces of information are safely known; otherwise, its application is not justified and
may lead to incorrect AC assignments. We have demonstrated that incautious applications of the
ECM still happen to appear in recent literature reports [23–25]. In this contribution, we will examine
a recent example of AC assignment of a marine product published in this journal, laucysteinamide
A (1) [17]. We will first present an independent interpretation of the CD spectrum of 1 by means of
density functional theory (DFT) calculations. Based on our analysis, we will then criticize the previous
assignment to emphasize which are, and how to meet, the necessary criteria for a safe and accurate
application of the ECM.

2. Results

Laucysteinamide A (1, Scheme 1) is a cytotoxic compound isolated from Caldora penicillate [17].
During its structural elucidation, the AC at the C-2 chirality center was established by recording the CD
spectrum and applying the ECM. The CD spectrum of 1 contains a single negative band above 200 nm
(Figure 1). Although the quality of the experimental spectrum is poor (see legend of Figure 1), we can
confidently assume the presence of a negative CD band above 210 nm or at least a tail due to the same
band above 220 nm. This band was assigned by the authors to the long-wavelength component of a
“couplet” emerging from the nondegenerate exciton coupling between the C-3/C-4 alkene (absorbing
below 200 nm) and the thiazoline chromophore (absorbing above 200 nm).

 
Scheme 1. Molecular diagram of (2R)-laucysteinamide A (1), of its truncated analog (2R)-2-methyl-4-
(prop-1-en-1-yl)-4,5-dihydrothiazole (2), and the model chromophore 2-methyl-4,5-dihydrothiazole (3).
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Figure 1. (a) CD spectrum of laucysteinamide A (1) recorded in CH2Cl2. Measurement conditions
(concentration and path length) were not given, thus the y-axis units are undetermined. The trend
below 225 nm (dotted part) is probably an artifact because of the solvent cutoff. (b) Exciton chirality
reported in the original publication. Notice the absence of transition dipole moment directions as well
as the unclear perspective. (c) Zoom of the relevant molecular portion where we added the most likely
transition dipole moment directions (light blue bars) as suggested by the curved arrows. Panel (a) is
adapted and (b,c) are reproduced from ref. [17].

Exciton coupling is said to be degenerate (DEC) when it occurs between equivalent transitions
of two identical chromophores. Conversely, nondegenerate exciton coupling (NDEC) arises between
different chromophores [6,12,26]. While DEC generates a couplet centered around the single
chromophore transition, NDEC generates two distant CD bands, still with opposite signs and similar
intensity, each centered in correspondence with one chromophore transition. In the extreme situation,
one of the two transitions involved in NDEC may occur at too high energy (or short wavelengths,
<200 nm) to be observed. This is the case of the alkene π–π* transition, which is polarized along the
double-bond direction and normally occurs at 195 nm. For instance, in the so-called allylic benzoate
method [12,27], the alkene π–π* transition is excitonically coupled to the benzoate π–π* transition
occurring around 230 nm. The long-wavelength component of the “couplet” will then appear at
230 nm, while the short-wavelength component will be often masked by the solvent cutoff.

Although not openly stated by the authors [17], the ECM analysis of laucysteinamide A (1)
was possibly inspired by the similarity with allylic benzoates, with the thiazoline ring replacing the
benzoate. As a matter of fact, the CD section in the original paper is very concise and many details were
uncovered. For example, the authors apparently neglected the presence of the other two chromophoric
moieties, the enamide from C-15 to C-17, and the further alkene at C-19/C-20 (Scheme 1). Though
not explicitly justified, this is in fact a correct procedure because these chromophores are separated
from the C-2 chirality center by a long flexible chain, therefore their contribution to the CD spectrum is
negligible. In other words, one can safely consider, instead of the whole molecule of 1, its truncated
analog 2 (Scheme 1). This truncation approach has been successfully employed in CD analyses [28],
and we will use it again here.

Apart from the missing details and poor experimental spectrum, the reported application of the
ECM to laucysteinamide A (1) is flawed by many mistakes and oversights, and must be considered
incorrect. As we shall see below, the assigned absolute configuration (2R)-1 is the right one, although
its correct assignment [17] must be consider fortuitous. A list of the most important issues, which will
be analyzed more in detail in the Discussion section, is the following:

1. The nature and polarization of the transition of the thiazoline chromophore responsible for the
CD band above 220 nm were not discussed; it was not clear whether this is a π–π* transition,
namely, the kind of transition which is expected to be involved in exciton coupling;
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2. In the drawing of 1 used to establish the chirality associated with the NDEC, the direction of the
transition moment allied with the thiazoline chromophore was not shown, and an ambiguous
viewpoint was assumed;

3. No conformational analysis of 1 was run, or at least it is not reported; ECM was applied to a
single conformer whose relative population is unclear.

These inconsistencies prompted us to run an independent analysis of the CD spectrum of 1,
by means of a well-established computational procedure based on DFT and time-dependent DFT
(TDDFT) calculations [7,29]. The procedure was run on the truncated analog (R)-2 and the model
for the thiazoline chromophore 3 (Scheme 1), and the results of the various steps are reported in the
following sections.

2.1. Electronic Transitions of the Model Thiazoline Chromophore 3

The ECM applied to laucysteinamide A (1) invoked the exciton coupling between an alkene and a
thiazoline chromophore [17]. While the former is well known and its participation to exciton coupling
mechanism well documented, like in the allylic benzoate method mentioned above [12,27], no previous
application of ECM to the thiazoline chromophore is described in the literature, to the best of our
knowledge. CD analyses of chiral thiazoline-2-thiones have been reported in several instances [30,31],
but this is indeed a totally different chromophore. Also different are chromophores like luciferins,
subject to much attention [32], where the thiazoline ring is part of an extended chromophoric system.
On the contrary, little is known on the simpler thiazoline chromophore which is of interest for the
current ECM application.

To fill the gap, we first investigated compound 3 as model chromophore of the thiazoline ring
in 1. Its geometry was optimized at ωB97X-D/6-311+G(d,p) level and TDDFT calculations were run at
CAM-B3LYP/ def2-TZVP level, yielding the data shown in Table 1 and summarized below:

• the first calculated transition is a magnetic-dipole-allowed sulfur-centered n–σ*;
• the second calculated transition is a magnetic-dipole-allowed nitrogen-centered n–π*;
• the third calculated transition is a π–π* transition; this is an electric-dipole-allowed transition

associated with a rather weak electric transition dipole (oscillator strength f ~0.05).

Table 1. Main parameters for the first three electronic transitions of 3 calculated at CAM-B3LYP/def2-
TZVP level.

State Energy (eV)
Wavelength

(nm)
Oscillator Strength

1 5.208 238.1 0.0018
2 5.697 217.6 0.0040
3 5.775 214.7 0.0495

In Figure 2, the natural transition orbitals (NTO) [33] for the three transitions are depicted.
This approach offers a compact representation of the electronic transition densities associated with
the various transitions. The main character of each transition is described as a single excitation
from an occupied to a virtual NTO. Notice how, for the first two transitions, the occupied → virtual
excitation describes a rotation of the transition density, which is typical of magnetic-dipole-allowed
transitions. The third excitation describes instead a translation of the transition density, which is typical
of electric-dipole-allowed transitions like π–π* ones. The direction of the transition dipole for the π–π*
transition is drawn in Figure 2; it is oriented approximately as the C-5/S bond of 3.

4
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Figure 2. NTO plots of the first three transitions of 3 calculated at CAM-B3LYP/def2-TZVP level.
The molecular orientation is shown in the lower right panel, also displaying the electric transition
dipole for the 3rd transition (π–π*).

2.2. Conformational Analysis and Geometry Optimizations of Truncated Model 2

The conformation of the model compound 2 was investigated by molecular mechanics
conformational analysis and DFT geometry optimizations. All possible conformers of (R)-2 were generated
by a systematic conformational search using the Merck molecular force field (MMFF). The structures were
then optimized with DFT at ωB97X-D/6-311+G(d,p) level. Six low-energy conformers were obtained
due to the rotamerism around the C-4/C-1′ bond and the five-membered ring puckering. They can
be described using the anti/gauche notation for the reciprocal orientation of H-4 and H-1′, and the
pseudo-equatorial/axial position of the propenyl group attached at C-4. The structures and relative
energies are displayed in Figure 3; notice the small energy differences between the various conformers.

Figure 3. Conformers and relative energies of model compound 2 obtained after ωB97X-D/6-311+
G(d,p) geometry optimization, and exciton chirality defined by the two transition dipole moments
(green bars, for alkene and thiazoline π–π* transition, see text). Legend for the notation: ax/eq,
pseudo-axial/equatorial position of the propenyl group; a/g+/g−, anti/gauche+/gauche− relation
between H-4 and H-1′.
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These results suggest that laucysteinamide A (1) may also exhibit a pronounced flexibility around
the C-2/C-3 bond and in the thiazoline ring, although the relative populations between the various
conformers may differ from those of its truncated model 2. Such a flexibility is crucial for the exciton
coupling mechanism because the noticed motions affect directly the relative orientation of the two
chromophores supposed to be involved in the ECM. This fact can be appreciated by looking at the green
bars shown in Figure 3 representing the transition dipole directions for the alkene π–π* (polarized
along the C=C bond) and the thiazoline π–π* transition. This latter corresponds to the third calculated
excited state for model chromophore 3 discussed above. It can be seen that, for a given axial/equatorial
conformer of 2, the three rotamers around the C-4/C-1′ bond exhibit variable chirality defined by the
transition dipoles, either positive, negative, or negligible (when the two dipoles are approximately
parallel). It is impossible to establish with certainty the resulting sign of the exciton chirality on a
qualitative ground (i.e., without quantitative exciton coupling calculations) [34], though one might
expect a dominant positive chirality. Regrettably, in the original publication, a negative chirality was
inferred (see Figure 1 and Section 3.3 below).

2.3. CD Calculations on Truncated Model 2 and Transition Analysis

To simulate the CD spectrum of model compound (R)-2, which retains the same chromophoric
portion as (R)-1, TDDFT calculations were run on the six conformers described above using B3LYP
and CAM-B3LYP functionals and def2-TZVP basis sets, including the IEF-PCM solvent model for
dichloromethane. CAM-B3LYP/def2-TZVP results are described below; B3LYP functional led to
consistent results. The six calculated spectra were averaged using internal energies estimated at
ωB97X-D/6-311+G(d,p) level. The final weighted-average-calculated CD spectrum for (R)-2 is shown
in Figure 4. In the wavelength region >230 nm, it displays a negative CD band which corresponds
to the experimental band >220 nm. A second positive band appears between 200 and 230 nm, which
is impossible to compare with the experimental spectrum because of the solvent cutoff. Therefore,
we must limit our discussion to the first band. We can confirm, at least on the basis of this limited
spectral comparison, that the absolute configuration of laucysteinamide A (1) is (2R). It must, however,
be stressed that AC assignments based only on a single band are discouraged [11], and the present
case is especially critical because the experimental band is poorly defined (Section 2.1).

Figure 4. (a) Calculated CD spectrum of truncated model 2 at CAM-B3LYP/def2-TZVP level.
The vertical bars represent the rotational strengths R calculated for the various conformers. (b) NTO
plot of the first transition of 2 for the lowest-energy conformer (Mol01 in Figure 3).

In all relevant conformers of 2, the first calculated transition around 240 nm, responsible for
the “diagnostic” CD band, is essentially a magnetic-dipole-allowed sulfur-centered n–σ* transition,
like in the model chromophore 3; in addition, some character of charge transfer from the thiazoline to
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the alkene can be recognized. The NTOs calculated for the lowest-energy conformer of 2 (Mol01 in
Figure 3) are depicted in Figure 4. In conclusion, TDDFT calculations on model compounds 2 and 3

demonstrate that the negative band (or tail) appearing in the CD spectrum of laucysteinamide A (1) is
not a component of a “couplet” arising from nondegenerate exciton coupling. Though centered on
the thiazoline ring, it is not an electric-dipole-allowed π–π* transition but a magnetic-dipole-allowed
sulfur-centered n–σ* transition.

3. Discussion

Having analyzed the conformation, CD spectrum, and electronic properties of the truncated
model 2 in detail, we shall now examine the major pitfalls and inconsistencies found in the reported
application of the ECM to laucysteinamide A (1). This exercise will help in recapitulating the criteria
for a safe and accurate application of the ECM.

3.1. Missing Conformational Analysis

The published report on the AC assignment of laucysteinamide A (1) contains no detail on its
conformation [17]. Apparently, no conformational analysis of 1 was run. The procedure used to
obtain the molecular model used to establish the transition moment chirality is briefly described:
«Computational molecular models [ . . . ] were subjected to energy minimization with MOPAC
software»; then, a single structure was considered for the ECM application (Figure 1). One must
conclude that only a single conformer was taken into account, with unspecified relative population.
The validity of this approximation is contradicted by experimental and computational data. Among
the few available NMR data of 1, we noticed the following 3JHH coupling constants relative to H-1,
H-2, and H-3: 3JH1a,H2 = 3JH1a,H2 = 8.4 Hz; 3JH2,H3 = 6.6 Hz. The single conformer used for the ECM
(Figure 1) has a pseudo-axial H-2, which would lead to substantially different couplings with the
pseudo-axial/equatorial H-1a and H-1b. Moreover, the expected 3JH2,H3 vinylic coupling constant
would be 11–12 Hz for anti-oriented and 3–4 Hz for gauche-oriented H-2 and H-3, respectively [35].
Thus, the experimental values of the diagnostic 3JHH’s indicate an average situation allied with a
large conformational freedom in the ring conformation and around the C-2/C-3 bond. The results of
our conformational study on truncated model 2 (Section 2.2) also confirm the existence of multiple
conformers. More importantly, we have demonstrated that the exciton coupling may vary sizably in
intensity and even in sign from conformer to conformer. Any exciton-coupled CD, if observed at all,
would be the weighted average of all possible situations, yielding an overall couplet difficult to predict.

The impact of conformation on exciton-coupled CD spectra has been demonstrated in several
instances [36–38], and it is just a specific case of the well-known sensitivity and dependence of CD
spectra on molecular conformation [39]. The first criterion for a correct ECM application is then: run
a thorough conformational analysis and estimate the exciton coupling for the various conformers. The ECM
can be safely applied only if a dominant sign of the exciton chirality is apparent among the most populated
conformers. As a corollary, we recommend that the conformational analysis is run by a combination of
experimental and computational methods [39,40].

3.2. Nature of the Transition Involved

In the published report on the AC assignment of laucysteinamide A (1), the NDEC between the
alkene and thiazoline chromophores was invoked [17]. The authors noticed that the «CD spectrum
of compound 1 showed a negative local maximum at 223 nm, corresponding to the thiazoline
chromophore», while «the maximum expected from the C-3/C-4 alkene would be around 190 nm,
but was not observed in the spectrum due to solvent absorptions». This is analogous to the allylic
benzoate method recalled above (Section 2.1). As a matter of fact, the nature of the specific transition
of the thiazoline chromophore involved in the NDEC was not discussed [17]. Since π–π* transitions
are normally considered in ECM, because of their electric-dipole-allowed character, one might expect
that the authors assumed the existence of a π–π* transition around 220 nm. In addition, the direction
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of the electric dipole moments should be known prior to ECM applications, because it is the reciprocal
arrangement between the transition dipoles which dictates the sign of the CD spectrum. Most of
the aromatic or π-conjugated chromophores usually encountered in ECM, for example, p-substituted
benzoates [12,13], naphthalene [41,42], enones [43], etc., have a well-known electronic structure and
the direction of the relevant transition dipoles is certain. In many other cases, the transition dipole
polarization may be inferred from the symmetry properties of the chromophores. For example,
an all-trans polyene chain, or a polyenone, has an effective cylindrical symmetry for which the
relevant π–π* transitions are necessary polarized along the chain direction; ECM applications are
therefore straightforward [16]. On the contrary, the thiazoline ring lacks any element of axial symmetry,
therefore π–π* transitions can be, in principle, oriented in any direction in the plane. It appears that
this chromophore is not ideal at all for ECM applications. Still, in this situation, one may resort to
running excited-state calculations to study the chromophore and to assess the direction of the transition
moments. Apparently, such necessity was overlooked by the authors [17].

As a result of our TDDFT calculations on 2 and 3, we already demonstrated that the transition
responsible for the CD band >220 nm is not an electric-dipole-allowed π–π* transition, which could
give exciton coupling with the alkene π–π* transition. The first calculated transition is instead a
magnetic-dipole-allowed sulfur-centered n–σ* transition. This means that the diagnostic band in the
CD spectrum of 1 is not due to the exciton coupling mechanism but to other mechanisms capable of
generating CD signals, in this case, those typically associated with sulfur n–σ* transitions [44].

In summary, the ECM should be applied to well-known chromophores for which the direction of the
transition dipole moment is established. “New” chromophores require their electronic structure to be
studied independently. ECM can be invoked only for electric-dipole-allowed transitions, in most cases, π–π*
transitions of aromatic chromophores or extended π-conjugated chromophores. In all cases, moreover,
one must be confident that the ECM is truly responsible for the observed CD spectrum, and interference
from other sources of CD signals may be excluded. This is especially important for NDEC, which is
intrinsically weaker than DEC and generates weak CD “couplets” easily overruled by other sources
of CD signals [24]. Polavarapu provided a useful formula to estimate the strength of CD signals
associated with NDEC; see p. 360 in Ref. [6].

3.3. Viewpoint Used to Establish the Transition Moment Chirality

When assessing the exciton chirality defined by the two transition dipole moments, one must
follow a few steps: (a) generate one (or more) meaningful molecular model representative of the
most relevant conformer(s), see Section 2.2; (b) depict it in an intelligible way with one chromophore
clearly placed in the front and the other in the back; (c) draw the transition dipole moments with
their correct direction in the middle of the respective chromophores, see Section 2.1; (d) establish the
sense of rotation (clockwise or anticlockwise), which is conceptually necessary to move the dipole
in the front onto that in the back. Figure 3 was conceived according to these prescriptions. This is
instead not the case for the drawing used to establish the exciton chirality in laucysteinamide A (1) [17],
reproduced in Figure 1. We have already noticed the missing transition moment directions (Section 3.2).
More importantly, even admitting the most plausible directions, the viewpoint adopted by the authors
remains ambiguous, as one cannot safely establish which chromophore lies in front and which in back.
This problem can be appreciated using our molecular model for the lowest-energy DFT conformer
of (R)-2 (Mol01 in Figure 3), which corresponds to the conformation used by the authors for (R)-1.
In Figure 5a, we plot this molecular model, on which the correct transition moments are projected,
using the same viewpoint of the original drawing: it is impossible to establish the exciton chirality
unambiguously. This is instead possible by plotting the same molecular model more meaningfully
as in Figure 5b: once the correct viewpoint is assumed, the chirality defined by the transition dipole
moments turns out to be positive. Regrettably enough, this is opposite to the negative chirality inferred
in the original publication for (R)-1 (Figure 1) [17].
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Figure 5. Lowest-energy conformer of model compound (R)-2 seen in two different perspectives.
Viewpoint (a) is the same assumed in the original publication (see Figure 1c), where a negative chirality
was seen for (R)-1 [17]. The chirality defined by the transition moments is in fact ambiguous. Viewpoint
(b) offers a better perspective of the actual positive chirality.

One can expect that such a trivial error is unique; unfortunately, this is not unprecedented [23].
The take-home message is that the molecular model used to establish the transition moment chirality must be
drawn in an unambiguous way, that is, with one chromophore clearly placed in the front and the other
in the back. The less ambiguous viewpoint is along the line connecting the middle of the two chromophores,
although often this does not offer a good perspective of the molecule. A more extensive treatment of
this latest issue may be found elsewhere [23].

4. Materials and Methods

Molecular mechanics and preliminary Density Functional Theory (DFT) calculations were run
with Spartan’16 (Wavenfunction, Irvine, CA, USA, 2016) with default parameters, default grids,
and convergence criteria; DFT and Time-Dependent DFT (TDDFT) calculations were run with
Gaussian16 (Gaussian. Inc., Wallingford, CT, USA) [45] with default grids and convergence criteria.
Conformational analyses were run with the Monte Carlo procedure implemented in Spartan’16 using
Merck molecular force field (MMFF). All structures obtained thereof were optimized with DFT at the
ωB97X-D/6-311+G(d,p) level in vacuo. TDDFT calculations were run with B3LYP and CAM-B3LYP
functionals and def2-TZVP basis set, and included the polarizable continuum model (PCM) for
CH2Cl2 in its Integral Equation Formalism (IEF) formulation. Average ECD spectra were computed
by weighting ECD spectra (calculated for each conformer) with Boltzmann factors at 300K estimated
from DFT internal energies. CD spectra were plotted using the program SpecDis [46,47], applying
the dipole-length formalism for rotational strengths; the difference with dipole-velocity values was
negligible. Natural transition orbitals were plotted with GaussView6 (Semichem, Inc., Shawnee
Mission, KS, USA).

5. Conclusions

The exciton chirality method (ECM) is a powerful, robust, and rapid method for assigning the
absolute configuration (AC) of natural products, provided that they contain two or more chromophores
giving rise to electric-dipole-allowed electronic transitions. The two chromophores need to be
(relatively) close in space but not directly conjugated with each other or mutually involved in
charge-transfer transitions. To apply the method, the CD spectrum should display a diagnostic
CD couplet, or at least its long-wavelength component should be clearly identified. Henceforth,
by looking at the molecular structure, one must establish the chirality defined by the two transition
dipoles, and correlate it with the experimental CD sign.

At first sight, one may expect that the above facts can be simply assessed by looking at the
molecular diagram and spectra. In fact, crucial details are hidden within the italicized words. Looking
at the molecular structure means that this latter must be known, that is, the molecular conformation
must have been safely determined and all the important conformers identified—namely, those most
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contributing to the experimental CD spectrum. Establishing the chirality defined by the two transition
dipoles means that their exact direction within each chromophore must be known in advance, or must
be established before applying the ECM. Finally, identifying a diagnostic CD couplet implies that the
CD spectrum is dominated by the exciton coupling mechanism, while other sources of CD signals
are absent or negligible. None of these pieces of information is trivial and their importance is easily
overlooked by nonexperts. Not surprisingly, then, they are the main sources of incorrect applications
of the ECM. Laucysteinamide A (1) seems to be a very unfortunate case where none of the above
prescriptions was met. It lends itself as a negative but instructive example of the major traps which
can be encountered on the way to assigning ACs by the ECM. The present critical analysis was mainly
intended to stress the necessary prerequisites and criteria for a safe application of the ECM, and to
guide on how to achieve them.
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Abstract: Chondroitin sulfate (CS) is a glycosaminoglycan actively researched for pharmaceutical,
nutraceutical and tissue engineering applications. CS extracted from marine animals displays
different features from common terrestrial sources, resulting in distinct properties, such as anti-viral
and anti-metastatic. Therefore, exploration of undescribed marine species holds potential to expand
the possibilities of currently-known CS. Accordingly, we have studied for the first time the production
and characterization of CS from blackmouth catshark (Galeus melastomus), a shark species commonly
discarded as by-catch. The process of CS purification consists of cartilage hydrolysis with alcalase,
followed by two different chemical treatments and ending with membrane purification. All steps
were optimized by response surface methodology. According to this, the best conditions for cartilage
proteolysis were established at 52.9 ◦C and pH = 7.31. Subsequent purification by either alkaline
treatment or hydroalcoholic alkaline precipitation yielded CS with purities of 81.2%, 82.3% and
97.4% respectively, after 30-kDa membrane separation. The molecular weight of CS obtained
ranges 53–66 kDa, depending on the conditions. Sulfation profiles were similar for all materials,
with dominant CS-C (GlcA-GalNAc6S) units (55%), followed by 23–24% of CS-A (GlcA-GalNAc4S),
a substantial amount (15–16%) of CS-D (GlcA2S-GalNAc6S) and less than 7% of other disulfated and
unsulfated disaccharides.

Keywords: chondroitin sulfate production; cartilage Galeus melastomus by-products; sulfation
patterns; process optimization; molecular weight glycosaminoglycans determination; bycatch
waste management

1. Introduction

Glycosaminoglycans (GAGs) are linear polymers consisting of repeating O-linked disaccharide
units present in the extracellular matrix or at the cell surface of most animal tissues. GAGs’ ability to
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interact with proteins is behind their involvement in important cellular events such as cell proliferation,
differentiation and migration [1]. As a consequence, GAGs have shown a range of biological activities
and are actively explored in the pharmaceutical and tissue engineering fields [2–4].

Most GAGs are commercially produced from terrestrial animals, but can also be isolated from
marine organisms. Because of the different evolutionary pathways followed by each group of organism,
marine and terrestrial GAGs are different, mainly in terms of molecular weight and sulfation [5,6].
Both chemical characteristics are particularly important for the biological functionality of GAGs.
In some cases, a specific sequence of saccharides is required for biological activity, for example a
pentasaccharide in heparin is responsible for its anticoagulant properties. However, interactions
between GAGs and proteins are generally not so specific and seem to be rather influenced by charge
density and the presence of particular sulfated units [7]. Thus, sulfated marine GAGs probably represent
the most interesting molecules from a therapeutic perspective, chondroitin sulfate (CS) in particular [5].

CS is composed of glucuronic acid (GlcA) and N-acetyl galactosamine (GalNAc) linked via
alternating β-(1→4) and β-(1→3) glycosidic bonds, and each disaccharide unit can be sulfated
at different positions. Marine CS were reported to have different activities such as antiviral,
anti-metastatic, anticoagulant and anti-inflammatory activities [1,8,9], to provide signaling properties
to cartilage engineering constructs and to improve their mechanical performance [10,11] and to
promote neurite outgrowth when hybridized with dermatan sulfate [12]. These biological activities are
associated in many cases to the abundance and kind of sulfation pattern, and both are characteristic
of each organism [13]. Accordingly, exploration of new sources of CS holds potential to expand the
possibilities of different sulfation configurations that may have improved therapeutic properties.

Because of the current overexploitation of marine resources and associated challenges for the
fishing industry, new marine sources should be evaluated from the point of view of sustainability.
In this regard, valorization of fish by-catch represents an interesting alternative to current discard
practices. Within the wide scope of this approach, CS from fish cartilage has been identified as one
of the most suitable products for valorization due to its high price and relatively low environmental
impact [14]. A number of species of cartilaginous fish have little economic value; however, under
current European Union legislation, fishing vessels must keep on board these non-target species if they
are subject to quota regulations [15]. This is the case of the blackmouth catshark (Galeus melastomus),
a shark common in the Northeastern Atlantic Ocean and the Mediterranean Sea. Being abundant,
G. melastomus is incidentally caught by commercial trawl fisheries [16,17].

Blackmouth catshark appears therefore as a sustainable source of CS, a valorization product that
could increase the economic value of this species and serve as an incentive to abandon discard practices.
Furthermore, the characteristics of CS extracted from G. melastomus are largely unknown, since
only one previous report has described some structural features and properties of this material [18].
Important characteristics of CS such as molecular weight and disaccharide composition have not been
quantitatively evaluated and, to the best of our knowledge, remain unknown.

In the present work, we aim to fully characterize CS isolated from blackmouth catshark under
optimal conditions, defined by response surface methodology. In line with the sustainability principles
that guide this study, hydrolysis of cartilage is carried out by enzymatic methods, instead of
conventional chemical treatments with toxic guanidine hydrochloride and concentrated alkali [19].
Finally, time-consuming chromatographic separations for CS purification are replaced with more
straightforward ultrafiltration-diafiltration techniques.

2. Results and Discussion

The average (±confidence interval) proportion of cartilage in the analyzed individuals amounted
to 6.80 ± 0.40% (percentage of total weight) with a moisture content of 67.9 ± 3.7%. Chemical
composition of cartilage, as % of dry weight, results in 55.0 ± 0.9% protein, 37.0 ± 1.8% ash, 2.0 ± 0.5%
fat and 6.0 ± 0.3% carbohydrates. These values are in agreement with the proximal composition found
for Scyliorhinus canicula cartilage [20].
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2.1. Hydrolysis of Cartilage by Enzyme Proteolysis

The first step for the isolation of glycosaminoglycans was the enzymatic digestion of cartilage
from heads, central skeletons and fins of G. melastomus by-products. The enzyme selected was alcalase,
a well-known endoprotease with excellent capacity to hydrolyze several marine substrates [21–24],
including cartilage from other fish species [25,26]. The kinetics of enzyme hydrolysis were performed
under the experimental conditions defined in Table 1 and the Materials and Methods Section.

Table 1. Experimental domains and codification of the independent variables in the factorial rotatable
designs performed to optimize the enzyme hydrolysis of cartilage and the chemical treatments of the
hydrolysates using alkaline or alkaline-hydroalcoholic solutions.

Coded Values

Natural Values

Enzyme Hydrolysis NaOH Treatment NaOH-EtOH Treatment

pH T (◦C) NaOH (M) Time (h): t NaOH (M) Ethanol (v)

−1.41 6.0 30.0 0.20 1.0 0.10 0.30
−1 6.6 37.3 0.39 4.4 0.20 0.46
0 8.0 55.0 0.85 12.5 0.45 0.85

+1 9.4 72.7 1.31 20.6 0.70 1.24
+1.41 10.0 80.0 1.50 24.0 0.80 1.40

Codification: Vc = (Vn − V0)/ΔVn; decodification: Vn = V0 + (ΔVn × Vc); Vc = codified value of the variable;
ΔVn = increment of Vn per unit of Vc; Vn = natural value of the variable to codify; V0 = natural value in the center
of the domain.

The kinetic data of hydrolysis, with hyperbolic trends, were perfectly modelled by the
Weibull equation [23], achieving determination coefficients ranging from 0.980–0.998 and complete
statistical significance of kinetic parameters (data not shown). One of those parameters, maximum
hydrolysis (Hm), was chosen as the response variable to study the joint influence of pH and temperature
(T) on alcalase hydrolysis. The concentration of chondroitin sulfate (CS) from samples of the
hydrolysates extracted at 0.5 M NaOH/1 v EtOH and the index of CS purity (Ip) were also determined.
In all cases, the predicted response surfaces were very similar with clear convex shapes (Figure 1).
The second order equations that calculated those theoretical surfaces are summarized in Table 2.

Figure 1. Experimental data and theoretical surfaces obtained from the equations shown in Table 1
describing the joint effect of pH and T on the maximum hydrolysis (Hm), chondroitin sulfate
(CS) concentration and CS purity (Ip) generated by alcalase hydrolysis of cartilage by-products of
G. melastomus.
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Table 2. Polynomial equations modelling NaOH and time influence in alkaline treatment and NaOH
and EtOH in an alkaline-alcoholic precipitation applied to cartilage hydrolysates. Optima values of the
independent variables (NaOHopt, topt and EtOHopt) are also calculated.

Treatment Second Order Equations R2
adj NaOHopt (M) topt (h)

Alkaline
CS (g/L) = 6.42 + 1.34 t NaOH − 0.88 NaOH2 + 1.68 t2 0.687 0.85 1 or 24
Ip (%) = 19.05 + 3.03 t NaOH − 2.61 NaOH2 + 4.37 t2 0.709 0.85 1 or 24

R2
adj NaOHopt (M) EtOHopt (v)

Alkaline-alcoholic
CS (g/L) = 6.56 + 1.91 EtOH − 2.39 NaOH2 − 1.28 EtOH2 0.742 0.45 1.14
Ip (%) = 67.0 + 20.90 EtOH − 20.06 NaOH2 − 13.03 EtOH2 0.710 0.45 1.16

Statistically, the consistency of models was always validated after overcoming the F1 and F2 ratios
from F-Fisher tests (data not shown). The numerical derivation of equations to obtain the optimal
values of both variables, maximizing the response studied, led to the results indicated in Table 3. pHopt

and Topt ranged from 7.06–7.61 and from 47.5–57.8, respectively. In this context, the best conditions
to hydrolyze cartilage from G. melastomus with alcalase (compromise option as the average of the
mentioned intervals) were established at T = 52.9 ◦C and pH = 7.31.

Table 3. Polynomial equations modelling pH and T effects on alcalase hydrolysis of G. melastomus
cartilage. Adjusted determination coefficients (R2

adj) and optimal values of T and pH (Topt and pHopt)
that maximized the dependent variables are also shown.

Second Order Equations R2
adj Topt (◦C) pHopt

Hm (%) = 22.02 − 5.18 T − 4.82 pH − 5.56 T pH − 4.26 T2 − 4.44 pH2 0.801 47.5 7.61
CS (g/L) = 5.25 − 0.80 T − 1.36 pH − 1.20 T pH − 0.80 T2 − 1.16 pH2 0.796 53.3 7.25

Ip (%) = 85.06 − 11.81 T − 23.06 pH − 22.76 T pH − 10.59 T2 − 20.02 pH2 0.890 57.8 7.06

2.2. Isolation of CS by Chemical Treatments

For the present step, two strategies for improving chondroitin sulfate isolation were evaluated:
(1) alkaline hydrolysis to produce CS useful for nutraceutical formulations and (2) selective precipitation of
CS in alkaline-alcoholic solutions to yield purer CS useful for medical applications. Initially, hydrolysates
of cartilage were produced under the optimal conditions previously defined (th = 8 h, T = 53 ◦C, pH = 7.3,
[alcalase] = 0.5% (v/w), solid:liquid ratio (1:1), agitation = 200 rpm), in enough amount to perform the two
factorial designs of the chemical processing (Table 1). CS concentration and Ip responses (both experimental
points and predicted surfaces) from such treatments of the hydrolysates are depicted in Figure 2, and the
second order equations are given in Table 2.

ALKALINE HYDROLYSIS 

Figure 2. Cont.
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ALKALINE-ALCOHOLIC PRECIPITATION 

  

Figure 2. Experimental data and predicted response surfaces by empirical equations summarized in
Table 2 corresponding to the combined effect of NaOH and EtOH on the selective treatment of CS
from cartilage hydrolysates of S. canicula. Responses were CS concentration (left) and purity index,
Ip (right).

The correlation between experimental and predicted was is relatively good with values greater
than 0.69, but a lack of fit could be observed in some experimental data (Figure 2). Nevertheless,
the consistency of the four cases was confirmed by the values of the F1 and F2 ratios and their
comparison to the values from the Fisher F-test (data not shown). In the alkaline hydrolysis,
the surfaces showed a heterogeneous concave shape with higher values of CS recovered and purity
at short and long times of processing (1 h and 24 h). In both situations, the best concentration of
alkalis to maximize the responses was 0.85 M (Table 2). These outcomes were certainly surprising
since the expected pattern for the hydrolysis time would be an asymptotic curve (e.g., sigmoid or
hyperbolic) rather than the present concave surface observed. No clear assumption could be set
to explain this behavior, but a similar parabolic trend for the time of hydrolysis was found in the
extraction of antioxidants from surplus tomato crop assisted by microwave [27], the solubilization of
collagen from croaker skin by pepsin hydrolysis [28], enzyme hydrolysis of fish processing waste [29]
and the production of fish protein hydrolysates [30]. For the NaOH-EtOH treatment, the surfaces
were convex domes, with a clear maximum response, in agreement with the results obtained in the
precipitation of CS from other cartilaginous fish species [26,31].

Optimal levels of alkalis and ethanol Table 2 were similar, in the case of alcohol, and lower,
for NaOH, to those achieved in Prionace glauca [26] and S. canicula [20]. The purity of CS isolated after
enzyme digestion and chemical processing, in the best conditions of operation, were 30% and 75% for
alkaline and alkaline-ethanolic treatments, respectively.

2.3. Diafiltration for CS Purification

The most common protocols for the final purification of glycosaminoglycans are based on
chromatography [32,33] or membrane technologies [34,35]. In the present work, we studied the
recovery of CS by the ultrafiltration (UF) and diafiltration (DF) steps. Thus, samples obtained by
enzyme hydrolysis and subsequent chemical treatments (in all cases, employing optimal conditions)
were passed through a membrane of 30 kDa operating in total recirculation. Figure 3 shows the results
of the UF-DF stages for the samples generated by selective precipitation (EtOH) and alkaline hydrolysis
(NaOH at 1 h and 24 h).
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 From NaOH-1 h From NaOH-24 h From NaOH-EtOH 

UF 
Step 

   

DF 
Step 

   
Figure 3. Ultrafiltration (UF) and diafiltration (DF) progress for samples obtained from NaOH (1 h and
24 h of hydrolysis) and NaOH-EtOH treatment. Top: concentration of retained protein (o) and CS (�)
in linear relation with the factor of volumetric concentration (fc) depicting experimental data (points)
and theoretical profiles corresponding to a fully-retained solute (discontinuous line). Bottom: progress
of protein (o) and CS (�) retention with the increase of diavolume from DF step (D). Error bars are the
confidence intervals (α = 0.05; n = 2).

For the case of CS, complete correlation between the experimental and predicted concentration
factor was observed, but for the protein fraction, a remarkable amount of this material permeated
at the 30-kDa molecular weight cut-off. The DF data were perfectly modelled by the exponential
equation [3], obtaining determination coefficients higher than 0.980. The values of the specific
retention (s), the parameter derived from that equation, indicated the high and low retention of
CS and protein, respectively: 0.992 ± 0.017 for CS-NaOH/EtOH, 0.980 ± 0.025 for CS-NaOH-1 h,
0.971 ± 0.023 for CS-NaOH-24 h, 0.090 ± 0.009 for CS-NaOH/EtOH, 0.505 ± 0.021 for CS-NaOH-1 h
and 0.523 ± 0.016 for CS-NaOH-24 h. The transmembrane flows during the concentration stage (UF)
were maintained, working at 0.8–0.9 bar, at the following levels: 114 ± 21 mL/min, 175 ± 10 mL/min
and 182 ± 11 mL/min for the NaOH-1 h, NaOH-24 h and NaOH/EtOH samples, respectively. After
drying of retentates, the purities of CS (Ip-values) stood at 81.2%, 82.3% (samples from NaOH treatment)
and 97.4% (sample from NaOH/EtOH precipitation). Finally, the yield of CS ranged between 3.5%
and 3.7% of wet weight cartilage.

2.4. Molecular Weight of CS

The number average molecular weight (Mn) of CS treated with NaOH for 1 h was estimated at
66 kDa; increasing hydrolysis time to 24 h reduced Mn to 53 kDa, comparable to the 55 kDa obtained
for hydroalcoholic alkaline precipitation (Table 4). GPC eluograms depicted in Figure 4 show a second
peak at low retention times in all samples, which can be observed in the light scattering signals, but is
barely visible in the refractive index (RI) trace. This indicates high molecular weight species at a very
low concentration. Proteinaceous composition seems unlikely, since additional on-line UV detection
from 240–310 nm did not produce any signals. The peak might corresponded to CS aggregates,
which have been described in other polyelectrolytes such as chitosan [36,37] or heparin [38], but also
other high molecular GAGs occurring in cartilage such as hyaluronan. Unfortunately, hyaluronan
presence could not be confirmed by 1H NMR because of signal overlap, as discussed in the next section.
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Regardless of its nature, the low species concentration makes its contribution to CS composition
relatively unimportant.

Hydroalcoholic alkaline precipitation 

  
          Alkaline treatment (1h) 

  
Alkaline treatment (24h) 

  

Figure 4. Gel permeation chromatography (GPC) eluograms (left) and 1H NMR spectra (right) of
CS extracted from Galeus melastomus. Red line: right angle light scattering signal (RALS); blue line:
low angle light scattering signal (LALS); black line: refractive index (RI) signal.

A previous report tentatively estimated the chain length of CS extracted from G. melastomus
at 27 disaccharide units [18]. This value was calculated from the relative intensities of 1H NMR
signals of terminal and non-terminal GlcA residues. As the authors recognize, the approximation was
only qualitative since other polysaccharide moieties may have contributed to the signal assigned to
terminal GlcA, therefore leading to molecular weight underestimation. Indeed, 27 disaccharide units
correspond to around 10 kDa (assuming 80% of units mono-sulfated and 15% disulfated), 5–6-times
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lower than the Mn values reported herein. In other shark species, molecular weight ranges from 31 kDa
(unidentified species) [39] to 60 kDa in blue shark (Prionace glauca) [40]. In comparison, the molecular
weight of CS from G. melastomus was relatively high.

Table 4. Molecular weight and disaccharide composition of CS isolated from G. melastomus following
alkaline hydrolysis (1 h and 24 h) and hydroalcoholic-alkaline precipitation. Mn: number average
molecular weight, PDI: polydispersity index; disaccharide composition expressed as the mean% ± the
standard deviation; 1H NMR, strong anion exchange (2SAX)-HPLC.

Alkaline Hydrolysis 1 h Alkaline Hydrolysis 24 h Hydroalcoholic Alkaline Precipitation

Mn 66 kDa 53 kDa 55 kDa
PDI 1.14 1.25 1.26

CS-A (GlcA-GalNAc 4S)1 23.9 22.78 23.01
CS-A (GlcA-GalNAc 4S)2 23.43 ± 0.23 23.52 ± 0.11 23.77 ± 0.13
CS-C (GlcA-GalNAc 6S)2 54.78 ± 0.02 55.11 ± 0.16 54.93 ± 0.36
CS-0 (GlcA-GalNAc 0S)2 3.96 ± 0.03 3.92 ± 0.27 4.23 ± 0.55

CS-D (GlcA 2S-GalNAc 6S)2 15.75 ± 0.19 15.37 ± 0.00 15.00 ± 0.05
CS-E (GlcA-GalNAc 4,6S)2 1.46 ± 0.05 1.46 ± 0.00 1.48 ± 0.01

CS-B (GlcA 2S-GalNAc 4S)2 0.61 ± 0.00 0.62 ± 0.01 0.59 ± 0.01

2.5. Composition of CS

1H NMR spectra shown in Figure 4 provide an overview of CS composition. Characteristic CS
signals appeared at 2.05 ppm, corresponding to the acetyl group in GalNAc, and in the region from to
3.5–5 ppm. Additional signals outside this range probably correspond to impurities. Amino acids in
particular typically appeared between 0.5 and 1.5 ppm (aliphatic) and 7.0–8.5 (aromatic). The number
and intensity of these signals were higher for alkaline treatment after 1 h than after 24 h and decreased
to its minimum after hydroalcoholic precipitation. This is in line with CS purity index (Ip) values of
81–82% for alkaline treatment and 97.4% for hydroalcoholic alkaline precipitation.

Additional GAGs present in cartilage could also remain as impurities in the final product,
specifically hyaluronan, keratan sulfate (KS) and dermatan sulfate (DS). CS and DS both contain
GalNAc in their structure, but GlcA in CS is replaced by its epimer iduronic acid (IdoA) in DS.
Characteristic signals of DS at 4.87 ppm (H1 of IdoA) and 3.52 ppm (H2 of IdoA) [41] were barely
visible in the alkaline-treated samples, implying possible DS presence in minute amounts. Unlike CS
and DS, KS and HA share N-acetyl glucosamine (GlcNAc) in their constitutive disaccharides, instead
of GalNAc. Anomeric carbons of GlcNAc (H1) present signals at 4.54 ppm in HA and 4.7 ppm in
KS [41]. Small amounts of KS can be seen in alkaline-treated samples (Figure 4). The absence of DS and
KS signals in the hydroalcoholic precipitated samples indicates that 1.4–1.16 volumes of ethanol used
here were capable of separating these GAGs from CS. This agrees with previous reports, which found
that DS and KS precipitation occurred below one and above 1.2 volumes of ethanol, respectively, while
CS precipitated above one volume of ethanol [42,43]. In the case of HA, it is not possible to assert its
presence because the signal at 4.54 ppm overlapped with those of GalNAc and GlcA (H1).

Beyond contaminating compounds, NMR profiles in Figure 4 appear similar for all samples,
indicating that differences in treatments did not impact disaccharide composition. Quantification in
NMR is difficult because of signal overlap; however, the percentage of units sulfated in position 4 of
GalNAc (CS-A) could be estimated by comparing the signal intensities of the acetyl group in GalNAc
(2.05–2.07 ppm) with the singlet at 4.78 (H4 of four sulfated GalNAc) [44]. This resulted in 23–24%
of CS-A (Table 4), in agreement with the values obtained by strong anion exchange (SAX)-HPLC.
Qualitatively, the strong signal at 4.25 denoted a high percentage of CS-C and the singlet at 4.15 the
presence of some two sulfated glucuronic acid.

Chromatographic analysis after enzymatic treatment was carried out to complement the
information provided by NMR (Figure 5). However, it must be noted that a previous report had
shown that treatment with chondroitinase ABC led to 70% hydrolysis after 2.5 h. Even extensive
digestion with lyases ABC and C for seven days can only convert 80–85% of the initial polymer to
disaccharides [45]. Although this work used an enzyme to substrate ratio 100-times lower than in

20



Mar. Drugs 2018, 16, 344

the present work, it is possible that the hydrolysis performed in the current study was not complete,
and disaccharide composition may not fully reflect the proportion in the original polymer. Bearing
this in mind, quantitative analysis from chromatography shows that in all cases, the majority of CS
disaccharides consisted of CS-C (55%), followed by CS-A (23–24%), with unsulfated CS accounting for
only 4% of total CS. Disulfated disaccharides represented 17–18% of total CS, mainly GlcA 2S-GalNAc
6S (CS-D), with only minor quantities of GlcA-GalNAc 4,6S (CS-E) and GlcA 2S-GalNAc 4S (CS-B).

These data showed that CS from G. melastomus represents a good source of CS-A and CS-D.
Compared to other shark species, CS-C proportion (55%) lied at the high end of the range, typically from
30–60% [40,44,46]. In the case of CS-D, this disaccharide unit is quite uncommon. Cartilaginous fish are
its main source, despite the fact that it is not the main disaccharide in fish cartilage. In G. melastomus,
CS-D accounts for 15–16% of total CS, close to up to 20% reported in Chimaera phantasma [46].

While particular applications lie beyond the scope of the current report, CS rich in C units have
shown positive results for cartilage regeneration. In vitro, the presence of CS-C appears to enhance
chondrocyte proliferation [47–49]; favor differentiation of mesenchymal stem cells to chondrocytes
and increase extracellular matrix secretion [50,51]. In vivo studies seem to confirm that CS-C improves
the ability of hydrogels and scaffolds to repair cartilage lesions [10,52]. Furthermore, CS-C also
appears to modulate inflammation to a greater extent than CS-A by reducing NO production and
pro-inflammatory cytokines, while increasing the anti-inflammatory cytokine interleukin-10 [53]. These
examples serve to illustrate the potential of CS rich in C-units, such as CS from G. melastomus.

Figure 5. SAX-HPLC chromatogram (UV detection at 232 nm) of CS from G. melastomus
purified by hydroalcoholic alkaline precipitation after enzymatic digestion with chondroitinase ABC.
0: ΔUA-GalNAc (CS-0); A: ΔUA-GalNAc4S (CS-A); C: ΔUA-GalNAc6S (CS-C); D: ΔUA(2S)-GalNAc6S
(CS-D); E: ΔUA-GalNAc4,6S (CS-E); B: ΔUA2S-GalNAc4S (CS-B).

3. Experimental Section

3.1. Preparation of Cartilage and Proximal and Analytical Determinations

Cartilage from blackmouth catshark (Galeus melastomus) individuals, kindly supplied by Opromar
(Marín, Spain), was isolated from the heads, fins and skeletons by treatment with water at 90 ◦C
for 30 min and subsequent manual cleaning. These substrates were crushed and homogenized to
≈1–4 mm and stored at −20 ◦C until use. The proximal composition of cartilage was determined
in triplicate, including moisture, ash, fat, total nitrogen and total protein according to the AOAC
protocols [54]. Total carbohydrate content was estimated by subtracting protein, fat, ash and moisture
to total sample weight. In CS solutions, total soluble protein (Pr) was determined by the method of
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Lowry et al. [55]; CS, as glucuronic acid, was quantified by the method of Van den Hoogen et al. [56],
according to the modifications of Murado et al. [57]. The CS purity index (Ip), defined as Ip (%) = CS ×
100/(CS + Pr), was also calculated in all purification stages.

3.2. Factorial Designs and Statistical Analysis

Three experimental designs were performed in the present work to study and optimize: (1) the
simultaneous effect of temperature (T) and pH on the hydrolysis degree of blackmouth catshark
cartilage catalyzed by alcalase; (2) the influence of the concentration of NaOH and the time of alkaline
hydrolysis on the hydrolysates of cartilage obtained under previous optimal conditions; (3) the
effect of NaOH concentration and ethanol volume needed for the selective isolation of CS from
cartilage hydrolysates obtained under optimal conditions of hydrolysis. In all cases, the factorial
experiments were rotatable second order designs with five replicates in the center of the experimental
domains [58]. Codified and natural values for all experimental conditions tested in the factorial designs
are summarized in Table 1.

Orthogonal least-squares calculation on factorial design data was used to obtain empirical
equations describing the different dependent variables studied (Y), each one related to T and pH
for enzymatic hydrolysis and NaOH and EtOH for CS production. The general form of the polynomial
equations is:

Y = b0 +
n

∑
i=1

biXi +
n−1

∑
i=1
j>i

n

∑
j=2

bijXiXj +
n

∑
i=1

biiX2
i (1)

where Y is the dependent variable evaluated, b0 the constant coefficient, bi the coefficient of the linear
effect, bij the coefficient of the combined effect, bii the coefficient of the quadratic effect, n the number of
variables and Xi and Xj the independent variables studied in each case. Student’s t-test (α = 0.05) was
employed to determine the statistical significance of coefficients. The coefficient of adjusted coefficients
of determination (R2

adj) was used to establish goodness-of-fit, and the following mean squares ratios
from the Fisher F-test (α = 0.05) were calculated to define model consistency: F1 = model/total error,
the model being acceptable when F1 ≥ Fnum

den ; and F2 = (Model + lack of fitting)/model, the model
being acceptable when F2 ≤ Fnum

den . Fnum
den are the theoretical values for α = 0.05 with corresponding

degrees of freedom for the numerator (num) and denominator (den).

3.3. Cartilage Enzymatic Digestion

Cartilage was digested with 2.4 L of alcalase from Bacillus licheniformis (Novozyme Nordisk,
Bagsvaerd, Denmark). The enzyme/substrate ratio was 24 U/kg (1% v/w of fresh cartilage);
the solid:liquid ratio was (1:1); and T and pH conditions are defined in Table 1. Hydrolysis was
performed in a thermostated reactor as indicated in previous work [20,26]. The progress of enzymatic
hydrolysis was determined by the pH-Stat method [59], and the non-linear kinetics of hydrolysis
degree (H, in %) were modelled by the Weibull equation [23]. The maximum degree of hydrolysis (Hm)
was the parameter selected from such an equation as the dependent variable for the optimization study.

3.4. Chemical Processing of the Hydrolysates

Two kinds of chemical treatments were applied in parallel to the hydrolysates of cartilage obtained
by alcalase digestion: (a) alkaline hydrolysis and (b) selective precipitation using hydroalcoholic
solutions of NaOH. In the former, NaOH was added to the enzymatic hydrolysates until the
concentrations defined in Table 1. The corresponding mixtures were maintained in continuous agitation
at 200 rpm and room temperature for the different times studied. At the end of hydrolysis, mixtures
were centrifuged at 6000× g for 20 min and supernatants neutralized with 6 M HCl. In the second
treatment, CS present in the hydrolysates was precipitated by slowly adding NaOH solutions in
hydroalcoholic media with different ethanol volumes (Table 1) under medium agitation at room
temperature. A concentration of 2.5 g/L NaCl was also present in the mixtures. Suspensions formed
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were centrifuged (6000× g/20 min) after 2 h in agitation and the sediments resuspended in water and
neutralized with 6 M HCl.

3.5. Purification of CS by UF-DF

A UF membrane of 30 kDa (spiral polyethersulfone, 0.56 m2, Prep/Scale-TFF, Millipore
Corporation, Burlington, MA, USA) was used to concentrate, desalinate and purify CS solutions
obtained in chemical processing. The configuration and operation mode of the membrane system,
initial concentration by the UF and then the DF step, were performed according to the description
reported by [20]. DF data were modeled by a first-order equation [60], and the specific retention (s)
parameter from that was calculated for comparative reasons.

3.6. Molecular Weight of CS

Absolute molecular weight of CS was determined on a GPC/SEC system (Agilent 1260, Agilent,
Waldbronn, Germany) equipped with quaternary pump (G1311B), injector (G1329B), column oven
(G1316A), refractive index (G1362A) and dual angle static light scattering (G7800A) detectors. Sample
separation was achieved with a set of four columns (PSS, Mainz, Germany): Suprema precolumn (5 μm,
8 × 50 mm), Suprema 30 Å (5 μm, 8 × 300 mm), Suprema 100 Å (5 μm, 8 × 300 mm) and Suprema
ultrahigh (10 μm, 8 × 300 mm). A sample volume of 100 μL was injected onto the above system
and eluted at 1 mL/min with a solution composed of 0.1 M NaN3 and 0.01 M NaH2PO4 at pH 6.6.
The column oven and light scattering detector were kept at 30 ◦C, while the refractive index detector
was kept at 40 ◦C. Both detectors were calibrated with a polyethylene oxide standard (PSS, Mainz,
Germany) of 106 kDa (Mp) and a polydispersity index (PDI) of 1.05. Samples and standards were
dissolved in the mobile phase solution. Refractive index increments (dn/dc) of 0.110 were calculated
from the RI detector response.

3.7. CS Composition by 1H NMR and SAX-HPLC

Chemical composition of CS was assessed by the combination of NMR and
chromatographic techniques.

NMR spectra were recorded on a Bruker DPX 600 (Bruker, Rheinstetten, Germany) operating at
600 Mhz. The temperature was set to 10 ◦C to avoid overlapping with residual HOD. Samples were
dissolved in D2O at 1 g/L for 1H experiments. Spectral processing was carried out with MestReNova
10.0.2 software (Mestrelab Research, Santiago de Compostela, Spain). Spectra were referenced from
the solvent signal.

Disaccharide composition of CS was determined by strong anion exchange (SAX) chromatography
after enzymatic digestion with chondroitinase ABC from Proteus vulgaris (EC 4.2.2.4., 1.66 U mg−1,
Product number C2905, Sigma-Aldrich, Saint Louis, MO, USA) at 0.2 U mg−1 of CS. The reaction was
carried out in 0.05 M Tris-HCl/0.15 M sodium acetate buffer at pH 8 and 37 ◦C. After 24 h, the enzyme
was inactivated by heating at 70 ◦C for 25 min, followed by centrifugation at 12,857× g. Supernatants
were collected and filtered through 0.2-μm polyethersulfone (PES) syringe filters. Unsaturated
disaccharide standards were purchased from Grampenz (Aberdeen, UK) and dissolved in water.
Samples and standards were manually injected onto an HPLC system (Agilent 1200) consisting of a
binary pump (G1312A), column oven (G1316A) and UV-visible detector (G1314B). Separation was
carried out with a Waters Spherisorb SAX column (5 μm, 4.6 × 250 mm, Prod. No. PSS832715,
Waters Corp, Milford, MA, USA) fitted with a guard cartridge (Waters Spherisorb, 5 μm, 4.6 × 10 mm)
based on a previously reported method [61]. Elution was performed in isocratic mode from 0–5 min
with 50 mM NaCl at pH 4. The linear gradient was applied from 5–20 min starting with 50 mM NaCl
at pH 4 and ending with 76% 50 mM NaCl at pH 4 and 24% 1.2 M NaCl at pH 4. A sample volume of
20 μL was injected onto the system with a flow rate of 1.5 mL min−1. Detection was made at 232 nm.
An external calibration curve was built with each standard to calculate the amount of disaccharide
units in the sample and reported as percentage of weight.
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4. Conclusions

In the present work, we study CS isolation from G. melastomus by initial enzymatic cartilage
proteolysis, followed by two different chemical treatments and ending in membrane purification.
All steps are mathematically optimized by response surface methodologies. The conditions to
maximize CS recovery are established as: 52.9 ◦C and pH 7.31 for enzyme digestion of cartilaginous
material; 0.85 M NaOH for alkaline treatment of the EH and 0.45 M NaOH, 1.14–1.16 v EtOH for
alkaline hydroalcoholic precipitation of the EH; and UF at 30 kDa using at least five diavolumes of
water to obtain CS with more than 81–82% of purity (97.4% with NaOH-EtOH solutions). Molecular
weights were estimated at 53–66 kDa, relatively high compared to other cartilaginous fish. Sulfation
profiles were similar for both chemical treatments, revealing dominant CS-C units (55%), followed
by 23–24% CS-A, a substantial amount of CS-D (15–16%) and less than 7% of other disulfated and
unsulfated disaccharides.
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Abstract: Haematococcus pluvialis microalgae in the red phase can produce significant amounts
of astaxanthin, lutein, and fatty acids (FAs), which are valuable antioxidants in nutraceutics and
cosmetics. Extraction of astaxanthin, lutein, and FAs from disrupted biomass of the H. pluvialis red
phase using carbon dioxide (CO2) in supercritical fluid extraction (SFE) conditions was investigated
using a bench-scale reactor in a semi-batch configuration. In particular, the effect of extraction time
(20, 40, 60, 80, and 120 min), CO2 flow rate (3.62 and 14.48 g/min) temperature (50, 65, and 80 ◦C),
and pressure (100, 400, and 550 bar.) was explored. The results show the maximum recovery of
astaxanthin and lutein achieved were 98.6% and 52.3%, respectively, at 50 ◦C and 550 bars, while the
maximum recovery of FAs attained was 93.2% at 65 ◦C and 550 bars.

Keywords: microalgae; Haematococcus pluvialis; astaxanthin; lutein; fatty acids; supercritical fluid
extraction; natural medicines

1. Introduction

In the last few years, microalgae have attracted growing attention for producing a wide range
of “high value-added compounds”, that are useful in several aspects of our life. Literature data
show that microalgae are composed of molecules that can be used in many industrial sectors such as
pharmaceutics, nutraceutics, food additives, and natural medicines, along with natural cosmetics [1–5].
These markets are characterized by high-quality safe-products at competitive prices. In this context,
microalgae represent the starting point for the production of natural compounds with a sustainable
approach characterized by low environmental impact [6,7]. Microalgae grow in diverse environments
as freshwater/sea water and use sun light and carbon dioxide for photosynthesis [7,8]. They can
be grown in photobioreactors or open ponds that can be located in marginal or unproductive land,
and without the use of herbicides or pesticides, thus allowing for the reduction of the environmental
impact related to cultivation system [9]. Another advantage of microalgae is that they can be used
for carbon dioxide sequestration in their growth phase; in fact, each kilogram of dry biomass of

Mar. Drugs 2018, 16, 334; doi:10.3390/md16090334 www.mdpi.com/journal/marinedrugs29



Mar. Drugs 2018, 16, 334

microalgae could capture about 1.8–2 kg of CO2. As a consequence, microalgae can be used to reduce
CO2 emission [1,10–13].

Astaxanthin, lutein, and fatty acids (FAs) naturally accumulate in several marine species including
the microalgae H. pluvialis, which contains the highest levels per cell. Due to the strong antioxidant and
antiaging properties from H. pluvialis, it has been cultivated by several industries [4,13–16]. H. pluvialis
are unicellular representatives of the phylum Chlorophyta, which can be found in freshwater, marine,
or even terrestrial environments [17]. Chekanov et al. [18] isolated H. pluvialis strain BM1 from the
White Sea Coastal Rocks (66◦29′47′′ N, 33◦24′22′′ E) (Russia), which can accumulate a significant
amount of astaxanthin under unfavourable environmental conditions. Moreover, the effect of salinity
was analyzed on astaxanthin production in H. pluvialis growth [19]. Therefore, microalgae H. pluvialis
could be found marine environments. However, the accumulation of these “high value-added
products” within H. pluvialis cells is related to the hard cell wall that is highly resistant to both
chemical and physical disruptions [20–22]. Unfortunately, the extraction of these compounds from
H. pluvialis red microalgae is a major obstacle to recover these compounds with high purity in a
cost-effective and eco-friendly manner. Therefore, the choice of a suitable extraction method depends
on several aspects such as biomass, as well as extract, its end use, and its thermolability [23–25].

Conventional extraction techniques used for vegetables include squeezing, maceration, infusion,
percolation, steam distillation, and solvent extraction. These techniques often have several issues
related to the thermal degradation, which is due to their high extraction temperature; the solvent
residues in the extracts can also compromise their end uses [24,26–28]. Moreover, in the last decade
the scientific community has proposed advanced extraction techniques such as ultrasonic extraction,
microwave extraction, accelerated solvent extraction, and extraction with supercritical fluid (SFE) to
reduce these issues and minimize energy costs and the environmental impact [29–32]. Supercritical
fluid extraction using CO2 as an extraction fluid in supercritical condition (SFE-CO2) represents
a valid alternative to conventional techniques when it is necessary to guarantee thermal stability,
and high-quality products (terms of purity and yield without solvent traces) [33]. Also, SFE-CO2

is an eco-friendly technique for the obtaining of “high value-added compounds” from different
matrices [14,28]. Moreover, CO2 is not reactive at low temperatures, and it is easily recovered after each
extraction stage [34]. Therefore, SFE-CO2 is a novel technology with great potential for the extraction of
bioactive compounds, which are used as food additives in the nutraceutical field [27,35–37]. Literature
shows that several experimental tests have been carried out on the extraction of astaxantin from
H. pluvialis using SFE-CO2 [14,38–40]. Lutein extractions using SFE-CO2 from other microalgal species,
such as Chlorella [11,24,41] and Scenedesmus [9,42–45], have been investigated.

In this paper, the extraction performance of astaxanthin, lutein, and FAs from H. pluvialis in the
red phase was assessed, using bench-scale SFE-CO2 installation. In order to promote the extraction of
astaxanthin, lutein, and FA, the cell wall of H. pluvialis red biomass was disrupted by mechanical (ball
milling) pre-treatment [14], as optimized in our previous study [3]. The effect of different operative
conditions, i.e., CO2 flow rate (3.62 g/min and 14.48 g/min), run time (20–120 min), extraction
temperature (50–80 ◦C), and pressure (100–550 bars) on the recovery and purity of astaxanthin, lutein,
and FAs, was investigated, in order to find the best conditions to obtain the highest recovery and purity
of all the compounds considered. Moreover, the characterization of the FAs extracted was performed,
in terms of saturated fatty acids (SFAs), monounsaturated fatty acids (MFAs), and polyunsaturated
fatty acids (PUFAs), in order to evaluate the effectiveness of the SFE-CO2 extraction technique for the
recovery of FAs species.

2. Materials and Methods

2.1. H. pluvialis Red Biomass and Chemicals

H. pluvialis in red phase (HPR) in powder was obtained by Micoperi Blue Growth®, an Italian
company. HPR presented a mesh particle sieve lower than 50 μm, which contains 20 mg
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astaxanthin/gdry biomass, 7.7 mg lutein/gdry biomass, and 22.96 mg FAs/gdry biomass. The lipid content
was 2.6% by wt/wt of biomass, while the FAs content was 88.3% of total lipids. The saturated fatty
acids (SFAs), monounsaturated fatty acids (MFAs), and polyunsaturated fatty acids (PUFAs) were
28.1%, 23.7%, and 48.2% of total FAs. Also, the chemical characterization of biomass was carried out
using standard methods and summarized in our earlier study [3]. The biomass was stored at −20 ◦C
and brought to room temperature before use. Carbon dioxide (Industrial grade) was obtained from
Rivoira, Italy; astaxanthin, lutein, and FAs (analytical grade) were purchased from Sigma Aldrich,
St. Louis, MO, USA. All other reagents were uHPLC grade unless otherwise stated.

2.2. Experimental Apparatus

Experimental tests were carried out using mechanically pre-treated dry microalgae and using the
bench scale extractor SPE-ED SFE 2 by Applied Separations (Figure 1), which is characterized by a
reactor volume of 30 mL. The mechanical pre-treatment of HPR biomass was carried out using a ball
mill at 400 rpm for 5 min as described by Molino et al. [3]. The bench scale SFE-CO2 is equipped with a
heater able to achieve temperature up to 250 ◦C and a pumping system for the compression of carbon
dioxide up to 680 bar. Two vessels are located inside the module: The first is used as CO2 pre-heater,
and the second one is the vessel where the extraction was carried out. In the extraction vessel there
are two pressure controllers (Inlet and Outlet valves) and a Wika Transmitter with a precision of
0.6 mbar, whereas the CO2 flow rate is monitored by using flow meter LPN/S80 AL G 2.5 by Sacofgas.
The inlet flow rate is adjustable to 25 mL/min, and the flow control is done on the expanded gas.
All parameters are controlled with a Distributed Control System (DCS). The temperature is monitored
by thermocouples, while inlet and outlet flow are controlled by using micrometric valves.

 

Figure 1. Schematization of the bench scale SFE-CO2 experimental apparatus.

A picture of the extract is shown in Figure 2.

31



Mar. Drugs 2018, 16, 334

 

Figure 2. Extract from the bench scale SFE-CO2 extractor.

2.3. Experimental Procedure

Before the extraction processes, to achieve uniform cell disruption and maximum product
recovery [14] and to promote the extraction of astaxanthin, lutein, and FA, the cell wall of H. pluvialis
red (HPR) biomass was disrupted by mechanical (ball milling) pre-treatment, as optimized in our
pervious study [3]. In each run, around 1.4 g of biomass was mixed with 0.8 g of diatomaceous earth,
which was disrupted and homogenized as described in earlier studies [3]. This quantity of mixture
biomass/diatomaceous earth was loaded into the extraction cell, and free volume was filled by using
diatomaceous earth till to complete the internal volume of the cell.

The disrupted cells were then extracted using SFE-CO2 at different operative conditions.
In particular, the effect of CO2 flow rate (3.62 g/min and 14.48 g/min), time (20–120 min, extraction
stage = 20 min), temperature (50–80 ◦C), and pressure (100–550 bar) were tested. These SFE-CO2

parameters significantly influence the extraction efficiency, as well as selectivity of target compounds
for extraction [14]. Therefore, these parameters have to be carefully considered and optimized for an
efficient and selective recovery of target products. The experimental conditions are summarized in
Table 1.

Table 1. The experimental plan.

Operative Conditions

Temperature (◦C) Pressure (bar) CO2 Flow Rate (g/min) Biomass Load (g)

50 100 3.62 1.38
50 100 14.48 1.36
50 400 3.62 1.37
50 400 14.48 1.38
50 550 3.62 1.38
50 550 14.48 1.36
65 100 3.62 1.34
65 100 14.48 1.34
65 400 3.62 1.33
65 400 14.48 1.32
65 550 3.62 1.35
65 550 14.48 1.34
80 100 3.62 1.35
80 100 14.48 1.34
80 400 3.62 1.31
80 400 14.48 1.38
80 550 3.62 1.34
80 550 14.48 1.34

Note: Biomass load is expressed on dry basis.
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The effect of operative conditions on astaxanthin, lutein, and FAs extraction was expressed in
terms of recovery and purity, which were calculated on the basis of initial weight of each compound in
HPR [3] as reported in the following:

recovery (%) = Wc/Wt × 100 (1)

purity (%) = WC/WE × 100 (2)

in which WC is the weight of the compound extracted (mg); WT is the theoretical weight of the
compound from conventional extraction (mg), which was calculated on the basis of the initial content
of each compound in HPR, expressed as mg of extract per gram of dry weight of H. pluvialis, equal to
= 20 mg/g for astaxanthin and equal to 7.7 mg/g for lutein; and WE is the weight of the extract (mg).

Each experimental condition was replicated three to five times, and for each value standard
deviation (SD) was calculated.

The extracted product was dissolved in acetone and stored at −30 ◦C with the exclusion of light
prior to subsequent analysis.

2.4. Analytical Methods

The amount of astaxanthin and lutein in the extracts was measured by u-HPLC (Agilent 1290
Infinity II with Agilent Zorbax Eclipse plus C18 column 1.8 μm) [3]. The u-HPLC was equipped with
a quaternary pump, thermostated oven column, and UV diode array detector (DAD) (measuring
absorbance at 444–450–478 nm). A mixture of methanol/water (95:5%) was used as the mobile phase
solvent in isocratic flow, while the sample was dissolved in a mixture of methanol/chloroform (90:10
containing 0.1% BHT as antioxidant agent). The flow rate and column temperature were kept constant
at 0.4 mL/min and 28 ◦C, respectively. Gas chromatograph was used for the analysis of FAs, which
was equipped with Flame Ionization detector (FID), a column HP-88 100 mt × 0.25 mm × 0.2 μm.
This chromatographic column produced by Agilent is composed of a high polarity bis (Cyanopropyl)
siloxane stationary phase and was chosen for its high resolution of positional and geometric isomers
of fatty acid methyl esters. The column was maintained at 150 ◦C for 5 min and was followed by
temperature ramping at 1.6 ◦C/min to 180 ◦C, then at 1.4 ◦C/min to 190 ◦C, and finally holding the
temperature at 190 ◦C for 10 min. Nitrogen (purity ≥ 99.9999%) was used as carrier gas with a linear
velocity of 30 cm/s and split ratio of 1:100. The injection port and detector were maintained at 250 ◦C.
To quantify the concentration of the astaxanthin, lutein, and FAs compounds, the calibration curves
were built by using chromatographic standards bought by Sigma Chemical Co., St Louis, MO, USA.

3. Result and Discussion

Total extraction yields for each operative condition are summarized in Table 1. The results are
expressed as mg of extract per g dry weight of HPR, and values were obtained at the end of extraction
(120 min, sum of each stage). At a pressure of 100 bars was measured the lowest exaction yields,
which are among the values reported in Table 2; therefore, astaxanthin and lutein content at 100 bars
for each stage were not analyzed.

3.1. Effect of Different CO2 Flow Rate at Different Temperatures and Pressure on Astaxanthin Recovery and
Purity over Extraction Time

The effects of CO2 flow rate (3.62 g/min and 14.48 g/min), as a function of the extraction time,
on SFE-CO2 astaxanthin extraction were investigated by operating the temperature of the reaction
chamber to 50 ◦C, 65 ◦C, and 80 ◦C and by keeping the pressure at 400 bar (Figure 3a–c) and at 550 bars
(Figure 4a–c).
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Table 2. Effect of temperature, pressure, and CO2 flow rate on total extraction yield.

Operative Conditions
Total Extraction Yield (mg/g)

Temperature (◦C) Pressure (bar) CO2 Flow Rate (g/min)

50 100 3.62 0.1
50 100 14.48 17.5
50 400 3.62 136.4
50 400 14.48 20.7
50 550 3.62 237.4
50 550 14.48 53.2
65 100 3.62 4.8
65 100 14.48 1.4
65 400 3.62 279.2
65 400 14.48 34.6
65 550 3.62 185.8
65 550 14.48 15.6
80 100 3.62 10.9
80 100 14.48 8.5
80 400 3.62 160.5
80 400 14.48 28.0
80 550 3.62 60.4
80 550 14.48 189.5

Note: Standard deviation was less than 5% in all operative conditions.

At 400 bars (Figure 3a–c), both the astaxanthin recovery and the astaxanthin purity were affected
by the CO2 flow rate. In particular, along with extraction time, for all the temperatures investigated,
the lower the CO2 flow rate, the higher the recovery, and for 50 ◦C and 65 ◦C, the higher CO2 flow rate,
the higher the purity. Around 70% astaxanthin recovery was achieved in first extraction cycle (20 min)
with a CO2 flow rate of 3.62 g/min and 35% at CO2 flow rate of 14.48 g/min. A maximum purity of
68% astaxanthin was achieved at 50 ◦C with a CO2 flow rate of 14.48 g/min and an extraction time of
80 min, while at the same temperature and pressure, the maximum amount of the total extract was
achieved with a CO2 flow rate of 3.62 g/min (136.4 mg/g).

At 550 bars (Figure 4a–c), for all the temperatures investigated, the astaxanthin recovery was
affected by the CO2 flow rate; for the first extraction cycle and the second extraction cycle (40 min),
in particular, the lower the CO2 flow rate, the higher the recovery. Around 90% astaxanthin recovery
was achieved in first and second extraction cycles (40 min), with a CO2 flow rate of 3.62 g/min and
about 35% at CO2 flow rate of 14.48 g/min. In terms of astaxanthin purity, the higher the CO2 flow rate,
the higher the purity. The maximum purity of astaxanthin of about 83% was achieved at 50 ◦C with a
CO2 flow rate of 14.48 g/min and an extraction time of 80 min, while at the same temperature and
pressure, the maximum amount of the total extract was achieved with a CO2 flow rate of 3.62 g/min
(237.4 mg/g).

Machmudah et al. [46] suggested that the total extract slightly increased with increasing CO2

flow rate, while the amount of astaxanthin recovery and the astaxanthin content in the extract almost
did not change. Literature data also shows that the flow rate from 0.9 g/min to 1.8 g/min could
not show clear influence on astaxanthin recovery and tended toward the same value at higher CO2

consumption. In our study, investigations were carried out by using approximately 1.4 g of HPR.
Furthermore, the clear effect of CO2 flow rate were observed on astaxanthin recovery, as well as purity,
due the range of tested flow rates (i.e., 3.62 and 14.48 g/min). A greater flow rate could be used to
achieve the maximum purity, while a smaller flow rate could be used to achieve maximum recovery
of astaxanthin from H. pluvialis red (HPR) biomass. Therefore, SFE-CO2 with greater flow rate has
the potential to be directly use in food products, avoiding the need for the solvent separation and
purification [47].

By increasing temperature from 50 ◦C to 80 ◦C, both at 400 bars and at 550 bars, the recovery and
purity decrease.
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Figure 3. Effect of CO2 flow rate at different temperatures on astaxanthin recovery and purity in extract
at 400 bar.
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Figure 4. Effect of CO2 flow rate at different temperature on astaxanthin recovery and purity in extract
at 550 bar.
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3.2. Effect of Different CO2 Flow Rate with Different Temperatures on Lutein Recovery and Purity over
Extraction Time

The effects of CO2 flow rate (3.62 g/min and 14.48 g/min), as function of the extraction time,
on SFE-CO2 lutein extraction were investigated by operating the temperature of the reaction chamber
to 50 ◦C, 65 ◦C, and 80 ◦C at 400 bar (Figure 5a–c) and at 550 bar (Figure 6a–c).

 

Figure 5. Effect of CO2 flow rate at different temperatures on lutein recovery and purity in extract at
400 bar.
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Figure 6. Effect of CO2 flow rate at different temperatures on lutein recovery and purity in extract at
550 bar.

At 400 bar (Figure 5a–c), for all the temperatures investigated, the lutein recovery was affected by
the CO2 flow rate for the first extraction cycle (20 min), after which the effect of the CO2 flow rate was
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negligible. In particular, around 40% lutein recovery was achieved in first extraction cycle (20 min),
with a CO2 flow rate of 3.62 g/min and about 25% at CO2 flow rate of 14.48 g/min. The lutein purity
was affected by the CO2 flow rate at 50 ◦C, while at both 65 ◦C and 80 ◦C the effect of CO2 flow rate
was negligible. The maximum purity of about 20% lutein was achieved at 50 ◦C with a CO2 flow rate
of 14.48 g/min and an extraction time of 100 min.

At 550 bar (Figure 6a–c), the lutein recovery was affected by the CO2 flow rate at 50 ◦C for the first
extraction cycle (20 min), while at both 65 ◦C and 80 ◦C the effect of CO2 flow rate was negligible for all
the extraction stages. In particular, at 50 ◦C around 45% lutein recovery was achieved in first extraction
cycle (20 min) with a CO2 flow rate of 3.62 g/min and about 15% at CO2 flow rate of 14.48 g/min.
The lutein purity was affected by the CO2 flow rate at 50 ◦C and 65 ◦C, while at 80 ◦C the effect of CO2

flow rate was negligible. The maximum purity of about 20% lutein was achieved at 50 ◦C with a CO2

flow rate of 14.48 g/min and an extraction time of 100 min.
The higher lutein recovery achieved in first extraction cycle with respect to the astaxanthin

recovery in the similar experimental condition could be explained by considering the higher driving
force of lutein mass transfer between the inside and outside the algal cell as reported by several
research groups [24,30,46].

By increasing temperature from 50 ◦C to 80 ◦C, both at 400 bar and at 550 bar, the recovery and
purity decrease.

3.3. Effect of Temperature and Pressure on Global Recovery of Astaxanthin and Lutein

The effect of temperature on astaxanthin total recovery, at the end of the extraction (120 min, sum
of each stage), at different pressures with the CO2 flow rate of 3.62 g/min is shown in Figure 7a,
while Figure 7b shows the effect of the CO2 flow rate of 14.48 g/min in the same conditions.
By increasing temperature, a decrease in total astaxanthin recovery was observed. This finding
may be explained by the possible increase of the thermal degradation rate of astaxanthin due to
the increase of temperature. The opposite trend can be observed for the pressure, as the higher the
pressure, the higher the astaxanthin extraction. It is evident that an increase in pressure increases the
solubility of astaxanthin, and same trend was observed by Machmudah et al. [46]. In terms of CO2

flow rate, the lower the CO2 flow rate, the higher the astaxanthin recovery. The highest total recovery
of astaxanthin, equal to 98.6%, was observed at 50 ◦C and 550 bar, with a CO2 flow rate of 3.62 g/min.
With a CO2 flow rate of 3.62 g/min, increasing the extraction temperature to 65 ◦C and to 80 ◦C,
the astaxanthin recovery drops to 36% and 14%, respectively. This effect may be explained considering
the thermal degradation of subunits of astaxanthin as extensively reported in the literature [3,28,48,49].
These results show that relatively low temperature (50 ◦C) at 400 bars was optimum to effectively
complete astaxanthin extraction.

The effect of temperature on lutein total recovery, at the end of extraction (120 min, sum of each
stage), at different pressures with the CO2 flow rate of 3.62 g/min is shown in Figure 7c, while Figure 7d
shows the effect of the CO2 flow rate of 14.48 g/min at the same conditions. The amount of lutein
in the extract significantly decreased with increasing temperature, due to the thermal instability of
carotenoids, as reported by several authors [50,51]. With a CO2 flow rate of 3.62 g/min, at 50 ◦C
and 65 ◦C, the higher recovery was found at 550 bar; at a temperature of 80 ◦C, the higher recovery
was found at 400 bar. With a CO2 flow rate of 14.48 g/min, for all the tested temperature, the higher
recovery was found at 400 bar.

The highest total recovery of lutein, equal to 52%, was observed at 50 ◦C and 550 bar, with a CO2

flow rate of 3.62 g/min. With a CO2 flow rate of 3.62 g/min, increasing the extraction temperature to
65 ◦C and to 80 ◦C, the astaxanthin recovery drops to 35% and 14%, respectively. The lowest lutein
recovery of 7% was achieved at 80 ◦C and 400 bar with a flow rate of 14.48 g/min.
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Figure 7. Effect of temperature and pressure on global recovery of astaxanthin and lutein.

3.4. Effect of Temperature and Pressure on Recovery of FAs

The recovery of FAs was investigated in two extracts, at 20 and 40 min, due to unavailability of
FAs (lower than the detection limits) from the third extract (60 min), at different temperatures (50 ◦C,
65 ◦C and 80 ◦C) and pressures (100 bar, 400 bar and 550 bar) with both CO2 flow rates (3.62 g/min,
Figure 8a; 14.48 g/min Figure 8b). As shown in Figure 8, the higher the pressure, the higher the FAs
recovery with both the CO2 flow rates, for all the temperatures investigated, excluding the operative
condition of a temperature of 65 ◦C and a CO2 flow rate of 14.48 g/min, with which the FAs recoveries
at 400 bar and at 550 bar were comparable. This trend is probably due to two opposite effects as the
pressure rises at a constant temperature: an enhancement in the density of CO2 in supercritical and
a reduction CO2 diffusion coefficient can be observed [28,44]. In particular, increase in the density
leads to an increase in its solvating power and thus enhancement of the extraction yield. On the
other hand, a decrease in the diffusion coefficient of CO2 leads to a decrease in the ability of a fluid
to penetrate the solid matrix, causing a reduction in the extraction yield. At the lowest temperature
studied (50 ◦C), the dominant effect was the decrease in the diffusivity of CO2 when the pressure
increased, while at the optimum temperature (65 ◦C), an enhancement was observed in the solvating.
The highest temperature (80 ◦C) reduced fatty acid recovery.

Experimental findings also highlight that the higher the CO2 flow rate, the higher the FAs
recovery; however, comparable FAs recoveries were achieved at 65 ◦C and 550 bar for both the CO2

flow rates investigated.
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Figure 8. Effect of temperature and pressure on global recovery of fatty acids.

The characterization of the fatty acid (FA) extracted from H. pluvialis in red phase, including
the effect of temperature and pressure on FAs classes at the CO2 flow rates of 3.62 and 14.48 g/min,
respectively, are reported in Table 3, in which the theoretical content for each FAs species is also
enclosed. Comparing the extracted amounts with the theoretical contents, it is possible to observe that
the highest recoveries of SFAs, MUFAs, and PUFAs with a CO2 flow rate of 3.62 g/min were found
at 65 ◦C and 550 bar, with values of about 86%, 90%, and 99%, respectively. With a CO2 flow rate of
14.48 g/min, the highest recoveries of SFAs and PUFAs, equal to 86% and 98%, were found at 65 ◦C
and 400 bar, while the highest recovery of MUFAs, equal to 91%, was found at 65 ◦C and 550 bar.
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Table 3. Comparison of different operative conditions for fatty acid recovery at CO2 flow rates of
3.62 g/min and 14.48 g/min.

Class of Fatty
Acids (mg/g)

Operative Temperature (◦C)

Theoretical
Content

50 65 80

Operative Pressure (bar) at CO2 Flow Rate of 3.62 g/min

100 400 550 100 400 550 100 400 550

SFAs nd 0.64 5.5 0.42 4.8 5.57 0.41 0.38 0.47 6.45
MUFAs nd 0.49 0.35 <Ldl 0.94 4.92 <Ldl 0.27 0.12 5.44
PUFAs nd 8.38 9.3 <Ldl 9.87 10.92 <Ldl 4.57 8.98 11.06

Operative Pressure (bar) at CO2 Flow Rate of 14.48 g/min

100 400 550 100 400 550 100 400 550

SFAs nd 0.58 3.97 nd 5.57 5.46 nd 0.41 0.49 6.45
MUFAs nd 4.56 5.25 nd 4.9 4.97 nd 0.84 2.57 5.44
PUFAs nd 9.28 10.97 nd 10.9 10.85 nd 6.32 8.08 11.06

Note: nd = not detected; <Ldl = lower than the detection limit; standard deviation was less than 5% at all
operative conditions.

3.5. Comparison of Astaxanthin, Lutein, and FAs Global Recovery at Different Operative Conditions

The comparison of the H. pluvialis extracts for total recovery of astaxanthin and lutein (120 min,
sum of each extraction stage) and FAs (40 min, sum of first and second extraction stage) at different
operative conditions shows that the FAs were a major component of the extract (Table 4). The maximum
recoveries of astaxanthin (19.72 mg/g) and lutein (4.03 mg/g) were achieved with a CO2 flow rate of
3.62 g/min at 50 ◦C and 550 bar. The maximum recovery of FAs (21.41 mg/g) was achieved with a
CO2 flow rate of 3.62 g/min at 65 ◦C and 550 bar.

The literature suggests that increasing temperature decreases the recovery of astaxanthin
and lutein, while there is less thermal degradation of FAs with respect to astaxanthin and
lutein [28,48,52–54].

Table 4. The recovery of astaxanthin, lutein, and FAs at different operative conditions.

Recovery
(mg/gdry biomass)

Temperature
(◦C)

CO2 Flow Rate of 3.62 g/min CO2 Flow Rate of 14.48 g/min

Pressures (bar)

100 400 550 100 400 550

Astaxanthin
50 0.10 19.16 19.72 0.01 9.55 11.94
65 0.06 16.34 7.24 0.07 8.91 4.62
80 1.16 15.00 2.78 0.25 6.58 1.79

Lutein
50 0.08 3.60 4.03 0.08 2.53 1.50
65 0.00 2.63 2.96 <Ldl 0.71 0.01
80 0.16 1.36 0.12 <Ldl 0.49 0.15

FAs
50 nd 9.5 15.15 nd 14.43 20.19
65 0.42 15.6 21.41 nd 21.37 21.29
80 0.41 5.21 9.57 nd 7.57 11.14

Note: nd = not detected; <Ldl = lower than the detection limit; standard deviation was less than 5% at all
operative conditions.

4. Conclusions

In this work, SFE-CO2 extraction of astaxanthin, lutein, and FAs from H. pluvialis microalgae in
red phase was investigated at different temperatures (50 ◦C, 65 ◦C, and 80 ◦C) and pressures (100 bar,
400 bar, and 550 bar) with CO2 flow rates of 3.62 and 14.48 g/min. Experimental findings show that
the SFE-CO2 is more selective for the extraction of FAs with respect to astaxanthin and lutein. By using
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a single cell reactor, recoveries of astaxanthin, lutein, and FAs, which were equal to 98.62%, 52.32%,
and 93.25%, were found at lower temperatures, and high pressure with the lower CO2 flow rate.
Results highlighting the influence of extraction operative conditions on the maximum recovery of
these “high-value, added compounds”. The maximum extractions of astaxanthin and lutein were
achieved at 50 ◦C and 550 bar with a CO2 flow rate of 3.62 g/min. The maximum extraction of FAs
was found at 65 ◦C and 550 bar, with a CO2 flow rate of 3.62 g/min. Among FAs species, PUFAs were
extracted with the highest recovery.

Greater purities of astaxanthin and lutein were found when their recoveries were very low;
therefore, this could represent a critical point for the development of this technology in the extraction
of astaxanthin and lutein with respect to other carotenoids that have a similar polarity with CO2.
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Abstract: Hydroxypropyltrimethyl ammonium chitosan halogenated acetates were successfully
synthesized from six different haloacetic acids and hydroxypropyltrimethyl ammonium
chloride chitosan (HACC) with high substitution degree, which are hydroxypropyltrimethyl
ammonium chitosan bromacetate (HACBA), hydroxypropyltrimethyl ammonium chitosan
chloroacetate (HACCA), hydroxypropyltrimethyl ammonium chitosan dichloroacetate (HACDCA),
hydroxypropyltrimethyl ammonium chitosan trichloroacetate (HACTCA), hydroxypropyltrimethyl
ammonium chitosan difluoroacetate (HACDFA), and hydroxypropyltrimethyl ammonium chitosan
trifluoroacetate (HACTFA). These chitosan derivatives were synthesized by two steps: first,
the hydroxypropyltrimethyl ammonium chloride chitosan was synthesized by chitosan and
3-chloro-2-hydroxypropyltrimethyl ammonium chloride. Then, hydroxypropyltrimethyl ammonium
chitosan halogenated acetates were synthesized via ion exchange. The structures of chitosan
derivatives were characterized by Fourier transform infrared spectroscopy (FTIR), 1H Nuclear
magnetic resonance spectrometer (1H NMR), 13C Nuclear magnetic resonance spectrometer
(13C NMR), and elemental analysis. Their antifungal activities against Colletotrichum lagenarium,
Fusarium graminearum, Botrytis cinerea, and Phomopsis asparagi were investigated by hypha
measurement in vitro. The results revealed that hydroxypropyltrimethyl ammonium chitosan
halogenated acetates had better antifungal activities than chitosan and HACC. In particular, the
inhibitory activity decreased in the order: HACTFA > HACDFA > HACTCA > HACDCA > HACCA
> HACBA > HACC > chitosan, which was consistent with the electron-withdrawing property of
different halogenated acetates. This experiment provides a potential idea for the preparation of new
antifungal drugs by chitosan.

Keywords: hydroxypropyltrimethyl ammonium chloride chitosan; halogenated acetate; antifungal
activity; electronegativity

1. Introduction

Agricultural diseases resulted from plant pathogenic fungi may cause the large crop death, which
limits crop production worldwide, and can lead to great financial losses to farmers [1,2]. There are
various kinds of plant pathogenic fungi, with various modes of action. For instance, fusarium wilt in
watermelon caused by Fusarium oxysporum (F. oxysporum) is a common disease in several countries
including the China and United States, which can lead to massive loss to watermelon production [3].
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Gibberella zeae (G. zeae) distributed all over the world is a devastating filamentous fungus. It can cause
fusarium head blight disease in several economically important crops, such as maize, barley, and
wheat [4,5]. How to prevent these diseases caused by plant pathogenic fungi is a thought-provoking
question. Currently, the most common way to control the plant fungous diseases is to use massive
chemical fungicides [6,7]. However, due to the excessive use of the chemical fungicides, the ecological
environment has been seriously damaged [8]. So, it is urgent to research a kind of new drug with low
toxicity and strong antifungal activity.

There are many bioactive compounds in the marine which can translate into fungicide
alternatives [2]. Chitosan prepared by the N-deacetylation of chitin is one of the active substances in
the ocean [9]. Chitosan, as a nontoxic and renewable natural polysaccharide, has good biocompatibility
and biodegradability. In addition, it also has the characteristics of film-forming ability, low toxicity,
antibacterial activity, and so on [10,11]. Therefore, chitosan has been drawing extensive attention in
agriculture, medicine, food science, industry, and environmental protection due to its unique physical
and chemical properties in recent years. However, compared with current fungicides, its relatively
low antibacterial activity and poor solubility inhibit its feasibility as a kind of fungicide [12,13].
So, chemical modification of chitosan in order to obtain various chitosan derivatives which are active
and water-soluble is the focus of research.

The structural modification sites of chitosan are mainly C2-NH2 and C6-OH [14]. For instance,
the C2-NH2 of chitosan can react with aldehydes or ketones to form the corresponding aldimines
and ketimines, which is called Schiff base, and O-carboxymethyl chitosan can be formed by the
introduction of carboxyl groups on the C6-OH [15–17]. In general, chitosan derivatives with different
activities can be synthesized through chemical modification such as acylation, alkylation, Schiff base
reaction, quaternary ammonium reaction and so on. Among the above chemical modification, chitosan
quaternary ammonium salt has attracted people’s attention for its unique character. As one of the kind
of chitosan quaternary ammonium salt, hydroxypropyltrimethyl ammonium chloride chitosan (HACC)
is a polycationic compound, characterized by good water solubility, flocculation, moisture absorption,
and antibacterial properties with low cytotoxicity to cells [11]. At the same time, HACC can be
prepared by simple method with high synthesis efficiency and little harm to the environment. In recent
years, many studies showed that HACC had potential applications in many fields. For instance, HACC
has been reported as a chitosan derivative with enhanced antibacterial ability against Escherichia
coli, Candida albicans, and Staphylococcus aureus [18]. And the antibacterial drugs made by HACC
have been widely used. Meanwhile, it is reported that HACC can be used in other areas, such as
nanofiltration, orthopedics, and drug delivery, due to its water solubility, low cytotoxicity to cells,
and biocompatibility [19]. For example, HACC possesses the stronger electrostatic interaction with
negatively charged tumor cells when it is used as a drug carrier for cancer treatment [20]. However,
the antifungal activity of HACC is not optimistic according to the earlier studies [18]. Furthermore, it is
reported that the halogens have good antifungal activity. It is assumed that the electron-withdrawing
substitution—halogens can play a crucial part in the antifungal properties of compounds, which
can destroy cell walls and membranes to lead to the death of fungus [21,22]. Chemical fungicides
with halogens are widely used in recent years due to its effective antifungal activity. However, the
chemical fungicides cause serious problems for the environment because of toxicities and residues.
When the halogens are grafted to chitosan, they should be released slowly and may meet requirements
of environmental safety.

On the basis of the above statement, we modified hydroxypropyltrimethyl ammonium chitosan
via six different haloacetic acids to obtain high antifungal activity and water-soluble chitosan
derivatives. Firstly, the hydroxypropyltrimethyl ammonium chloride chitosan was synthesized by
chitosan and 3-chloro-2-hydroxypropyltrimethyl ammonium chloride. Then, hydroxypropyltrimethyl
ammonium chitosan halogenated acetates were synthesized via ion exchange. The structures of
chitosan derivatives were characterized by Fourier transform infrared spectroscopy (FTIR), 1H Nuclear
magnetic resonance spectrometer (1H NMR), 13C Nuclear magnetic resonance spectrometer (13C NMR),
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and elemental analyses. Their antifungal activities against Colletotrichum lagenarium (C. lagenarium),
Fusarium oxysporum (F. oxysporum), Botrytis cinerea (B. cinerea), and Phomopsis asparagi (P. asparagi) were
investigated by hypha measurement in vitro. Based on the obtained data, the relationship between
chitosan derivatives and antifungal activity was discussed briefly.

2. Results and Discussion

2.1. Chemical Synthesis and Characterization

The synthetic strategy of hydroxypropyltrimethyl ammonium chitosan halogenated acetates
is shown in Scheme 1. Firstly, hydroxypropyltrimethyl ammonium chloride chitosan (HACC) was
prepared by chitosan and 3-chloro-2-hydroxypropyltrimethyl ammonium chloride. Then, HACC
was dissolved in 20% sodium halogenated acetate for purpose of replacing the chloride ions with
haloacetic ions. Hydroxypropyltrimethyl ammonium chitosan halogenated acetates were obtained
after drying in vacuo. The structures of chitosan derivatives were characterized by FTIR (Figure 1),
1H NMR (Figure 2), 13C NMR (Figure 3), and elemental analysis (Table 1), respectively.

Scheme 1. Synthesis routes for chitosan derivatives.
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Figure 1. Fourier transform infrared spectroscopy (FTIR) spectra of chitosan and chitosan derivatives.
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Figure 2. 1H Nuclear magnetic resonance spectrometer (1H NMR) spectra of chitosan derivatives.
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Figure 3. 13C Nuclear magnetic resonance spectrometer (13C NMR) spectra of chitosan derivatives.
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Table 1. Yields and the degrees of substitution of chitosan derivatives.

Componds Yields (%)
Elemental Analyses (%)

Degrees of Substitution (%)
C N C/N

CS - 41.47 7.56 5.48 -
HACC 65.27 39.71 7.41 5.35 67.71

HACCA 69.43 38.10 6.27 6.05 67.31
HACDCA 50.86 38.86 6.63 5.86 56.23
HACTCA 64.85 37.22 6.07 6.13 71.97
HACDFA 58.97 40.86 7.13 5.73 48.64
HACTFA 67.56 38.27 6.25 6.12 71.39
HACBA 65.84 40.64 6.70 6.06 67.89

2.1.1. Fourier Transform Infrared Spectroscopy (FTIR) Spectra

Figure 1 shows the spectra of chitosan, intermediate product, and chitosan derivatives respectively.
For chitosan, the peaks appear at 3423.62, 2922.51, 1650.24, 1600.21, and 1072.24 cm−1 [23]. The peak of
3423.62 cm−1 presents the characteristic absorbance of -OH and –NH2. The weak peak at 2922.51 cm−1

shows the stretching vibration of –CH [24,25]. The band at 1650.24 cm−1 can be attributed to C=O
(the amide I) stretching vibration. The band at 1600.21 cm−1 can be attributed to –NH2. The peak at
1072.24 cm−1 shows the stretching vibrations of the C–O [26,27]. The IR spectrum of HACC (Figure 1)
shows the introduction of the quaternary ammonium salt group to the chitosan backbone. Compared to
chitosan, a peak at 1478.84 cm−1 is attributed to the C-H bending of the trimethylammonium group [18],
and a peak at 1600.21 cm−1 weakens greatly for the partial change of the primary amine of chitosan to
the secondary amine. For HACCA, HACDCA, and HACTCA, new peaks appeared at 843.22, 776.28,
826.44 cm−1 respectively can be attributed to the C-Cl bending [28,29]. For HACDFA, new peaks
appear at 1187.64 and 1126.38 cm−1 for the C-F bending. Meanwhile, new peaks appear at 1186.73
and 1128.32 cm−1 are assigned to the characteristic absorbance of C-F for HACTFA [10]. For HACBA,
a new peak appears at 668.49 cm−1, which can be attributed to the C-Br bending [25,30]. In addition,
the peak at 1478.84 cm−1 attributed to the C–H bending of the trimethylammonium group still exists
in the molecules of HACCA, HACDCA, HACTCA, HACDFA, HACTFA, and HACBA.

2.1.2. Nuclear Magnetic Resonance Spectrometer (NMR) Spectra

1H NMR spectra of intermediate products HACC and chitosan derivatives are shown in Figure 2.
As shown in the figure, chemical shifts at 4.47 ppm, 3.24–4.02 ppm, and 2.72 ppm are assigned to
[H1], [H3]–[H6], and [H2] of chitosan [31]. In 1H NMR spectrum of HACC, an obvious characteristic
peak of hydrogen (3.16 ppm) of trimethyl ammonium groups is appeared [18]. At the same time, for
HACC, the other signals can be well observed: δ = 2.41 ppm attributed to –CH2, δ = 2.69 ppm (a),
δ = 4.50 ppm (b) [21,24,32]. For HACCA, compared to HACC, a new peak appears at 4.21 ppm, which
can be assigned to protons of halogenated acetic anions (e). Furthermore, for HACDCA, HACDFA,
HACBA, new peaks appear at 6.12 ppm, 5.75–6.01 ppm, and 3.78 ppm, which can be attributed to
protons of halogenated acetic anions (e) [10,29]. However, the spectra of HACTCA and HACTFA are
similar to HACC, and no new peaks appear because of the lack of protons of halogenated acetic anions.
In addition, the chemical shifts of trimethyl ammonium groups at about 3.16 ppm still exist in the
spectra of HACCA, HACDCA, HACTCA, HACDFA, HACTFA, and HACBA.

13C NMR spectra of intermediate products HACC and chitosan derivatives are shown in Figure 3.
As shown in the figures, all spectra show signals at 55.10–105.68 ppm (13C NMR spectra) [26], which
are assigned to the diagnostic chemical shifts of chitosan. In 13C NMR spectrum of HACC, an obvious
characteristic peak of carbon (57.25 ppm) of trimethyl ammonium groups is appeared [18]. Meanwhile,
for HACC, the other signals can be well observed: δ = 51.85 ppm attributed to –CH2, δ = 64.81 ppm
(b), δ = 69.19 ppm (c) [29]. For hydroxypropyltrimethyl ammonium chitosan halogenated acetates,
compared to HACC, new peaks appear at 174.83, 170.80, 161.41, 169.86, 162.93, and 178.90 ppm, which
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can be assigned to carbons of COO− groups in HACCA, HACDCA, HACTCA, HACDFA, HACTFA,
and HACBA (e) [10,28]. Furthermore, for hydroxypropyltrimethyl ammonium chitosan halogenated
acetates, new peaks appear at 43.91 ppm (CH2Cl in HACCA), 69.47 ppm (CHCl2 in HACDCA),
102.47 ppm (CCl3 in HACTCA), 109.14 ppm (CHF2 in HACDFA), 117.35 ppm (CF3 in HACTFA),
and 48.78 ppm (CH2Br in HACBA), which can confirm the presence of the halogenated methyl
carbons [10,26,28]. In addition, the chemical shifts of trimethyl ammonium groups at about 57.25 ppm
still exist in the spectra of HACCA, HACDCA, HACTCA, HACDFA, HACTFA, and HACBA.

These data indicate that hydroxypropyltrimethyl ammonium chitosan halogenated acetates are
successfully synthesized. And according to the 1H NMR spectra, the degrees of substitution of
chitosan derivatives were calculated by using the integration of [H2] as an integral standard peak [20].
The degrees of substitution of HACC, HACCA, HACDCA, HACDFA, and HACTFA was determined as
71.30, 66.00%, 61.00%, 48.00%, and 68.00%, respectively (Table S1). However, the degrees of substitution
of HACTCA and HACTFA can not calculate by the 1H NMR spectra. Therefore, we did the elemental
analysis in order to calculate the degrees of substitution.

2.1.3. Elemental Analysis

The yields and the degrees of substitution of chitosan derivatives are shown in Table 1.
The changes in WC/N indicate the functional groups grafting on chitosan successfully. From the
data in Table 1, the intermediate HACC presents the highest degree of substitution. The degrees of
substitution of the other six chitosan derivatives are different. HACTCA, for example, has a far lower
degree of substitution than HACDFA, which is 48.64%.

2.2. Antifungal Activity

Antifungal assays against C. lagenarium, F. oxysporum, B. cinerea, and P. asparagi are performed
by following the plate growth rate method. The antifungal activity of chitosan and its derivatives is
shown in Figures 4–7.
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Figure 4. The antifungal activity of chitosan and chitosan derivatives against Colletotrichum lagenarium.

C. lagenarium, which is caused by the introduction of pathogenic bacteria in the seeds, has been
increasingly harmful in recent years. It has a great impact on crop production, and is difficult to
control. Figure 4 shows the antifungal activities of chitosan, intermediates, and target products against
C. lagenarium. Chitosan and HACC have almost no inhibitory effect on C. lagenarium. However,
the enhanced antifungal activities of the target products including HACCA, HACDCA, HACTCA,
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HACDFA, HACTFA, and HACBA are very obvious. Specifically, the conclusions are as follows: firstly,
all the target products including HACCA, HACDCA, HACTCA, HACDFA, HACTFA, and HACBA
have much stronger antifungal activity. Secondly, with the augment of sample concentration, the
antifungal activity of the target product increases gradually. For example, when the concentrations
of HACTFA are 0.1 mg/mL, 0.5 mg/mL, and 1.0 mg/mL, the inhibition rates on C. lagenarium are
17.14%, 30.09%, and 96.57% respectively. Thirdly, the order of inhibition of C. lagenarium is: HACTFA >
HACDFA > HACTCA > HACDCA > HACCA > HACBA. Meanwhile, it is clear that the inhibition
rate of HACDFA with DS of 48.64% is 5.64 percent higher than that of HACDCA with degree of
substitution of 56.23% at 1.0 mg/mL, which can reasonably suggest that higher inhibitory index of
HACDFA should be possible if they have the same degree of substitution. Similarly, HACCA has
better antifungal activity than HACBA, despite its low degree of substitution. Therefore, the expected
order of inhibition should be as follows: HACTFA > HACDFA > HACTCA > HACDCA > HACCA >
HACBA, which is identical to the experimental results. And this rule is consistent with the order of
the electronegativity of halogen-containing substituents in the hydroxypropyltrimethyl ammonium
chitosan halogenated acetates.
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Figure 5. The antifungal activity of chitosan and chitosan derivatives against Fusarium oxysporum.

F. oxysporum is a common disease in several countries, which can lead to massive loss to
watermelon production. Figure 5 shows the antifungal activities against F. oxysporum of chitosan and
chitosan derivatives. Compared to chitosan and HACC, the antifungal activity against F. oxysporum
of HACCA, HACDCA, HACTCA, HACDFA, HACTFA, and HACBA have been greatly improved.
Specifically, antifungal activity increases with the augment of sample concentration. When the sample
concentration is 1.0 mg/mL, and compared to chitosan with the inhibitory index 13.21%, the inhibitory
indices of HACCA, HACDCA, HACTCA, HACDFA, HACTFA, and HACBA are 92.81%, 93.40%,
93.87%, 94.54%, 94.97%, and 97.50%, respectively. Meanwhile, after the introduction of active groups,
chitosan derivatives have a particularly well antifungal effect on F. oxysporum, which inhibitory index
reaches above 70.52% at the sample concentration of 0.5 mg/mL. Considering the relationships between
degree of substitution and inhibitory index, the antifungal activities of chitosan derivatives are ranked
as follows: HACTFA > HACDFA > HACTCA > HACDCA > HACCA > HACBA.
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Figure 6. The antifungal activity of chitosan and chitosan derivatives against Botrytis cinerea.

As shown in Figure 6, chitosan and HACC possess little antifungal activity. However,
hydroxypropyltrimethyl ammonium chitosan halogenated acetates have antifungal activity at all
the tested concentration against B. cinerea. The inhibitory indices of all the samples mount up with
the increasing concentration. After the introduction of active groups, the antifungal activity of all
the target products is better than chitosan raw materials and intermediate product. Especially, this
trend is apparently reinforced at 1.0 mg/mL, and compared to the inhibitory index of chitosan and
HACC, the inhibitory indices of HACCA, HACDCA, HACTCA, HACDFA, HACTFA, and HACBA
are 75.64%, 78.35%, 84.02%, 78.29%, 86.57%, and 70.46%, respectively. As previously described, the
order of antifungal activity is HACTCA > HACDCA > HACCA. However, contrary to the previous
description, the inhibitory property of HACDFA is slightly lower than HACTCA, which is possibly
because of its lower substitution degree (Table 1) and less active ingredient.
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Figure 7. The antifungal activity of chitosan and chitosan derivatives against Phomopsis asparagi.
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Asparagus stem blight is a highly destructive disease of asparagus in China and some Asian
countries. Due to the filamentous fungus, P. asparagi is identified as the causing pathogen, it is
particularly important to inhibit the activity of P. asparagi. As shown in Figure 7, apart from HACC,
chitosan derivatives have outstanding antifungal activities at all the tested concentration against
P. asparagi. The inhibitory indices of all the samples mount up with increasing concentration. All
chitosan derivatives show stronger antifungal activity than chitosan and HACC. Especially, this trend
reinforces apparently at 1.0 mg/mL, and compared to chitosan with the inhibitory index 7.59%, the
inhibitory indices of HACBA, HACCA, HACDCA, HACTCA, HACDFA, and HACTFA are 60.47%,
81.58%, 88.42%, 89.05%, 88.69, and 90.45%, respectively. In summary, except for HACDFA and
HACTCA, the antifungal activities are approximate, and the other antifungal activities are consistent
with the previous description.

The results showed that the six different kinds of chitosan derivatives including HACCC,
HACCDC, HACCTC, HACCDF, HACCTF, and HACCB, had much stronger inhibitory effect on
C. lagenarium, F. oxysporum, B. cinerea, and P. asparagi. In a nutshell, the antifungal activity decreased in
the order: HACTFA > HACDFA > HACTCA > HACDCA > HACCA > HACBA > HACC > chitosan.
To be specific, the conclusions was as follows: firstly, all the target products including HACCA,
HACDCA, HACTCA, HACDFA, HACTFA, and HACBA had much stronger antifungal activities on
C. lagenarium, F. oxysporum, B. cinerea, and P. asparagi. The results confirmed that the introduction
of halogen greatly enhanced the antifungal activity of chitosan derivatives. Because the halogen
groups could inhibit synthesis of the cell membrane and cell wall to exhibit antifungal activity [24].
Specifically speaking, the halogen atoms, which had a high electron-withdrawing property, could
increase the hydrophobicity of chitosan derivatives. The structures of the outer membranes as well as
the internal membranes of microbial cells were impacted by the changes in hydrophobicity, and could
prevent nutrient substances from entering cells [26]. The microorganisms would die for these reasons.
Secondly, the antifungal activity of chitosan derivatives varies with the types and quantities of halogen
atoms. On one hand, HACCA, HACDCA, HACTCA had the same types of halogen-Cl, and they
exhibited different antifungal activities due to the different amounts of halogen groups. That was to
say the capacity of electron-withdrawing would enhance with the amounts of halogen groups. So, the
antifungal activities of the target products showed the order of HACTCA > HACDCA > HACCA.
On the other hand, HACTFA and HACTCA, which had the same amount of halogens, demonstrated
different antifungal activities. HACTFA showed stronger antifungal activity compared with HACTCA,
which could be attributed to the higher electronegativity of fluorine atoms than chlorine atoms.
Therefore, the antifungal potential of target products was related to the electronegativity of halogen
substituents [11,30–32]. In short, the higher degree of electron-withdrawing property the halogen
substituents possessed, the higher the positive charge density of cationic amino possessed. As a result,
the chitosan derivatives showed stronger antifungal activity [33–35]; this was consistent with our
experimental results.

3. Materials and Methods

3.1. Materials

Chitosan was purchased from Qingdao Baicheng Biochemical Corp. (Qingdao, China).
Its degree of deacetylation was 85%, and the viscosity-average molecular weight was 2.0 × 105.
3-chloro-2-hydroxypropyltrimethyl ammonium chloride, isopropanol, chloroacetic acid, dichloroacetic
acid, trichloroacetic acid, difluoroacetic acid, trifluoroacetic acid, and bromoacetic acid were purchased
from Sigma-Aldrich Chemical Corp. (Shanghai, China). Ethanol and sodium hydroxide were all
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The reagents were
analytical grade and used without further purification. Fungi medium was purchased from Qingdao
Hop Bio-Technogy Co., Ltd. (Qingdao, China). Agar powder was purchased from Beijing Chembase
Technology Co., Ltd. (Beijing, China).
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3.2. Analytical Methods

3.2.1. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra were performed ranging from 4000 cm−1 to 400 cm−1 using a Jasco-4100 (Tokyo,
Japan), provided by JASCO China (Shanghai) Co. Ltd. (Shanghai, China). All samples were ground
and mixed with KBr disks for testing.

3.2.2. Nuclear Magnetic Resonance (NMR) Spectroscopy

1H NMR spectra and 13C NMR spectra were recorded on samples dissolved in D2O with a Bruker
AVIII-500 Spectrometer (500 MHz, Fällanden, Switzerland, provided by Bruker Tech and Serv. Co., Ltd.,
Beijing, China) at 25 ◦C.

3.2.3. Elemental Analysis

The elemental analyses (C, H, and N) were performed on a Vario Micro Elemental Analyzer
(Elementar, Hanau, Germany), and they can be used to evaluate the degree of substitution of chitosan
derivatives. The degrees of substitution (DS) of chitosan derivatives were calculated according to the
carbon nitrogen ratio, and the formula as follows [10,26]:

DS1 =
n1 ∗ MC − MN ∗ WC/N

n2 ∗ MC
(1)

DS2 =
n1 ∗ MC − n2 ∗ MC ∗ DS1 − MN ∗ WC/N

MN ∗ WC/N − n3 ∗ MC
(2)

DS3 =
MN ∗ WC/N + MN ∗ DS2 ∗ WC/N − n1 ∗ MC ∗ DS2 − n2 ∗ MC ∗ DS1

n4 ∗ MC
(3)

where DS1, DS2, DS3 represent the deacetylation degree of chitosan, the degrees of substitution of
HACC, and degrees of substitution of hydroxypropyltrimethyl ammonium chitosan halogenated
acetates; MC and MN are the molar masses of carbon and nitrogen, MC = 12, MN = 14, respectively;
n1, n2, n3 n4 are the number of carbons of chitin, acetamido group, 2-chloromethyl ammonium chloride,
and haloacetic acid group, n1 = 8, n2 = 2, n3 = 6, n4 = 2, respectively; WC/N represents the mass ratio
between carbon and nitrogen in chitosan derivatives.

3.3. Synthesis of Chitosan Derivatives

3.3.1. Synthesis of Hydroxypropyltrimethyl Ammonium Chloride Chitosan (HACC)

The reaction scheme for the synthesis of HACC is shown in Scheme 1. HACC was prepared as
follows: chitosan (5 g) was dissolved in 20 mL isopropanol prior to the addition of 9 mL 40% (w/v)
NaOH aqueous solution, and stirred at 60 ◦C for 4 h. Then, 20 mL 60% (w/v) hydroxypropyl trimethyl
ammonium chloride solution was dropped into the front mixture with stirring at 80 ◦C. After 10 h, the
pH was adjusted to 7 at room temperature prior to filtering the mixture, and then the mixture was
poured into substantial anhydrous ethanol. The leached compounds were rinsed thoroughly with
85% ethanol, dewatered with anhydrous ethanol, and dried in vacuo.

3.3.2. Synthesis of Hydroxypropyltrimethyl Ammonium Chitosan Halogenated Acetates

HACC was dissolved in 20% sodium halogenated acetate for purpose of replacing the
chloride ions with haloacetic ions. The solution was dialyzed with distilled water for 48 h, and
quaternary ammonium salts of chitosan bearing halogenated acetate including hydroxypropyltrimethyl
ammonium chitosan bromacetate (HACBA), hydroxypropyltrimethyl ammonium chitosan
chloroacetate (HACCA), hydroxypropyltrimethyl ammonium chitosan dichloroacetate (HACDCA),
hydroxypropyltrimethyl ammonium chitosan trichloroacetate (HACTCA), hydroxypropyltrimethyl
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ammonium chitosan difluoroacetate (HACDFA), and hydroxypropyltrimethyl ammonium chitosan
trifluoroacetate (HACTFA) were obtained after drying in vacuo (Scheme 1).

3.4. Antifungal Assays

Antifungal assay against C. lagenarium, F. oxysporum, B. cinerea, and P. asparagi was performed by
following the plate growth rate method [34]. Firstly, the samples (chitosan and chitosan derivatives)
were dissolved in distilled water at a concentration of 6.0 mg/mL. Then, in a sterile environment,
2.0 mL, 1.0 mL, and 0.2 mL sample solutions were shaken into the fungus culture medium and poured
into a disposable culture dish respectively to solidify. Therefore, the final concentrations of the samples
were 1.0 mg/mL, 0.5 mg/mL, and 0.1 mg/mL, respectively. Finally, the fungi mycelium of 5.0 mm
diameter was inoculated into the solidified solid medium center with tweezers and cultured at 28 ◦C
for three days. The unsampled deionized water was used as a blank control until the mycelia of the
blank group grew to the edge of the dish. Next, the diameter of mycelium growth area was measured
and the average value was taken. The inhibitory index was calculated as follows:

Inhibitory index (%) = (1 − Da/Db) ∗ 100 (4)

where Da is the diameter of the growth zone in the test plates, and Db is the diameter of the growth
zone in the control plate.

3.5. Statistical Analysis

The results of the antifungal activities were processed by Excel (2007, Microsoft Corporation,
Redmond, WA, USA), Origin (8.0, OriginLab, Northampton, MA, USA), and the statistical software
SPSS (19.0, SPSS, Chicago, IL, USA). Duncan’s methods by SPSS were used to evaluate the differences
in the inhibitory index in the antifungal tests. The data were analyzed by an analysis of variance.
When p < 0.05, the results were considered statistically significant.

4. Conclusions

In this paper, hydroxypropyltrimethyl ammonium chitosan halogenated acetates were
successfully synthesized from six different haloacetic acids and hydroxypropyltrimethyl ammonium
chloride chitosan with high substitution degree. Through testing these antifungal activities against
C. lagenarium, F. oxysporum, B. cinerea, and P. asparagi, we found that six different chitosan derivatives
had better antifungal activities than chitosan and hydroxypropyltrimethyl ammonium chloride
chitosan (HACC). In particular, the inhibitory activity decreased in the order: HACTFA > HACDFA
> HACTCA > HACDCA > HACCA > HACBA > HACC > chitosan, which was consistent with
the electron-withdrawing property of different halogenated acetate. In summary, halogen groups
were introduced into the synthesized chitosan derivatives which contributed a lot to the antifungal
action, and the magnitude of antifungal activity depended on the electronegativity of substituents.
Meanwhile, considering the obvious toxicity of many halogenated fungicides, the sustained release
action of chitosan could solve this problem to a certain extent, and it would largely remit the problem
of environmental issue. In short, this paper provided a new way of preparing chitosan derivatives
with excellent antifungal activity, which has the potential of becoming alternatives to some harmful
pesticides for disease control.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/9/315/s1,
Table S1: The degrees of substitution (DS) of chitosan derivatives.
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Abstract: As part of research to search for antitumor agents in fungi originating from marine
organisms, cephalimysins E–L were isolated from a culture broth of Aspergillus fumigatus that was
separated from the marine fish Mugil cephalus. One- and two-dimensional nuclear magnetic resonance
spectra revealed their planar structures, which are diastereomers of each other. Their absolute
stereostructures were established by epimerization at C-8 with acidic methanol, nuclear Overhauser
effect spectroscopy (NOESY), and circular dichroism (CD) spectroscopy. These demonstrated the
detailed relationships between absolute configuration and CD Cotton effects. Additionally, in the
growth inhibition assay against P388, HL-60, L1210, and KB cell lines, some of the fungal metabolites
or reaction products exhibited moderate activities.

Keywords: cephalimysins; Aspergillus fumigatus; marine microorganism; Mugil cephalus; spiro-
heterocyclic γ-lactam; circular dichroism spectroscopy; cytotoxicity

1. Introduction

Our group searched for active antitumor compounds in microorganisms in marine environments [1–4].
We previously reported the isolation and structure determination of FD-838 and its three diastereomers,
referred to as cephalimysins B–D, from a culture broth of the fungal strain A. fumigatus OUPS-T106B-5,
which lives on the stomach wall of a marine fish, M. cephalus [5]. Since FD-838 has three chiral centers,
it should have eight stereoisomers. However, naturally occurring spiroheterocyclic-lactams, including
FD-838 and cephalimysins B–D isolated from this fungal strain, had the S absolute configuration at
the methoxy acetal carbon in common. The treatment of FD-838 and its diastereomers with acidic
methanol could provide each epimer at the methoxy acetal carbon, and we succeeded in obtaining a
set of all the stereoisomers of FD-838. Thus, we unambiguously established the relationship between
the absolute configuration and the CD Cotton effects for the spirofuranone-lactam skeleton [5]. Based
on the above method, we succeeded in correcting the absolute configuration of pseurotin A2 reported
by F. Z. Wang and co-workers in 2011 [6,7].

During a further search for novel active antitumor compounds from this fungal strain, we isolated
eight new spiroheterocyclic-lactams designated as cephalimysins E–L (1–8), and their treatment
with acidic methanol gave a set of eight unnatural forms (1′–8′) to afford sixteen stereoisomers.
The isolation of many structural or stereoisomers from one source often indicates that their biosynthesis,
stereochemistry, and bioactivity are worth investigating. As a part of this research, we hypothesized
that 1–8 were produced from a plausible precursor with an olefin side chain such as pseurotin A [7],
and examined the biosynthetic pathway for an intramolecular annulation reaction using molecular

Mar. Drugs 2018, 16, 223; doi:10.3390/md16070223 www.mdpi.com/journal/marinedrugs61
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orbital calculations. This examination showed that compounds 1–8 were more stably produced from
the plausible precursor with an E-olefin side chain than one with a Z-olefin side chain, and provided a
rational explanation why C-2, C-3, and C-13, three chiral centers newly generated by an intramolecular
annulation reaction, have all S or all R absolute configurations [8].

Herein, we report the details of the relationship between the absolute configuration of the above
compounds and the CD Cotton effect as well as the elucidation of the relative configurations by nuclear
Overhauser effect spectroscopy (NOESY) experiments. Additionally, their cytotoxic activity against
murine P388 leukemia, human HL-60 leukemia, murine L1210 leukemia, and human KB epidermoid
carcinoma cell lines is described.

2. Results and Discussion

An ethyl acetate extract of the culture broth of A. fumigatus OUPS-T106B-5 was fractionated,
employing a stepwise combination of Sephadex LH-20 and silica gel column chromatography,
and purification by reverse-phase HPLC afforded cephalimysins E–L (1–8) (Figure 1) as reported
previously [8].

Figure 1. Structures of natural products from A. fumigatus.

Cephalimysins E–L (1–8) were assigned the same molecular formula, C22H23NO7, based on
deductions made from high-resolution fast atom bombardment mass spectral (HRFABMS) data. These
1H and 13C NMR spectra showed similar features except for differences in the chemical shifts at
C-4, C-5, C-8, C-9, and C-10 (Tables 1 and 2), and HMBC analysis showed that they have the same
planar structure. We previously isolated a series of diastereomers, cephalimysins B–D and FD-838,
and reported their absolute stereostructures. Compounds 1–8 are a new series of diastereomers from
the fungal metabolites, which have six chiral centers in their molecules.
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As a first step toward examining their stereochemistry, we performed epimerization at C-8 with
acidic methanol. We previously found that treatment of spiroheterocyclic-lactams with concentrated
H2SO4 in MeOH reversed the absolute configuration at C-8, and the CD Cotton effect of the product
showed an opposite sign to that of the reactant at a specific wavelength. Specifically, the CD spectra of
cephalimysins B–D and FD-838 with an 8S configuration showed a negative Cotton effect at around
320 nm, whereas those of the reaction products, their 8R isomers, showed a positive Cotton effect
at the same wavelength [5]. In this study, the same acid treatment of 1 gave the 8R isomer 5′ at a
constant ratio (7.5%). The Cotton effects in the CD spectrum of 5′ reversed to positive at around 340 nm
as shown by arrow in Figure 2. This result demonstrated that the Cotton effects at around 340 nm
assigned the absolute configuration at C-8 in 1; therefore, the negative Cotton effect (Δε340 −1.6) in
the CD spectrum of 1 clearly indicated an S configuration at C-8 as for the cephalimysins isolated to
date [5,7].

Figure 2. CD spectra of 1 and 5′.

In the second step, the relative configuration between H-9 and 8-OCH3 was deduced from the
coupling constant between H-9 and 9-OH in the 1H NMR spectrum. In the 1H NMR spectrum of 1,
the coupling constant between H-9 and 9-OH was large (J = 12.6 Hz). This was due to a hydrogen
bond between 9-OH and 8-OCH3, which maintained the conformation of 9-OH; therefore, 9-OH was
oriented cis to 8-OCH3; i.e., 1 had the 9R configuration. Hayashi and co-workers reported that the
hydrogen bond prevented racemization at C-9 in the last step of the synthesis of synerazol, which was
the elimination of the protecting group [9].

In NOESY experiments of 1 as a final step, observed NOESY correlations (H-3/H-14 and
H-16/H-14) revealed the relative configurations of C-2 and C-13. Additionally, when the H-9/H-3
and 9-OH/H-13 correlations were added, the relative configurations of C-2, C-3, C-5, C-9, and C-13
were deduced as shown in Figure 3. The above three steps demonstrated that 1 possessed the absolute
configuration 2S,3S,5R,8S,9R,13S. In NOESY experiments with cephalimysins F–L (2–8), the observed
NOESY correlations (H-3/H-14 and H-16/H-14) were the same as for 1. Consequently, compounds 2–8

all have the same relative configuration of C-2, C-3, and C-13 as that of 1. Additionally, the negative
Cotton effects at around 340 nm in their CD spectra indicated that compounds 2–8 all possessed the
8S absolute configuration together with the natural spiroheterocyclic γ-lactams to date. If 1–8 are
the stereoisomers at the two remaining stereogenic centers (C-5 and C-9), eight diastereomers cannot
exist; therefore, we guessed that the absolute configurations at C-2, C-3, and C-13 formed two series
(2S,3S,13S or 2R,3R,13R). For example, the acid treatment of 1 gave product 5′ as described above, for
which the spectroscopic data were identical to that of 5 except that its [α]D value ([α]D −45.7) had the
opposite sign to that of 5 ([α]D +44.0). As expected, the same acid treatment transformed 2, 3, and
4 to 8-epimers 6′, 7′, and 8′ as enantiomers of 6, 7, and 8, respectively. On the other hand, the same
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chemical transformation produced 1′ from 5, 2′ from 6, 3′ from 7, and 4′ from 8. CD spectra of the pairs
of naturally occurring metabolites 1–8 and the reaction products 1′–8′ were observed with inverted
signs (see a previous report [8] or Supplementary Materials, Figure S81), and demonstrated that
compound 1–8 and 1′–8′ were the pairs of enantiomers, respectively. We then examined the absolute
configuration at C-5 and C-9 in 2, 3, and 4 to match 1–8 to the eight assumed diastereomers shown in
Figure 1. NOESY correlations for 2 (H-9/H-13, H-15, and 8-OCH3) implied that 2 was an epimer of 1

at C-9, and the correlations for 3 (9-OH/H-16) implied that 3 was a epimer of 1 at C-5. Additionally,
the NOESY correlations for 4 (H-9/H-16 and H-9/8-OCH3) implied that 4 was a stereoisomer of 1 at
C-5 and C-9.

 

Figure 3. Key NOESY correlations of 1–4.

The CD spectra of compounds 1–8 can be roughly divided into two groups according to the
absolute configuration at C-2; i.e., 2S,3S,13S isomers as 1 showed positive Cotton effects (Figure 4A),
while 2R,3R,13R isomers as 5 showed negative Cotton effects (Figure 4B) at around 240 (π→π*) and
290 (n→π*) nm, respectively. We deduced that the screw sense of chromophores between the carbonyl
(C-4) and the enone moiety (C-10–C-12) determined the signs of the CD Cotton effects as shown in
Figure 4; therefore, the absolute configurations at C-2, C-3, and C-13 for 2–4 and 6–8 were revealed;
i.e., compounds 2–4 were2S,3S,13S isomers, and compounds 6–8 were 2R,3R,13R isomers. The above
evidence, including the information provided from the transformation to 8-epimers 1′–8′, revealed the
absolute stereostructures of 1–8. No additional stereoisomers of 1–8 were found despite the six chiral
centers in the structure, although further purification was carried out. In a previous study, we studied
the biosynthetic pathway for an intramolecular annelation reaction using molecular orbital calculations
and concluded that the absolute configurations for C-2, C-3, and C-13 are either all S or all R.

We successfully isolated sixteen stereoisomers, including eight reaction products, and subsequently
deduced the relationship between their stereochemistry and NMR chemical shifts as described below.
The absolute configurations at C-2 and C-5 influenced the 13C NMR chemical shift of the carbonyl
group at C-10; i.e., in 2S,5R or 2R,5S isomers (1, 2, 5, and 6), the carbonyl group (C-10) and the amido
carbonyl group (C-6) are very close; therefore, the carbon signal at C-10 shifted to high field (δC around
204 ppm) by the anisotropic effect. The relationship between the chemical shift and the absolute
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configuration at C-5 and C-9 is similar to those in cephalimysins B–D and FD-838 [9]; i.e., the 13C
chemical shift at C-9 for the 5R,9S isomer (2 and 7) is observed in the maximum value (δC around
82 ppm) for the 5R,9S isomer (2 and 7), while that for the 5R,9R isomer (1 and 8) is observed in the
minimum value (δC around 70 ppm). These findings, including the CD data, are useful for examining
the stereochemistry of spirofuranone-lactams.

 

Figure 4. The difference of CD spectra of 1–4 twisting clockwise (A) and 5–8 twisting counterclockwise
(B) between the carbonyl (C-4) and the enone moiety (C-10–C-12).

As a primary screening for antitumor activity, the inhibitory properties of natural products
1–8 and enantiomers 1′–8′ toward cancer cell growth were examined using murine P388 leukemia,
human HL-60 leukemia, murine L1210 leukemia, and human KB epidermoid carcinoma cell lines.
All compounds except 3′ and 6′ exhibited potent or moderate activity against the cell lines (Table 3).
Compounds 3 and 6 exhibited the strongest activities (11.1 μM and 7.0 μM, respectively), equal to that
of 5-fluorouracil against the KB cell line. Interestingly, 3′ and 6′, the enantiomers of 3 and 6, did not
inhibit cell growth. To determine the bioactivity mechanism, molecular target screening for inhibitory
effects on histone deacetylases, protein kinases, telomerases, and farnecyltransferases will be needed

Table 3. Cytotoxicity assay against P388, HL-60, L1210, and KB cells.

Compounds
Cell line P388 Cell line HL-60 Cell line L1210 Cell line KB

IC50 (μM) a IC50 (μM) a IC50 (μM) a IC50 (μM) a

1 58.5 57.9 60.5 33.9
2 56.9 55.7 62.2 60.5
3 26.6 15.7 58.1 11.1
4 55.2 52.5 12.8 35.1
5 69.0 55.2 14.3 31.5
6 51.2 50.8 57.6 7.0
7 56.9 53.9 22.5 53.3
8 57.5 58.1 60.5 52.1
1′ 56.4 54.9 59.3 118.6
2′ 53.5 67.8 55.9 198.5
3′ >200 >200 64.4 >200
4′ 50.8 53.1 20.5 42.4
5′ 54.5 55.7 20.3 53.0
6′ >200 >200 92.0 >200
7′ 52.1 52.9 14.5 26.6
8′ 53.3 54.5 12.3 52.3

5-fluorouracil b 2.8 3.2 2.0 8.5
a DMSO was used as vehicle; b Positive control.
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3. Conclusions

In this study, we established the detailed relationships between absolute configuration and
CD Cotton effects for new natural products, cephalimysins E–L (1–8), isolated a fungal strain
separated from a marine fish together with unnatural products 1′–8′. This result agreed well with the
consideration derived from the orbital molecular calculation in the previous report [8]. In addition,
the growth inhibition assay using P388, HL-60, L1210, and KB cell lines could not give the information
of a structure-activity relationship well; however, 3 and 6 against KB cell, and 4, 5, 7′, and 8′ against
L1210 exhibited moderate activities.

4. Experimental Section

4.1. General Experimental Procedures

NMR spectra were recorded on an Agilent-NMR-vnmrs (Agilent Technologies, Santa Clara,
CA, USA) 600 with tetramethylsilane (TMS) as an internal reference. FABMS was recorded using
a JEOL JMS-7000 mass spectrometer (JEOL, Tokyo, Japan). IR spectra was recorded on a JASCO
FT/IR-680 Plus (Tokyo, Japan). Optical rotations were measured using a JASCO DIP-1000 digital
polarimeter (Tokyo, Japan). Silica gel 60 (230–400 mesh, Nacalai Tesque, Inc., Kyoto, Japan) was
used for column chromatography with medium pressure. ODS HPLC was run on a JASCO PU-1586
(Tokyo, Japan) equipped with a differential refractometer RI-1531 (Tokyo, Japan) and Cosmosil Packed
Column 5C18-MSII (25 cm × 20 mm i.d., Nacalai Tesque, Inc., Kyoto, Japan). Analytical TLC was
performed on precoated Merck aluminum sheets (DC-Alufolien Kieselgel 60 F254, 0.2 mm, Merck,
Darmstadt, Germany) with the solvent system CH2Cl2–MeOH (19:1) (Nacalai Tesque, Inc., Kyoto,
Japan), and compounds were viewed under a UV lamp (AS ONE Co., Ltd., Osaka, Japan) and sprayed
with 10% H2SO4 (Nacalai Tesque, Inc., Kyoto, Japan) followed by heating.

4.2. Fungal Material

A strain of A. fumigatus was initially isolated from a piece of the marine alga Undaria pinnatifida
collected at collected in Osaka bay, Japan in May 2015. The fungal strain was identified by Techno
Suruga Laboratory Co., Ltd., Shizuoka, Japan. The surface of the marine alga was wiped with EtOH
(Nacalai Tesque, Inc., Kyoto, Japan) and its snip applied to the surface of nutrient agar layered in a
Petri dish. Serial transfers of one of the resulting colonies provided a pure strain of A. fumigatus.

4.3. Culturing and Isolation of Metabolites

A strain of A. fumigatus was initially isolated from the marine fish Mugil cephalus captured in
Katsuura Bay, Japan in October 2000. The fish was disinfected with EtOH and its gastrointestinal tract
applied to the surface of nutrient agar layered in a Petri dish. Serial transfers of one of the resulting
colonies provided a pure strain of A. fumigatus. The fungal strain was cultured at 27 ◦C for 6 weeks in a
liquid medium (75 L) containing 1% soluble starch and 0.1% casein in 50% artificial seawater adjusted
to pH 7.4. The culture was filtered under suction, and the culture filtrate was extracted three times
with EtOAc (Nacalai Tesque, Inc., Kyoto, Japan). The combined extracts were evaporated in vacuo
to afford a mixture of crude metabolites (18.8 g) that exhibited cytotoxicity against the P388 cell line
(IC50 < 1 g/mL). The EtOAc extract was passed through a Sephadex LH-20 (GE Healthcare Japan,
Tokyo, Japan) column using CHCl3–MeOH (1:1) (Nacalai Tesque, Inc., Kyoto, Japan) as the eluent.
The second fraction (14.6 g), exhibiting strong activity, was chromatographed on a silica gel column
with a CHCl3–MeOH gradient as the eluent to afford Fr. 1 (the 100% CHCl3 eluate, 1.2 g) and Fr. 2
(the 1% MeOH in CHCl3 eluate, 1.7 g). Fr. 1 was purified by HPLC using MeOH–H2O (70:30) as the
eluent to afford Fr. 3 (48.3 mg) and Fr. 4 (20.3 mg). Fr. 2 was purified by HPLC using MeOH–H2O
(70:30) as the eluent to afford Fr. 5 (359.0 mg) and Fr. 6 (263.7 mg). Fr. 3 was purified by ODS HPLC
using MeCN–H2O (45:55) as the eluent to afford Fr. 7 (2.8 mg) and Fr. 8 (2.1 mg). Fr. 7 and Fr. 8 were
further purified by HPLC using MeCN–H2O (43:57) as the eluent to afford 4 (1.1 mg, 0.006%) and 7
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(0.4 mg, 0.002%), respectively. Fr. 4 was purified by ODS HPLC using MeCN (Nacalai Tesque, Inc.,
Kyoto, Japan)–H2O (45:55) as the eluent to afford Fr. 9 (4.5 mg) and Fr. 10 (3.5 mg). Fr. 9 and Fr. 10
were further purified by HPLC using MeCN–H2O (40:60) as the eluent to afford 8 (2.0 mg, 0.011%)
and 3 (1.8 mg, 0.009%), respectively. Fr. 5 was purified by ODS HPLC using MeCN–H2O (45:55) as
the eluent to afford Fr. 11 (17.1 mg) and Fr. 12 (4.5 mg). Fr. 11 was further purified by HPLC using
MeCN–H2O (30:70) as the eluent to afford 2 (0.8 mg, 0.004%). Fr. 12 was further purified by HPLC
using MeCN–H2O (40:60) as the eluent to afford 5 (0.3 mg, 0.002). Fr. 6 was purified by ODS HPLC
using MeCN–H2O (45:55) as the eluent to afford Fr. 13 (4.5 mg) and Fr. 14 (4.0 mg). Fr. 13 was further
purified by HPLC using MeCN–H2O (38:62) as the eluent to afford 6 (1.4 mg, 0.007%). Fr. 14 was
further purified by HPLC using MeCN–H2O (40:60) as the eluent to afford 1 (2.2 mg, 0.011%).

Cephalimysin E (1). Pale yellow oil; [α]24
D +69.1 (c 0.16, EtOH); IR (liquid) νmax 3342, 2923, 1770,

1729, 1680, 1596, 1490 cm−1; UV (EtOH) λmax (log ε) 249 (3.29), 288 (2.81), 343 (2.44) nm; NMR data,
see Table 1 and Table S1 (Supplementary Materials); FABMS m/z (rel int) 414 ([M + H]+, 100.0),
382 ([M − OCH3]+, 25.2); HRFABMS m/z 414.1554 [M + H]+ (calcd for C22H24NO7 414.1552); CD
(c 2.60 × 10−4 M, EtOH) λmax (Δε) 340 (−1.6), 292 (1.1), 234 (9.7) nm.

Cephalimysin F (2). Pale yellow oil; [α]24
D +17.1 (c 0.10, EtOH); IR (liquid) νmax 3274, 2923, 1771, 1731,

1700, 1615, 1597, 1580 cm−1; UV (EtOH) λmax (log ε) 242 (3.93), 284 (3.17), 334 (2.68) nm; NMR data, see
Table 1 and Table S2 (Supplementary Materials); FABMS m/z (rel int) 436 ([M + Na]+, 8.2); HRFABMS
m/z 436.1369 [M + Na]+ (calcd for C22H23NO7Na 436.1372); CD (c 1.94 × 10−4 M, EtOH) λmax (Δε)
331 (−1.6), 295 (1.0), 235 (10.0) nm.

Cephalimysin G (3). Pale yellow oil; [α]24
D +77.7 (c 0.15, EtOH); IR (liquid) νmax 3330, 2937, 1769, 1729,

1682, 1625, 1597, 1579 cm−1; UV (EtOH) λmax (log ε) 248 (3.86), 284 (3.43), 334 (3.28) nm; NMR data,
see Table 1 and Table S3 (Supplementary Materials); FABMS m/z (rel int) 436 ([M + Na]+, 76.4), 382
([M − OCH3]+, 100.0); HRFABMS m/z 436.1375 [M + Na]+ (calcd for C22H23NO7Na 436.1372); CD (c
1.97 × 10−4 M, EtOH) λmax (Δε) 336 (−1.2), 299 (1.8), 241 (10.3) nm.

Cephalimysin H (4). Pale yellow oil; [α]24
D +110.1 (c 0.13, EtOH); IR (liquid) νmax 3322, 2925, 1764,

1731, 1695, 1615, 1597, 1579 cm−1; UV (EtOH) λmax (log ε) 241 (4.05), 285 (3.17), 332 (2.71) nm; NMR
data, see Table 1 and Table S4 (Supplementary Materials); FABMS m/z (rel int) 414 ([M + H]+, 7.89),
382 ([M − OCH3]+, 39.85); HRFABMS m/z 414.1562 [M + H]+ (calcd for C22H24NO7 414.1552); CD (c
1.09 × 10−4 M, EtOH) λmax (Δε) 323 (−2.2), 292 (1.2), 238 (9.5) nm.

Cephalimysin I (5). Pale yellow oil; [α]24
D −45.7 (c 0.15, EtOH); IR (liquid) νmax 3333, 2932, 1770, 1732,

1691, 1621, 1597, 1577 cm−1; UV (EtOH) λmax (log ε) 241 (4.08), 283 (3.67), 349 (3.23) nm; NMR data,
see Table 2 and Table S5 (Supplementary Materials); FABMS m/z (rel int) 414 ([M + H]+, 100.0), 382
([M−OCH3]+, 7.87); HRFABMS m/z 414.1560 [M + H]+ (calcd for C22H24NO7 414.1552); CD (c 1.99 ×
10−4 M, EtOH) λmax (Δε) 335 (−1.6), 299 (−3.6), 234 (−9.5) nm.

Cephalimysin J (6). Pale yellow oil; [α]24
D −36.9 (c 0.16, EtOH); IR (liquid) νmax 3334, 2967, 1770, 1731,

1679, 1639, 1596, 1580 cm−1; UV (EtOH) λmax (log ε) 248 (3.76), 289 (3.10), 337 (3.06) nm; NMR data,
see Table 2 and Table S6 (Supplementary Materials); FABMS m/z (rel int) 436 ([M + Na]+, 100.0);
HRFABMS m/z 436.1368 [M + Na]+ (calcd for C22H23NO7Na 436.1372); CD (c 1.22 × 10−4 M, EtOH)
λmax (Δε) 335 (−3.2), 299 (−3.6), 236 (−8.4) nm.

Cephalimysin K (7). Pale yellow oil; [α]24
D −76.5 (c 0.06, EtOH); IR (liquid) νmax 3325, 2924, 1767, 1717,

1695, 1616, 1595, 1576 cm−1; UV (EtOH) λmax (log ε) 240(4.07), 286 (3.41), 344 (3.02) nm; NMR data, see
Table 2 and Table S7 (Supplementary Materials); FABMS m/z (rel int) 414 ([M + H]+, 6.14), 382 ([M −
OCH3]+, 57.67); HRFABMS m/z 414.1553 [M + H]+ (calcd for C22H24NO7 414.1552) ; CD (c 1.06 × 10−4

M, EtOH) λmax (Δε) 335 (−3.2), 303 (−5.2), 247 (−5.2) nm.

Cephalimysin L (8). Pale yellow oil; [α]24
D −18.6 (c 0.03, EtOH); IR (liquid) νmax 3304, 2938, 1768, 1722,

1698, 1624, 1597, 1579 cm−1; UV (EtOH) λmax (log ε) 246 (3.96), 285 (3.54), 334 (3.53) nm; NMR data,
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see Table 2 and Table S8 (Supplementary Materials); FABMS m/z (rel int) 414 ([M + H]+, 26.6), 382 ([M
− OCH3]+, 100.0); HRFABMS m/z 414.1562 [M + H]+ (calcd for C22H24NO7 414.1552); CD (c 8.33 ×
10−5 M, EtOH) λmax (Δε) 336 (−3.2), 300 (−4.8), 240 (−6.1) nm.

4.4. Epimerization at C-8 in the Natural Occurred Compounds

Transformation of 1 to 5′: To a solution of cephalimysin E (1) (5.3 mg, 0.013 mmol) in MeOH (1.0 mL)
was added concd H2SO4 (0.01 mL), and the reaction mixture was left at room temperature for 7 h.
The mixture was diluted with water and extracted with diethyl ether, and the extract was evaporated
under reduced pressure, and then the residue was purified by HPLC using MeCN–H2O (38:62) as the
eluent to afford 1 (2.7 mg, 50.9%) and 5′ (0.4 mg, 7.5%).
5′: pale yellow oil; [α]24

D +44.0 (c 0.03, EtOH); CD (c 3.23 × 10−4 M, EtOH) λmax nm (Δε) 336 (0.6), 298
(2.3), 234 (10.7).

Transformation of 2 to 6′: Using the same procedure as above with 1, a solution of cephalimysin F
(2) (2.5 mg, 0.006 mmol) in MeOH (1.0 mL) was treated with concd H2SO4 (0.01 mL) and purified by
HPLC using MeCN–H2O (35:65) as the eluent to afford 2 (0.5 mg, 20.0%) and 6′ (0.6 mg, 24.0%).
6′: pale yellow oil; [α]24

D +36.4 (c 0.02, EtOH); CD (c 3.15 × 10−5 M, EtOH) λmax nm (Δε) 336 (2.9), 300
(3.8), 236 (8.0).

Transformation of 3 to 7′: Using the same procedure as above with 1, a solution of cephalimysin G
(3) (6.1 mg, 0.015 mmol) in MeOH (1.0 mL) was treated with concd H2SO4 (0.01 mL) and purified by
HPLC using MeCN–H2O (43:57) as the eluent to afford 3 (3.1 mg, 50.8%) and 7′ (1.5 mg, 24.6%).
7′: pale yellow oil; [α]24

D +76.3 (c 0.11, EtOH); CD (c 1.96 × 10−4 M, EtOH) λmax nm (Δε) 334 (2.1), 305
(3.1), 245 (6.1).

Transformation of 4 to 8′: Using the same procedure as above with 1, a solution of cephalimysin H
(4) (4.4 mg, 0.011 mmol) in MeOH (1.0 mL) was treated with concd H2SO4 (0.01 mL) and purified by
HPLC using MeCN–H2O (43:57) as the eluent to afford 4 (1.4 mg, 31.8%) and 8′ (0.4 mg, 9.1%).
8′: pale yellow oil; [α]24

D +19.6 (c 0.05, EtOH); CD (c 6.47 × 10−5 M, EtOH) λmax nm (Δε) 337 (2.2), 300
(4.3), 240 (6.4).

Transformation of 5 to 1′: Using the same procedure as above with 1, a solution of cephalimysin I
(5) (4.5 mg, 0.011 mmol) in MeOH (1.0 mL) was treated with concd H2SO4 (0.01 mL) and purified by
HPLC using MeCN–H2O (40:60) as the eluent to afford 5 (1.1 mg, 24.4%) and 1′ (0.4 mg, 8.9%).
1′: pale yellow oil; [α]24

D −64.0 (c 0.003, EtOH); CD (c 3.05 × 10−4 M, EtOH) λmax nm (Δε) 338 (1.2), 292
(−1.9), 233 (10.2).

Transformation of 6 to 2′: Using the same procedure as above with 1, a solution of cephalimysin J
(6) (3.7 mg, 0.009 mmol) in MeOH (1.0 mL) was treated with concd H2SO4 (0.01 mL) and purified by
HPLC using MeCN–H2O (36: 64) as the eluent to afford 6 (1.8 mg, 48.6%) and 2′ (0.2 mg, 5.4%).
2′: pale yellow oil; [α]24

D −17.9 (c 0.07, EtOH); CD (c 1.15 × 10−4 M, EtOH) λmax nm (Δε) 332 (1.8), 286
(−2.9), 234 (10.6).

Transformation of 7 to 3′: Using the same procedure as above with 1, a solution of cephalimysin K
(7) (3.3 mg, 0.008 mmol) in MeOH (1.0 mL) was treated with concd H2SO4 (0.01 mL) and purified by
HPLC using MeCN–H2O (43:57) as the eluent to afford 7 (1.0 mg, 30.3%) and 3′ (0.4 mg, 12.1%).
3′: pale yellow oil; [α]24

D −78.7 (c 0.01, EtOH); CD (c 2.57 × 10−4 M, EtOH) λmax nm (Δε) 335 (1.4), 298
(−2.3), 241 (−9.9).

Transformation of 8 to 4′: Using the same procedure as above with 1, a solution of cephalimysin L
(8) (7.2 mg, 0.017 mmol) in MeOH (1.0 mL) was treated with concd H2SO4 (0.01 mL) and purified by
HPLC using MeCN–H2O (45:55) as the eluent to afford 8 (1.2 mg, 16.7%) and 4′ (1.1 mg, 15.3%).
4′: pale yellow oil; [α]24

D −112.0 (c 0.13, EtOH); CD (c 1.91 × 10−4 M, EtOH) λmax nm (Δε) 329 (2.0), 289
(−2.4), 238 (10.6).
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4.5. Assay for Cytotoxicity

Cytotoxic activities of cephalimysins E–L (1–8), and epimers (1′–8′) were examined with the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) method. P388, HL-60, L1210,
and KB cells were cultured in RPMI 1640 Medium (10% fetal calf serum) at 37 ◦C in 5% CO2. The test
material was dissolved in DMSO to give a concentration of 10 mM, and the solution was diluted with
the Essential Medium to yield concentrations of 200, 20, and 2 μM, respectively. Each sample solution
(100 μL) was combined with each cell suspension (1 × 105 cells/mL, 100 μL) in the medium to make
finally concentrations of 100, 10, and 1 μM, respectively. After incubating at 37 ◦C for 72 h in 5% CO2,
grown cells were labeled with 5 mg/mL MTT in phosphate buffered saline (PBS), and the absorbance
of formazan dissolved in 20% sodium dodecyl sulfate (SDS) in 0.1 N HCl was measured at 540 nm
with a microplate reader. Each absorbance value was expressed as percentage relative to that of the
control cell suspension that was prepared without the test substance using the same procedure as that
described above. All assays were performed three times, semilogarithmic plots were constructed from
the averaged data, and the effective dose of the substance required to inhibit cell growth by 50% (IC50)
was determined.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/7/223/s1,
Table S1: Spectral data including 2D NMR data for 1, Table S2: Spectral data including 2D NMR data for 2, Table
S3: Spectral data including 2D NMR data for 3, Table S4: Spectral data including 2D NMR data for 4, Table
S5: Spectral data including 2D NMR data for 5, Table S6: Spectral data including 2D NMR data for 6, Table S7:
Spectral data including 2D NMR data for 7, Table S8: Spectral data including 2D NMR data for 8, Figure S1: 1H
and 13C NMR spectrum of 1 in CDCl3, Figure S2: 1H-1H COSY of 1, Figure S3: NOESY of 1, Figure S4: HMQC
of 1, Figure S5: HMBC of 1, Figure S6: IR Spectrum of 1, Figure S7: FABMS of 1, Figure S8: 1H and 13C NMR
spectrum of 2 in CDCl3, Figure S9: 1H-1H COSY of 2, Figure S10: NOESY of 2, Figure S11: HMQC of 2, Figure S12:
HMBC of 2, Figure S13: IR Spectrum of 2, Figure S14: FABMS of 2, Figure S15: 1H and 13C NMR spectrum of 3 in
CDCl3, Figure S16: 1H-1H COSY of 3, Figure S17: NOESY of 3, Figure S18: HMQC of 3, Figure S19: HMBC of
3, Figure S20: IR Spectrum of 3, Figure S21: FABMS of 3, Figure S22: 1H and 13C NMR spectrum of 4 in CDCl3,
Figure S23: 1H-1H COSY of 4, Figure S24: NOESY of 4, Figure S25: HMQC of 4, Figure S26: HMBC of 4, Figure
S27: IR Spectrum of 4, Figure S28: FABMS of 4, Figure S29: 1H and 13C NMR spectrum of 5 in CDCl3, Figure
S30: 1H-1H COSY of 5, Figure S31: NOESY of 5, Figure S32: HMQC of 5, Figure S33: HMBC of 5, Figure S34: IR
Spectrum of 5, Figure S35: FABMS of 5, Figure S36: 1H and 13C NMR spectrum of 6 in CDCl3, Figure S37: 1H-1H
COSY of 6, Figure S38: NOESY of 6, Figure S39: HMQC of 6, Figure S40: HMBC of 6, Figure S41: IR Spectrum
of 6, Figure S42: FABMS of 6, Figure S43: 1H and 13C NMR spectrum of 7 in CDCl3, Figure S44: 1H-1H COSY
of 7, Figure S45: NOESY of 7, Figure S46: HMQC of 7, Figure S47: HMBC of 7, Figure S48: IR Spectrum of 7,
Figure S49: FABMS of 7, Figure S50: 1H and 13C NMR spectrum of 8 in CDCl3, Figure S51: 1H-1H COSY of 8,
Figure S52: NOESY of 8, Figure S53: HMQC of 8, Figure S54: HMBC of 8, Figure S55: IR Spectrum of 8, Figure
S56: FABMS of 8, Figure S57: 1H NMR spectrum of 1′ in CDCl3, Figure S58: 1H NMR spectrum of 2′ in CDCl3,
Figure S59: 1H NMR spectrum of 3′ in CDCl3, Figure S60: 1H NMR spectrum of 4′ in CDCl3, Figure S61: 1H NMR
spectrum of 5′ in CDCl3, Figure S62: 1H NMR spectrum of 6′ in CDCl3, Figure S63: 1H NMR spectrum of 7′ in
CDCl3, Figure S64: 1H NMR spectrum of 8′ in CDCl3, Figure S65: HPLC purification of Compound 1, Figure S66:
HPLC purification of Compound 2, Figure S67: HPLC purification of Compound 3, Figure S68: HPLC purification
of Compound 4, Figure S69: HPLC purification of Compound 5, Figure S70: HPLC purification of Compound 6,
Figure S71: HPLC purification of Compound 7, Figure S72: HPLC purification of Compound 8, Figure S73: HPLC
purification of Compound 5′, Figure S74: HPLC purification of Compound 6′, Figure S75: HPLC purification of
Compound 7′, Figure S76: HPLC purification of Compound 8′, Figure S77: HPLC purification of Compound
1′, Figure S78: HPLC purification of Compound 2′, Figure S79: HPLC purification of Compound 3′, Figure S80:
HPLC purification of Compound 4′, Figure S81: The CD spectra of the 16 stereoisomers 1–8 and 1′–8′, symmetrical
Cotton effects between enantiomers.
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Abstract: The absolute configuration of retroflexanone (1) and a closely related phlorogluinol (2) was
established using the advanced Mosher method and by application of HPLC-NMR. HPLC-NMR
permitted a small scale Mosher method analysis to be carried out on these unstable phloroglucinols.

Keywords: Mosher; retroflexanone; phloroglucinol; HPLC-NMR; secondary alcohol

1. Introduction

Retroflexanone (1) was recently reported from the dichloromethane extract of Cystophora
retroflexa [1] using a combination of HPLC-NMR and HPLC-MS [2] while undertaking a phytochemical
study of various southern Australian marine algae. Retroflexanone (1) contains a single stereogenic
centre at the secondary alcohol, but to date, no efforts to confirm its absolute configuration have
been undertaken. The Mosher ester analysis which was superseded by the advanced (or modified)
Mosher ester analysis became a standard spectroscopic method for the determination of the absolute
configuration of secondary alcohols [3–7]. The method relies upon comparing the changes and
differences in chemical shifts observed in the 1H NMR spectra of the prepared Mosher esters to those
of the original natural product containing the secondary alcohol [3,5]. By observing the chemical
shifts of each proton in the original secondary alcohol and each of the two prepared esters, the δSR

value is able to be calculated for each individual proton. This value is simply the chemical shift of the
protons in the natural product that is reacted with (R)-MTPA (which results in the S-MTPA derivative)
subtracted from the chemical shift of the protons in the natural product that is reacted with (S)-MTPA
(which results in the R-MTPA derivative). The changes in chemical shifts, together with consideration
of the Cahn-Ingold-Prelog priority rules, allow for the absolute configuration to be elucidated.

Preliminary work carried out on this and related marine algae [1,8] indicated that retroflexanone
(1) was significantly unstable and would most likely be unable to be purified directly from the crude
extract in large quantities to perform the traditional advanced Mosher ester analysis.

In an attempt to address the supply and stability issues of retroflexanone (1), it was proposed to
undertake the advanced Mosher method of retroflexanone, which was present in an enriched fraction,
and then conduct HPLC-NMR to determine the absolute configuration by noting the changes in the
1H NMR chemical shifts. The advanced or modified Mosher method has previously been carried out
using HPLC-NMR in cases where only small amounts of compound were available [9–11]. In these
instances, small amounts of compound were reacted with the Mosher reagents, and then subsequently
purified, and 1H NMR data acquired using HPLC-NMR.

This current work represents the fourth instance of the use of HPLC-NMR being used in
conjunction with the advanced Mosher method to deduce the absolute configuration of a natural
product [9–11]. The absolute configuration of the previously reported phloroglucinol (2) was
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determined by application of the advanced Mosher method on an enriched fraction followed
by HPLC-NMR analysis of the mixture. The absolute configuration of retroflexanone (1) was
determined after isolation of small quantities, application of the advanced Mosher method, followed
by HPLC-NMR analysis. HPLC-NMR was essential for the determination of the absolute configuration
of retroflexanone (1) as conventional NMR methods were found to result in the degradation of the
retroflexanone Mosher esters before analysis could be carried out.

2. Results and Discussion

The dichloromethane crude extract of C. retroflexa was subjected to silica gel flash chromatography
to yield retroflexanone (1), and a structurally related phloroglucinol analogue (2) in an enriched fraction
(Scheme 1). The enriched fraction consisted of an approximate 3:1 ratio of the compounds (2) and (1)
respectively. This enriched fraction was subjected to a complete 2D NMR analysis (via HPLC-NMR)
whereby acquisition of the 2D NMR spectra for both compounds was achieved in the stop-flow mode.
This permitted each compound to be structurally assigned. This approach would allow for rapid
structure assignment of the Mosher esters based only on the 1H NMR comparison of the Mosher esters
to the natural compound.

The enriched fraction was subjected to the advanced Mosher method using
α-methoxy-α-trifluoromethylphenylacetyl chloride (MPTA-Cl). As there was a greater amount
of (2) present in the fraction, it was suspected that this would be derivatised preferentially over
retroflexanone (1).

 
Scheme 1. Phloroglucinols isolated from Cystophora retroflexa.

The enriched fraction was reacted with dry pyridine and (R)-(−)-MTPA-Cl and (S)-(+)-MTPA-Cl
(α-methoxy-α-trifluoromethylphenylacetyl chloride) respectively to prepare the Mosher esters,
paying particular attention to the fact that the (R)-(−)-MTPA-Cl gives the (S)-MTPA ester and vice
versa [3]. Esterification yielded the diastereoisomeric (S)-MTPA and (R)-MTPA esters. The 1H NMR
chemical shift differences between the MTPA esters [ΔδSR = δs − δR] were established by comparing
the 1H NMR spectra of the esters to that of the original 1H NMR spectrum of retraflexaonone, and are
given in Table 1.

Each reaction was subsequently analysed individually via HPLC-NMR which revealed the
presence of a new peak in the HPLC chromatogram, corresponding to the Mosher esters of the
structurally related phloroglucinol analogue (2a and 2b) respectively. The absolute configuration
of (2) has previously been determined using the Horeau, and ozonolysis methods [12]. Analysis
and interpretation of the 1H NMR data for this compound provided a means to assess whether the
formation of Mosher esters formed in a mixture could unequivocally provide the correct absolute
configuration. By observing which of the proton chemical shifts and therefore which substituent is
affected by the formation of each derivative, the absolute configuration of the secondary alcohol is able
to be established. The 1H NMR chemical shift differences between the MTPA esters [ΔδSR = δs − δR]
were established for compound (2) (see Table 1). Despite some of the δSR values being unresolved
or solvent suppressed in the HPLC-NMR analysis, the values that could be obtained were allocated
within the same substituent based on their sign (positive or negative) and this permitted the absolute
configuration of (2) to be deduced as being R, which was in agreement with the previous findings (refer
to the retroflexanone example for complete details of the analysis and the supporting information file).
With the methodology secured, the determination of retraflexonanone (1) was targeted.
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It was noted during the HPLC-NMR analysis of the advanced Mosher reactions, that both
retroflexanone (1) and the structurally related phloroglucinol (2) were still present in the enriched
fraction, and that neither had completely reacted with the Mosher reagents. Moreover the Mosher
esters of retroflexanone (1) were not observed. The reaction was carried out on a number of occasions
using slightly different reaction conditions, but each time the Mosher esters of retroflexanone (1) were
not observed.

An alternative approach was taken where retroflexanone (1) was rapidly purified from the
enriched fraction by semi-preparative reversed phase HPLC. It was eventually established that
retroflexanone (1) would remain intact long enough if kept in dichloromethane or methanol at −80 ◦C,
but that it would degrade rapidly in the presence of chloroform or if kept at room temperature.
Retroflexanone (1) was reacted with dry pyridine and the Mosher reagents (R)-(−)-MTPA-Cl and
(S)-(+)-MTPA-Cl respectively. Subsequent HPLC-NMR analysis was performed on each of the reactions
and this revealed the presence of the new Mosher ester derivatives of retroflexanone (1a and 1b),
together with residual retroflexanone (1) that had not reacted with the Mosher reagents. Stop-flow
HPLC-NMR was carried out on the two Mosher esters (1a and 1b) to obtain their corresponding
1H NMR spectra. The 1H NMR spectrum (Figure 1) of retroflexanone (1) was compared to the
spectra obtained for the Mosher esters (1a and 1b). Characteristic upfield and downfield shifts of the
1H NMR chemical shifts were noted depending on their occurrence on either side of the stereogenic
secondary alcohol.

Differences in the proton chemical shifts of 1a and 1b are given in Table 1. The majority of the
ΔδSR values could be calculated despite some unassigned or solvent suppressed signals. The two
diastereomeric MTPA esters for retroflexanone are given in Figure 2, with R1 and R2 representing
that alkyl chains on either side of the secondary alcohol moiety. It is shown in Figure 2 that the
phenyl group from the MTPA will either shield the R1 or R2 group, depending on which diastereomer
is present.

Using the conformations shown in Figure 2 for the MTPA esters of generic alcohols, the R1 and R2

substituents could be assigned. Protons that have positive ΔδSR values reside within R1, whereas those
with negative values of ΔδSR belong to the R2 substituent [13]. Figure 2 shows that all of the positive
ΔδSR are located on the left hand side, while the negative ΔδSR are located on the right hand side of
the molecule. Specifically protons with positive ΔδSR values (those in R1) are all on one side (front) of
the plane of the MTPA moiety, whereas those with negative values are all on the opposite (back) side
of that plane. This, in conjunction with the Cahn Ingold Prelog convention, permitted the assignment
of the original secondary alcohol absolute configuration to be assigned as R.

Since the structure of retroflexanone (1) had previously been successfully and unequivocally
characterised by HPLC-NMR [1], an attempt was made to dissolve pure retroflexanone (1) in CDCl3 to
obtain conventional NMR data. Despite retroflexanone (1) being unstable in CDCl3, this solvent was
chosen to make the comparison to other related compounds in the literature easier. 1D and 2D NMR
data was successfully obtained, however the methylene protons at position C-2 displayed unexpected
splitting patterns. It was expected that these methylene protons would display a typical triplet.
However the methylene at position C-2 appeared as a set of non-equivalent protons displaying
a multiplet-type splitting. Initially it was thought that retroflexanone (1) may have degraded,
but subsequent interpretation of the NMR data still supported the initial structure. It was proposed
that when retroflexanone (1) and other structurally related compounds are dissolved in CDCl3,
that non-equivalent protons displaying multiplet-type splitting is observed rather than a typical triplet
due to a pro-chiral effect created by the carbonyl group at C-1. To test this theory, the structurally related
analogue (2) was placed into CDCl3 and CD3OD. The NMR data revealed that in CDCl3 the methylene
protons at position C-2 displayed multiplet-type splitting, but in CD3OD the methylene protons appear
as a typical triplet (see supporting information section). This confirmed that the appearance of these
methylene protons is dependent on the NMR solvent used for acquisition. Detailed NMR data can be
found in supporting materials.
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Figure 1. Stop-flow (HPLC-NMR) expansions of the 1H NMR spectra of retroflexanone (1) and Mosher
ester derivatives (1a and 1b) showing characteristic chemical shift influences.
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Figure 2. Diastereomeric MTPA esters of retroflexanone.

3. Materials and Methods

3.1. General Experimental Procedures

All organic solvents used were analytical reagent (AR or GR), UV spectroscopic, or HPLC grades
with Milli-Q water also being used. 1H (500 MHz) and 13C (125 MHz) NMR spectra were acquired
in CDCl3 and CD3OD on a 500 MHz Agilent DD2 NMR spectrometer, or a 300 MHz Bruker Avance
III NMR spectrometer with referencing to solvent signals (δH 7.26; δC 77.0 and, δH 3.31; δC 49.0).
Two-dimensional NMR experiments recorded included gradient correlation spectroscopy (gCOSY),
heteronuclear single-quantum correlation spectroscopy with adiabatic pulses (HSQCAD), and gradient
heteronuclear multiple-bond spectroscopy with adiabatic pulses (gHMBCAD).

3.2. Alga Material

C. retroflexa was collected via SCUBA on 21 April 2010 from Governor Reef (near Indented Head),
Port Phillip Bay, Victoria, Australia. The alga was identified by Dr Gerry Kraft (The University of
Melbourne) and a voucher specimen (designated the code number 2010-09) is deposited at the School
of Science (Applied Chemistry and Environmental Science), RMIT University.

3.3. Fractionation of Dichloromethane Crude Extract

The alga (133 g, wet weight) was extracted with 3:1 MeOH/CH2Cl2 (1 L). The crude extract was
decanted and concentrated under reduced pressure and sequentially solvent partitioned (triturated)
into CH2Cl2 and MeOH soluble extracts, respectively. A portion of the CH2Cl2 crude extract (445 mg)
of C. retroflexa was subjected to silica gel flash chromatography. Silica gel flash chromatography was
carried out using Davisil LC35Å silica gel (40–60 mesh) using a 20% stepwise solvent elution from
100% petroleum spirits (60–80 ◦C) to 100% CH2Cl2 to 100% EtOAc and finally to 100% MeOH. The 60%
CH2Cl2/EtOAc fraction yielded a mixture which contained retroflexanone (1) and the structurally
related phloroglucinol (2) (136.2 mg).
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3.4. Advanced Mosher Derivatisation of Phloroglucinol (2) in an Enriched Fraction

The 60% CH2Cl2/EtOAc fraction (1 mg) was dissolved in CH2Cl2 (1 mL) to which
(R)-(−)-MTPA-Cl (4.0 mg, 16 μmol) or alternatively (S)-(+)-MTPA-Cl (4.5 mg, 18 μmol) was added.
Dry pyridine (200 μL, 760 μmol) was then added and the reaction stirred for 4 h. The reaction mixtures
were then dried under a stream of nitrogen and reconstituted into HPLC-NMR grade CH3CN.

3.5. HPLC Purification of Retroflexanone

Semi-preparative HPLC was carried out on a Dionex P680 (solvent delivery module) equipped
with a Dionex UVD340U PDA detector and a Foxy Jr. automated fraction collector. An isocratic HPLC
method (85% CH3CN/H2O) was employed using a Phenomenex Luna (2) 100 Å C18 250 × 10 mm
(5 μm) HPLC column. The automatic fraction collector was programmed to collect the compounds based
on their retention times at a flow rate of 4.0 mL/min. A portion of the 60% CH2Cl2/EtOAc fraction
was subjected to reversed phase HPLC to yield retroflexanone (1) (2.8 mg) and the phloroglucinol (2)
(6.0 mg).

3.6. Advanced Mosher Reaction of Retroflexanone

Retroflexanone (1.4 mg, 3.5 μmol) was dissolved in CH2Cl2 (1 mL) to which (R)-(−)-MTPA-Cl
(50 mg, 198 μmol, 57 equiv.) or alternatively (S)-(+)-MTPA-Cl (50 mg, 198 μmol, 57 equiv.) was
added. Dry pyridine (300 μL, 1140 μmol, 325 equiv.) was then added and the reaction stirred for 4 h.
The reaction mixtures were then dried under a stream of nitrogen and reconstituted into HPLC-NMR
grade CH3CN.

3.7. HPLC-NMR Analysis

For HPLC-NMR details, please refer to Brkljaca and Urban [14]. For stop-flow HPLC-NMR modes,
50-μL injections of the reconstituted samples in CH3CN were injected onto an Agilent Eclipse Plus C18

(150 × 4.6) 5-μ column using a solvent composition of 75% CH3CN/D2O at a flow rate of 1 mL/min.
In the stop-flow HPLC-NMR mode WET1D NMR experiments were acquired.

3.8. On-Line NMR Data Obtained via HPLC-NMR

Retroflexanone or 9R-hydroxy-1-(2,4,6-trihydroxyphenyl)-6Z,10E,12Z-Octadecatrien-1-one reacted with
(R)-(−)-MTPA-Cl yielding the S-MTPA ester (1a); 1H NMR (500 MHz, 75% CH3CN/D2O) δ 8.28 (5H, m,
MTPA-aromatic), 7.36 (1H, dd, J = 11.5, 13.0 Hz, H-11), 6.76 (1H, dd, J = 11.0, 11.5 Hz, H-12), 6.70 (2H,
s, H-3′/H-5′), 6.14−6.45 (4H, m, H-6/H-7/H-10/H-13), 4.83 (1H, m, H-9), 4.35 (3H, s, MTPA-OCH3),
3.85 (2H, t, J = 7.5 Hz, H-2), 3.33 (2H, m, H-8), 2.44 (2H, m, H-3), 2.18 (2H, m, H-4), 2.10 (2H, m, H-17),
1.70 (3H, t, J = 7.0 Hz, H-18), ND (11H, H-5/H-14/H-15/H-16,/2′-OH/4′-OH/6′-OH), ND indicates
signal not detected.

Retroflexanone or 9R-hydroxy-1-(2,4,6-trihydroxyphenyl)-6Z,10E,12Z-Octadecatrien-1-one reacted with
(S)-(+)-MTPA-Cl yielding the R-MTPA ester (1b); 1H NMR (500 MHz, 75% CH3CN/D2O) δ 8.28 (5H, m,
MTPA-aromatic), 7.48 (1H, dd, J = 11.0, 15.5 Hz, H-11), 6.82 (1H, dd, J = 10.5, 11.5 Hz, H-12), 6.70 (2H,
s, H-3′/H-5′), 6.52 (1H, dd, J = 7.5, 15.5, H-10), 6.02–6.42 (3H, m, H-6/H-7/H-13), 4.83 (1H, m, H-9),
4.32 (3H, s, MTPA-OCH3), 3.84 (2H, t, J = 7.5 Hz, H-2), 3.26 (2H, m, H-8), 2.43 (2H, m, H-3), 2.16 (2H, m,
H-4), 2.10 (2H, m, H-17), 1.70 (3H, m, H-18), ND (11H, H-5/H-14/H-15/H-16/2′-OH/4′-OH/6′-OH),
ND indicates signal not detected.

9R-hydroxy-1-(2,4,6-trihydroxy-phenyl)-6Z,10E,12Z,15Z-Octadecatetraen-1-one reacted with
(R)-(−)-MTPA-Cl yielding the S-MTPA ester (2a); 1H NMR (500 MHz, 75% CH3CN/D2O) δ

8.27 (5H, m, MTPA-aromatic), 7.38 (1H, dd, J = 11.5, 14.5 Hz, H-11), 6.76 (1H, dd, J = 10.5, 11.5 Hz,
H-12), 6.69 (2H, s, H-3′/H-5′), 6.07−6.46 (6H, m, H-6/H-7/H-10/H-13/H-15/H-16), 4.34 (3H, s,
MTPA-OCH3), 3.84 (2H, t, J = 7.5 Hz, H-2), 3.65 (2H, m, H-14), 3.35 (1H, m, H-8a), 3.29 (1H, m, H-8b),
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2.42 (2H, p, J = 7.5 Hz, H-3), 2.19 (2H, p, J = 7.5 Hz, H-4), 1.75 (3H, t, J = 7.5 Hz, H-18), ND (8H,
H-5/H-9/H-17/2′-OH/4′-OH/6′-OH), ND indicates signal not detected.

9R-hydroxy-1-(2,4,6-trihydroxy-phenyl)-6Z,10E,12Z,15Z-Octadecatetraen-1-one reacted with (S)-(+)-MTPA-Cl
to yield the R-MTPA ester (2b); 1H NMR (500 MHz, 75% CH3CN/D2O) δ 8.30 (5H, m, MTPA-aromatic),
7.52 (1H, dd, J = 11.0, 15.5 Hz, H-11), 6.82 (1H, dd, J = 10.5, 11.0 Hz, H-12), 6.70 (2H, s, H-3′/H-5′),
6.55 (1H, dd, J = 7.5, 15.5 Hz, H-10), 6.04−6.42 (5H, m, H-6/H-7/H-13/H-15/H-16), 4.32 (3H, s,
MTPA-OCH3), 3.84 (2H, t, J = 7.0 Hz, H-2), 3.73 (2H, m, H-14), 3.31 (1H, m, H-8a), 3.24 (1H, m, H-8b),
2.41 (2H, p, J = 7.0 Hz, H-3), 2.15 (2H, p, J = 7.0 Hz, H-4), 1.76 (3H, t, J = 7.0 Hz, H-18), ND (8H,
H-5/H-9/H-17/2′-OH/4′-OH/6′-OH), ND indicates signal not detected.

3.9. Off-Line NMR Data

Retroflexanone (1); unstable oil that darkened over time; 1H NMR (500 MHz, CDCl3) δ 6.52 (1H, dd,
J = 11.5, 15.0 Hz, H-11), 5.97 (1H, dd, J = 11.0, 11.5 Hz, H-12), 5.88 (2H, s, H-3′/H-5′), 5.70 (1H, dd,
J = 6.0, 15.0 Hz, H-10), 5.54 (1H, m, H-6), 5.45 (1H, dt, J = 7.0, 11.0 Hz, H-13), 5.39 (1H, m, H-7), 4.26 (1H,
dt, J = 6.0, 6.5 Hz, H-9), 3.14 (1H, m, H-2a), 3.00 (1H, m, H-2b), 2.41 (1H, m, H-8a), 2.31 (1H, m, H-8b),
2.17 (2H, m, H-14), 2.12 (2H, m, H-5), 1.72 (2H, m, H-3), 1.48 (2H, m, H-4), 1.37 (2H, m, H-15), 1.29 (4H,
m, H-16/H-17), 0.88 (3H, t, J = 7.0 Hz, H-18), ND (9-OH/2′-OH/4′-OH/6′-OH), ND indicates signal
not detected; 13C NMR (125 MHz, CDCl33) δ 134.6 (CH, C-10), 133.5 (CH, C-6), 133.4 (CH, C-13),
127.5 (CH, C-12), 126.1 (CH, C-11), 124.7 (CH, C-7), 95.4 (CH, C-3′/C-5′), 72.5 (CH, C-9), 43.6 (CH2,
C-2), 35.2 (CH2, C-8), 31.4 (CH2, C-16), 29.3 (CH2, C-4/C-15), 27.4 (CH2, C-14), 26.8 (CH2, C-5),
24.4 (CH2, C-3), 22.6 (CH2, C-17), 14.1 (CH3, C-18), ND (C-1/C-1′/C-2′/C-4′/C-6′), ND indicates
signal not detected.

9R-hydroxy-1-(2,4,6-trihydroxy-phenyl)-6Z,10E,12Z,15Z-Octadecatetraen-1-one (2); unstable oil that
darkened over time; 1H NMR (500 MHz, CDCl3) δ 6.55 (1H, dd, J = 11.5, 15.0 Hz, H-11), 5.98 (1H,
dd, J = 11.0, 11.0 Hz, H-12), 5.88 (2H, bs, H-3′/H-5′), 5.72 (1H, dd, J = 6.0, 14.5 Hz, H-10), 5.27−5.59
(5H, m, H-6/H-7/H-13/H-15/H-16), 4.27 (1H, dt, J = 6.0, 6.5 Hz, H-9), 3.11 (1H, m, H-2a), 3.00 (1H,
m, H-2b), 2.93 (2H, dd, J = 7.0, 7.5 Hz, H-14), 2.39 (1H, m, H-8a), 2.32 (1H, m, H-8b), 2.12 (4H,
m, H-5/H-17), 1.71 (2H, m, H-3), 1.48 (2H, p, J = 7.0 Hz, H-4), 0.97 (3H, t, J = 7.5 Hz, H-18),
ND (9-OH/2′-OH’4′-OH/6′-OH), ND indicates signal not detected; 1H NMR (300 MHz, CD3OD) δ
6.55 (1H, dd, J = 11.1, 15.0 Hz, H-11), 5.97 (1H, dd, J = 10.8, 11.1 Hz, H-12), 5.83 (2H, s, H-3′/H-5′),
5.68 (1H, dd, J = 6.6, 15.0 Hz, H-10), 5.27−5.55 (5H, m, H-6/H-7/H-13/H-15/H-16), 4.15 (1H, dt, J = 6.3,
6.6 Hz, H-9), 3.06 (2H, t, J = 7.5 Hz, H-2), 2.94 (2H, dd, J = 7.0, 7.5 Hz, H-14), 2.32 (2H, m, H-8), 2.10 (4H,
m, H-5/H-17), 1.69 (2H, p, J = 7.5 Hz, H-3), 1.45 (2H, p, J = 7.5 Hz, H-4), 0.98 (3H, t, J = 7.5 Hz, H-18),
ND (9-OH/2′-OH’4′-OH/6′-OH), ND indicates signal not detected.

4. Conclusions

HPLC-NMR in conjunction with the advanced Mosher method was successful in confirming
the absolute configuration of two related phloroglucinol compounds. The absolute configuration
of retroflexanone (1) was achieved via off-line isolation followed by HPLC-NMR analysis,
whilst compound (2) was secured via the advanced Mosher method HPLC-NMR analysis of
an enriched fraction. Both compounds displayed an R absolute configuration at the secondary
alcohol. This represents, to the best of our knowledge, the first instance of the modified Mosher
method combined with HPLC-NMR being employed on an enriched fraction rather than individual
purified compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/6/205/s1,
supplementary materials S1–S12: NMR data of all compounds analyzed in this article.
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Abstract: Violaxanthin is a major xanthophyll pigment in the microalga Eustigmatos cf. polyphem,
but the amount produced after propagation can vary depending upon culture conditions. In this
study, the effects of cultivation time, nitrogen concentration, light intensity, and culture mode on
violaxanthin production were investigated. The results showed that this microalga vigorously
grew and maintained a high level of violaxanthin in the fed-batch culture, and the highest
violaxanthin productivity of 1.10 ± 0.03 mg L−1 d−1 was obtained under low light illumination with
18 mM of initial nitrogen supply for ten days. Additionally, violaxanthin was purified from E. cf.
polyphem by silica gel chromatography and preparative high-performance liquid chromatography
(PHPLC), and identified with high-resolution mass spectrometry (HRMS). The antioxidant
activity of the purified violaxanthin was evaluated by three tests in vitro: reducing power assay,
2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,2-azobis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS)
radical assays. The strongest inhibition of purified violaxanthin occurred during the scavenging
of ABTS+ radicals, with EC50 of 15.25 μg mL−1. In conclusion, this is the first report to
investigate the effects of different culture conditions on violaxanthin accumulation in E. cf. polyphem
and provide a novel source for the production of violaxanthin that can be used for food and
pharmaceutical applications.

Keywords: Eustigmatos cf. polyphem; violaxanthin; culture conditions; purification; antioxidant activity

1. Introduction

Carotenoids belong to the isoprenoid group that is commonly characterized by a C40

tetraterpenoid structure built from eight C5 isoprenoid units [1]. More than 750 carotenoids have
been isolated from natural sources, and these carotenoids were divided into two different groups
according to their chemical structures: (1) hydrocarbon carotenoids, generally named carotenes,
which consist of only carbon and hydrogen, and (2) oxygenated carotenoids, which are called
xanthophylls [2]. Carotenoids are rich in unsaturated groups, and many studies have confirmed
that they exhibit strong activity in the scavenging of reactive oxygen species (ROS) [3,4]. Traditionally,
carotenoids have been used as colorants in the food and feed industries. Carotenoids have also
been formulated as dietary antioxidants, and extensive health-promoting characteristics, such
as antioxidative, anti-arteriosclerosis, antiproliferative, and anticancer effects, as well as vision
protection [5–7]. Since these protective functions were thought to be attributed to their strong
antioxidant properties [8], various carotenoids were isolated and purified from natural sources for the
evaluation of their potential antioxidant activity.
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Microalgae contain abundant quantities of natural antioxidants, such as carotenoids [7,9].
In microalgae, the carotenoids usually function as accessory pigments and structural components
of light-harvesting complexes in photosystems, and participate in photosynthetic reactions [10].
In addition, some carotenoids can serve as photoprotective agents to protect the photosynthetic
apparatus from excess light damage by scavenging ROS, such as singlet oxygen and free radicals,
and be responsible for phototaxis [11]. Various microalgae can accumulate large amounts of
carotenoids, such as fucoxanthin, astaxanthin, lutein, canthaxanthin, and β-carotene, some of which
have been commercialized, including β-carotene from the halophile green microalga Dunaliella salina,
astaxanthin from the freshwater green microalga Haematococcus lacustris (formerly Haematococcus
pluvialis), fucoxanthin from diatoms, and lutein from some Chlorophycean microalgae (class
Chlorophyceae) [10,12]. At present, these main microalgal carotenoids have been used as colorants in
food and nutraceuticals in human health care.

Apart from the above-mentioned primary carotenoids, microalgae may also accumulate
other important carotenoids, such as violaxanthin and canthaxanthin. Violaxanthin is a natural
xanthophyll pigment that is orange-colored. It is biosynthesized from zeaxanthin by epoxidation
and has double 5,6-epoxy groups, which are found in orange-colored fruits, green vegetables,
and microalgae [13,14]. Fu et al. [2] reported that violaxanthin purified from water spinach/water
morning glory (Ipomoea aquatica, class Dicotyledonae) has a strong ABTS+ radical scavenging activity,
and it also demonstrated valid inhibition of lipid peroxidation and red blood cell hemolysis [2].
These actions indicated that violaxanthin has the potential to be widely applied in medical and health
products. Among microalgal sources, there are only two studies reporting violaxanthin isolation;
one described the isolation from the green microalga Dunaliella tertiolecta [15], and the other used
Chloroidium ellipsoideum (formerly Chlorella ellipsoidea) [10] as the source. The violaxanthin purified from
these two microalgae also exhibited anti-proliferative, anti-inflammatory, and proapoptotic activity
against human cancer cell lines in vitro [16]. There are still additional microalgae resources that could
be utilized, thus broadening the sources and new functional applications of violaxanthin.

Eustigmatos cf. polyphem (formerly determined as Myrmecia bisecta) is a yellow-green unicellular
edaphic microalga belonging to the class Eustigmatophyceae [17]. Our previous work found that
E. cf. polyphem can accumulate large quantities of lipids and β-carotene under stress conditions [18,19],
and because of its high lipid productivity production, its photosynthetic apparatus is worthy of closer
examination. The eustigmatophycean microalgae lack chlorophylls b and c, and they mainly contain
chlorophyll a, violaxanthin, vaucheriaxanthin ester, and β-carotene as photosynthetic pigments [20].
Violaxanthin is the dominant carotenoid that usually combines with chlorophyll a and apoprotein
to form violaxanthin-chorophyll-a-binding protein (VCP) complexes in the thylakoids of chloroplast,
and takes part in light harvesting [21,22]. Violaxanthin is a structural component of the xanthophyll
cycle that protects the photosynthetic apparatus against an excess of light via non-photochemical
fluorescence quenching [23]. Demmig-Adams et al. [24] proved that the xanthophyll cycle is involved
in light protection, and the amount of violaxanthin in microalgae varies with the light intensity.
Pasquet et al. [15] reported that the low violaxanthin production in Dunaliella tertiolecta restricts
its therapeutic applications, but the effects of culture conditions on violaxanthin accumulation in
microalgae have not yet been investigated.

The content of violaxanthin in microalgae is variable, because it is affected by the external
environment [25,26]. In the present study, the effects of different culture conditions on violaxanthin
production in E. cf. polyphem, including culture time, initial nitrogen concentration in culture medium,
light intensity, and culture mode, were investigated. Additionally, the violaxanthin was extracted,
purified, and identified from the algal biomass, and its antioxidant activity was evaluated in vitro.
This work is aimed at providing another new microalgal source of violaxanthin and maximizing the
violaxanthin production in E. cf. polyphem for potential applications in food and pharmaceuticals.
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2. Results and Discussion

2.1. Effect of Cultivation Time on Violaxanthin Production

The effect of cultivation time on violaxanthin production in E. cf. polyphem is shown in Figure 1A.
The algal biomass concentration increased with the prolonging of culture time, and it reached
2.63 ± 0.04 g L−1 on the 11th day with low light illumination. However, the content of violaxanthin
in E. cf. polyphem increased to the highest level of 0.39% (of DW) on the fifth day, and then gradually
decreased to 0.30% on the 11th day. This result was in agreement with the reports of Sobrino et al. [27],
who found that the violaxanthin content decreased with culture time in Nannochloropsis strains (class
Eustigmatophyceae). Li et al. [18] reported that the violaxanthin content in E. cf. polyphem quickly
decreased with prolonged culture time under high light illumination, while it decreased at a relatively
slow rate in this study. Low light intensity was used in our study, which might slow the degradation
of violaxanthin.

 

Figure 1. Effects of (A) cultivation time, (B) nitrogen concentration, and (C) light intensity on the
violaxanthin production of Eustigmatos cf. polyphem. (A and B) The algae were cultured at a low light
of 120 μmol photons m−2 s−1. Values are expressed as the mean ± SD from three replicates; DW,
dry weight.

Violaxanthin productivity is a suitable evaluation parameter for violaxanthin production due
to the contradiction between algal biomass and violaxanthin content. The highest violaxanthin
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productivity of 1.07 ± 0.03 mg L−1 d−1 was obtained on the fifth day (Figure 1A) and, therefore,
five days of culture time was selected and used for the next study.

2.2. Effect of Nitrogen Concentration on Violaxanthin Production

Nitrogen supply is essential for all microalgae growth, and its redundancy or limitation influences
the biomass and biochemical composition of microalgae [28]. Therefore, the initial nitrogen concentration
(0, 9, 18, 27, 36, and 45 mM) was designed to investigate its effect on violaxanthin production. As Figure 1B
shows, the lowest nitrogen concentration group (LNCG, 0 mM) and the highest nitrogen concentration
group (HNCG, 45 mM) adversely affected the microalgae growth and violaxanthin accumulation,
especially the LNCG. The lowest biomass, violaxanthin content, and violaxanthin productivity, which
were 1.15 ± 0.04 g L−1, 0.14% ± 0.05 (of DW), and 0.32 ± 0.01 mg L−1 d−1, respectively, were obtained
at this nitrogen concentration (0 mM). The violaxanthin content increased with the higher nitrogen
concentrations when the initial nitrogen concentration was between 0 mM and 18 mM. These results were
consistent with the report of Gao et al. [26]. Then, the violaxanthin content gradually decreased when the
initial nitrogen concentration ≥18 mM (Figure 1B). These results indicated that very high or insufficient
nitrogen concentrations were disadvantageous to both algal growth and violaxanthin accumulation.
In addition, the highest violaxanthin productivity (1.05 ± 0.03 mg L−1 d−1) was achieved at 18 mM
of the initial nitrogen despite a biomass concentration that was lower than 9 mM. Thus, 18 mM initial
nitrogen concentration was shown to be more conducive to violaxanthin accumulation than the other
investigated concentrations.

2.3. Effect of Light Intensity on Violaxanthin Production

Violaxanthin often exists in photosynthetic apparatus, and it is sensitive to light. In the
xanthophyll cycle, violaxanthin transforms into zeaxanthin by de-epoxidation under high light, but
zeaxanthin is epoxidated to violaxanthin under low light illumination [24]. Therefore, the amount
of violaxanthin varies with the light intensity. In this study, three different light intensities of 80,
120, and 160 μmol photons m−2 s−1 were introduced to study the effect on violaxanthin production
(Figure 1C).

As expected, the biomass accumulation was correlated with increasing light intensity, but the
content of violaxanthin decreased with increasing light intensity, which was consistent with
a previously published study [27]. Under the light intensity of 160 μmol photons m−2 s−1, the highest
biomass was 1.86 ± 0.05 mg L−1 with a high violaxanthin productivity of 1.25 ± 0.06 mg L−1 d−1,
but the violaxanthin content (0.33 ± 0.01% (of DW)) was significantly lower than that obtained at
the light intensity of 80 and 120 μmol photons m−2 s−1 (p < 0.05). Moreover, we found that the
violaxanthin content under high light illumination (160 μmol photons m−2 s−1) quickly decreased
beyond five days cultivation time in the preliminary experiment. Therefore, the lower light intensity
was more suitable for the accumulation of violaxanthin, and 120 μmol photons m−2 s−1 was selected
as the appropriate light intensity.

2.4. Effect of Culture Mode on Violaxanthin Production

As described earlier, the violaxanthin content in E. cf. polyphem was affected by the external
environment and, therefore, fed-batch culture was used to overcome the effects of nutrient shortages
and extracellular metabolite inhibition.

The effect of culture mode on violaxanthin production is presented in Table 1. In contrast with the
control (the batch culture), the microalgae vigorously grew in the fed-batch culture, and the highest
biomass (5.15 ± 0.03 g L−1) was obtained on day 20. Moreover, as the culture time increased, the
violaxanthin content was kept at a high level in the fed-batch culture and was significantly higher
than that of the control. Although the violaxanthin productivity decreased with prolonged time in the
fed-batch culture, it was still higher than that of the control, and the descent rate was much slower.
Accordingly, the fed-batch culture was more suitable for violaxanthin production.
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Table 1. Production of biomass and violaxanthin in Eustigmatos cf. polyphem grown in batch culture
and fed-batch culture under low light illumination.

Culture Mode Time (Day) Biomass (g/L)
Violaxanthin Content

(% of DW)
Violaxanthin Productivity

(mg/L/d)

Batch culture 5th 1.36 ± 0.03 a 0.39 ± 0.01 a 1.07 ± 0.03 a

(control) 10th 2.53 ± 0.04 b 0.32 ± 0.01 b 0.82 ± 0.03 b

15th 3.39 ± 0.06 c 0.27 ± 0.02 c 0.62 ± 0.04 c

20th 4.37 ± 0.03 d 0.23 ± 0.01 d 0.51 ± 0.02 d

Fed-batch 5th 1.36 ± 0.03 a 0.39 ± 0.02 a 1.07 ± 0.03 a

culture 10th 2.92 ± 0.01 e 0.38 ± 0.01 e 1.10 ± 0.03 a

15th 4.02 ± 0.05 f 0.36 ± 0.01 f 0.96 ± 0.02 e

20th 5.15 ± 0.03 g 0.35 ± 0.02 f 0.90 ± 0.06 be

DW, dry weight. Values are expressed as the mean ± SD from three replicates. Values with different superscript
letters (a, b, c, d, e, f, and g) in the same column are significantly different (p < 0.05).

2.5. Purification and Identification of Violaxanthin

Violaxanthin was extracted, isolated, and purified following the procedures illustrated in Figure 2.
The pigment profile of the ethanol extract from E. cf. polyphem was obtained by high-performance
liquid chromatography (HPLC). The result showed that violaxanthin, vaucheriaxanthin, chlorophyll
a, and β-carotene were the major pigments (Figure 2A), which was consistent with the reports of
Gao et al. [26]. Figure 2B showed that, after saponification, the peak of chlorophyll a was not detected,
and this indicated that chlorophyll a was successfully removed. The concentrated ethyl acetate extract
(2.77 g) was separated using silica gel column chromatography to obtain FB2 (136 mg), and the purity
of violaxanthin in FB2 reached 62% (Figure 2C) based on the HPLC analysis. Further purification was
performed using PHPLC, and FB2-2 (10.0 mg) showed a single peak in the HPLC chromatogram at
a purity ≥ 95% (Figure 2D).

 

Figure 2. HPLC analysis of the pigment profile of the targeted fraction in each isolation and
purification procedure. (A) ethanol extract; (B) saponification; (C) silica gel column chromatography;
and (D) preparative HPLC.

Violaxanthin was then identified from FB2-2 based on physicochemical properties, absorption
spectra, and HRMS spectrum. The dried FB2-2 powder was orange red, and it showed a characteristic
UV–VIS spectrum. The maximum absorption peaks at 417.6 nm, 440.9 nm, and 470.1 nm in Figure 3A,
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were in agreement with those of previously published studies [10,15]. In addition, the HRMS spectrum
showed two characteristic fragment ion peaks at m/z 601.4238 [M + H]+ and m/z 602.4285 [M + 2H]+,
which corresponded to the molecular weight of the purified violaxanthin at 600.4 (Figure 3B).
The results were consistent with previously published reports [2,15]. Therefore, this purified pigment
was distinctly identified as 5,6,5′,6′-diepoxy-5,6,5′,6′-tetrahydro-β,β-carotene-3,3′-diol (Figure 3C).

Figure 3. Identification of the purified violaxanthin from Eustigmatos cf. polyphem. (A) UV–VIS
spectrum; (B) mass spectrum of violaxanthin; and (C) the chemical structure of violaxanthin.

2.6. Reducing Power of Purified Violaxanthin

The test sample with strong reducing power could serve as an electron donor to produce stable
products and achieve the effect of scavenging radicals, and therefore the reducing power is an important
indicator of the evaluation of antioxidant capacity [29]. In this study, the reducing power was
determined by Fe3+-Fe2+ transformation in the presence of different concentrations of violaxanthin.
The Fe2+ was monitored by measuring the formation of Perl’s Prussian blue at 700 nm, and the results
are shown in Figure 4A. It was discernible that the reducing power of the purified violaxanthin and
the positive control (ascorbic acid) increased in a concentration-dependent manner, but the purified
violaxanthin showed weak reducing power in contrast with ascorbic acid. At 80 μg mL−1, purified
violaxanthin exhibited a reducing power of 0.32 ± 0.02 abs, while the reducing power of ascorbic acid
reached 0.91 ± 0.02 abs. Additionally, we found that the reducing power of violaxanthin and ascorbic
acid was low at 1.25 to 5 μg mL−1 with no significant difference, but the reducing power of ascorbic
acid notably increased when the concentration of ascorbic acid was greater than 10 μg mL−1.

2.7. DPPH Radical-Scavenging Activity of Purified Violaxanthin

The DPPH radical assay is one of the most widely used methods for testing the antioxidant activity
of various compounds [30]. DPPH is a stable nitrogen-centered radical, that is violet colored in ethanol
and has a strong absorption peak at 517 nm. Therefore, this assay is based on the measurement of the
absorbance change of the reaction solution at 517 nm after violaxanthin was mixed with DPPH, and the
results are shown in Figure 4B. The DPPH-radical scavenging activity of purified violaxanthin was
concentration-dependent. When the concentration was varied from 1.25–80 μg mL−1, the inhibition
percentage of purified violaxanthin ranged from 2.15% to 78.17%. Zhang et al. [31] reported that
several natural pigments (lutein, lycopene, betalain, and capsanthin) showed an inhibition percentage
of 25–60% in the scavenging of DPPH radicals, which were lower than the the inhibition activity
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of purified violaxanthin at the same concentration. Purified violaxanthin scavenged 50% of DPPH
radicals with EC50 of 41.42 μg mL−1, which was three times smaller compared to fucoxanthin isolated
from Odontella aurita (phylum Bacillariophyta) (EC50 = 140 mg mL−1 [32]). Although the scavenging
capacity of purified violaxanthin was inferior to the positive control (ascorbic acid), it always exhibited
potent potential in the scavenging of DPPH radicals.

2.8. ABTS Radical Scavenging Activity of the Purified Violaxanthin

ABTS produces the stable glaucous cation radicals (ABST+) by reacting with K2(SO4)2, which has
a characteristic peak absorbance at 734 nm. The absorbance of the reaction solution decreased from
adding the antioxidants, which were used to assess its antioxidant activity.

As demonstrated in Figure 4C, purified violaxanthin and ascorbic acid both showed strong
scavenging activities for ABTS+ radicals. When the concentration ≥ 40 μg mL−1, purified violaxanthin
and ascorbic acid had the same ABTS+ scavenging power, with the ability to almost completely
scavenged ABTS+ radicals. Between the concentrations of 1.25 and 40 μg mL−1, the inhibition effect
of the purified violaxanthin fortified with increasing concentration, and it showed an inhibition of
99.08 ± 0.32% at 40 μg mL−1. The EC50 value of the purified violaxanthin was 15.25 μg mL−1, and it
clearly indicated that violaxanthin has a strong inhibitory effect on ABTS+ radicals in comparison
with that of fucoxanthin (EC50 = 30 μg/mL [32]). Fu et al. [2] reported that violaxanthin purified from
water spinach scavenged ABTS+ radicals more efficiently than the β-carotenoid and lutein, and that
violaxanthin also inhibited a larger quantity of ABTS+ radicals as compared to DPPH radicals. These
findings were in accordance with our results.

 

Figure 4. Antioxidant activity assays for purified violaxanthin from Eustigmatos cf. polyphem.
(A) Reducing power; (B) scavenging of DPPH radicals; and (C) scavenging of ABTS radical. Ascorbic
acid was used as a positive control. Values are shown as the mean ± standard deviation from three
independent experiments.

3. Materials and Methods

3.1. Chemicals and Reagents

Pigment standards including chlorophyll a, violaxanthin, vaucheriaxanthin, and β-carotene were
purchased from Sigma-Aldrich Chemical Co. (Shanghai, China; http://www.sigmaaldrich.com). Silica
gel (200–300 mesh) was obtained from Qing Dao Marine Chemical Co. (Qingdao, China). HPLC-grade
solvents used for HPLC analysis were purchased from Guangzhou Runhao Biotech Co. (Guangzhou,
China), such as methanol, acetonitrile, acetic ether, and dichloromethane. Other analytical solvents
(n-hexane, methanol, and acetone) used in extraction and isolation of violaxanthin were purchased
from Guangzhou Runhao Biotech Co. (Guangzhou, China). Deionized water was prepared by a Milli-Q
water purification system (Millipore Corp., Bedford, MA, USA).
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Chemicals used for their antioxidant activity including 2,2-diphenyl-2-picrylhydrazyl hydrate
(DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), potassium persulfate, ferrous
chloride, potassium ferricyanide, trichloroacetic acid, hydrogen peroxide, ascorbic acid, sodium
dihydrogen phosphate, and disodium hydrogen phosphate were obtained from Sangon Biotech Co.
(Shanghai, China).

3.2. General Analytical Methods

For biomass measurement, 5.0 mL of algal cultures was filtered through a pre-weighed 0.45 μm
GF/B filter paper. Then, the filter paper was dried in an oven at 105 ◦C overnight. The biomass
(DW, g/L) was determined by the difference of the weight of the filter paper with microalgal cells (W2)
and the weight of filter paper (W1) and was calculated as (W2 – W1) × 200.

For pigment profile analysis, 10.0 mg of freeze-dried microalgal powder mixed with 5 mL of
methanol was extracted with a magnetic stirrer at 4 ◦C overnight until the algal residue was colorless.
A certain volume of the pigment extracts was obtained by centrifugation (1940× g, 10 min) and
filtration (Millipore, 0.45 μm), and analyzed by HPLC. The HPLC was conducted on a Dionex model
U-3000 instrument equipped with a TC-C18 column (5 μm, 4.6 mm × 250 mm, Agilent, Santa Clara,
CA, USA) and a UV–VIS detector (Waters 2998) at 445 nm. The mobile phase used for HPLC was
a binary gradient solvent system (solvent A, acetonitrile/water = 9:1; solvent B, ethyl acetate) with
a flow rate of 1 mL min−1, and the elution program was as follows: 0 min, 100% A, 0% B; 20 min, 100%
B, 0% A; 25 min, 100% B, 0% A; 27 min, 100% A, 0% B; 30 min, 100% A, 0% B.

A stock solution of the violaxanthin standard was prepared in methanol (HPLC grade), and then
serially diluted to a final concentration of 60, 30, 15, 7.5, 3.75, and 1.875 μg mL−1. A standard
curve (y (μg mL−1) = 3110.60x − 5.98, R2 = 0.999) of violaxanthin was drawn on the basis of these
concentrations by HPLC. Thus, the violaxanthin production in the E. cf. polyphem biomass was
quantified by the following equations:

Violaxanthin content (VC, % of DW) =
C × V × 10−3

m
× 100 (1)

Violaxanthin productivity
(

mg L−1d−1
)

=
DW × VC% × 103

t
(2)

where m (mg) denotes the weight of microalgal powder, V (mL) denotes the volume of the extraction
solvent; DW denotes the dry weight of biomass (g L−1); t (day) denotes the cultivation time, and C
(μg mL−1) denotes the concentration of the extracted violaxanthin as determined by HPLC analysis.

3.3. Microalgae and Cultivation Conditions

The microalga Eustigmatos cf. polyphem (CAUP-H4302, formerly determined as Myrmecia bisecta)
used in this study was obtained from the CAUP Culture Collection of Algae. E. cf. polyphem cells were
maintained in a modified BG-11 (mBG-11) medium [26] and deposited in our laboratory. The inocula
were prepared by culturing the microalgae in a bubble column glass photobioreactor (Ø6 × 60 cm)
with 1.2 L of mBG-11 medium, and growing under continuous 60–70 μmol photons m−2 s−1 of white
fluorescent light illumination at 25 ± 1 ◦C for 7–9 days. The seed cultures were then inoculated into
the fresh mBG-11 medium for cultivation.

In order to investigate the effects of culture conditions on violaxanthin production in E. cf.
polyphem, several important influencing factors were assessed, including culture time, nitrogen
concentration, light intensity, and culture mode. The variation of biomass, violaxanthin content,
and violaxanthin productivity were used to evaluate the effects of these factors on violaxanthin
production in E. cf. polyphem. The detailed experimental design was as follows: (1) different cultivation
times of 3, 5, 7, 9, and 11 days were set to culture the algal cells at a low light intensity of 120
μmol photons m−2 s−1; (2) sodium nitrate was used as the nitrogen source, and different initial
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nitrogen supplementation levels (0, 9, 18, 27, 36, and 45 mM) were designed for the cultivation of E. cf.
polyphem at a low light intensity of 120 μmol photons m−2 s−1; (3) different light intensities of 80, 120,
and 160 μmol photons m−2 s−1 were exploited to culture E. cf. polyphem with 18 mM of initial nitrogen
supply; (4) E. cf. polyphem was grown in batch culture or fed-batch culture with low light irradiation of
120 μmol photons m−2 s−1, and mBG-11medium was replaced at five-day intervals at the beginning of
the fifth day in the fed-batch culture. All cultures were inoculated into Ø6 × 60 cm bubble column
glass photobioreactors at the same initial cell density of 0.25–0.30 g/L and bubbled with 1% CO2 (v/v)
from the bottom of the column. The light intensity was measured with dual radiation meter (DRM-FQ,
Apogee Instruments, Inc., Logan, UT, USA). Every experimental group was a set of three replicates.

At the end of the cultivation time, culture samples were harvested by centrifugation at 1940× g
for 5 min, and then lyophilized in a vacuum freeze-dryer (Christ, Germany). The algal powder was
stored at 4 ◦C prior to analysis.

3.4. Extraction, Isolation and Purification of Violaxanthin

The extraction, isolation and purification procedures for violaxanthin from E. cf. polyphem are
shown in Figure 5. HPLC was used to analyze the pigment profile in each extraction and isolation
procedure. All the processes were performed under weak light.

Figure 5. Flowchart of extraction, isolation, and identification of violaxanthin from Eustigmatos cf.
polyphem. “*”, denotes the fraction containing the highest violaxanthin content from the same row.

Freeze-dried microalgal powder (20 g, 0.38% of violaxanthin in dry weight) was mixed with
500 mL of 95% ethanol and subjected to ultrasound-assisted pretreatment in an ultrasonic cleaning
bath for 2 h. After ultrasound treatment, the mixture was extracted with a magnetic stirrer in a 40 ◦C
water bath for 4 h. This extraction procedure was repeated four times until the algal powder became
colorless. The combined pigment extracts were collected by centrifugation at 1940× g for 10 min,
and then saponified by adding 5% KOH (w/v, 100 g) at 50 ◦C for 30 min under continuous shaking.
After the ethanol was removed using a rotary vacuum evaporator at 40 ◦C, the ethanol extract was
re-dissolved in 300 mL of deionized water and partitioned with 400 mL of ethyl acetate in a separatory
funnel (1 L) three times. The upper phases were combined and washed with deionized water several
times until the KOH was completely removed. The concentrated ethyl acetate extract was obtained by
evaporating, and then subjected to a silica-gel column (3 × 40 cm), which was continuously eluted
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with a stepwise gradient of n-hexane/acetone eluent (v/v = 7:3, 6:4, 5:5, 0:10) to obtain five fractions
(FA, FB1, FB2, FC, and FD).

According to the HPLC analysis of pigment profiles from the five fractions, FB2 was rich in
violaxanthin, and was further separated by PHPLC to collect three fractions (FB2-1, FB2-2, and FB2-3).
PHPLC was conducted on an Agilent 1100 series instrument (Agilent, Santa Clara, CA, USA) equipped
with a TC-C18 column (5 μm, 20 × 250 mm, Agilent, Santa Clara, CA, USA), and the mobile phase was
the same as that used for HPLC analysis. The flow rate was 8 mL min−1, and ultraviolet detection was
a 445 nm. The target fraction (FB2-2) was tracked and collected on the basis of the spectral characteristics
of the standard.

3.5. HPLC Analysis and Identification of Purified Violaxanthin

Purity detection of the targeted fraction (FB2-2, 15 μL) was performed using HPLC, and was
applied with an isocratic mobile phase of acetonitrile/methanol/dichloromethane (71:22:7, v/v/v) at
a flow rate of 1 mL min−1; the other details have been previously described. The FB2-2 powder was
dissolved in methanol, and the accurate molecular weight was determined by high resolution mass
spectrum (HRMS, SCIEX, X500R QTOF, Redwood city, CA, USA) using an instrument equipped with
an electrospray ionization (ESI) source. Positive mode electrospray ionization ((+) ESI) was conducted
to analyze the mass spectra over a mass range of 50–1000 m/z using a 0.1 unit step size.

3.6. Antioxidant Activity Assay

The antioxidant activity of purified violaxanthin was assessed in vitro by three tests, including
the reducing power, DPPH radical scavenging activity, and ABTS+ radical scavenging activity.

A stock solution (1.0 mg L−1) of purified violaxantin was dissolved in ethanol, and then serially
diluted with ethanol to a final concentration of 80, 40, 20, 10, 2.5, and 1.25 μg mL−1, respectively.
Ascorbic acid was used as the positive control, and it was dissolved in deionized water and prepared
in a solution of the same concentration as violaxantin. The concentration (μg mL−1) of a compound
required to scavenge 50% of the radicals is expressed as EC50 for the evaluation of potency. All tests
were run in triplicate, deionized water was used as a blank control, and the absorbance of the reaction
solution was measured with an ultraviolet spectrophotometer (Thermo, Waltham, MA, USA).

Reducing power was determined using a method described by Xia et al. [32]. Briefly, 1.0 mL
of different concentrations of purified violaxanthin (1.25–80 μg mL−1) was mixed with 0.2 mL of
phosphate buffered saline (PBS, 0.2 M, Ph = 6.6) and 1.5 mL of potassium ferricyanide (1%, w/v),
respectively, and the mixture was incubated at 50 ◦C in a water bath for 20 min. Then, 1 mL of
trichloroacetic acid (10%, w/v) was added to the mixture to quench the reaction. After centrifugation
(1940× g, 10 min), 2 mL of the supernatant was diluted with 3 mL of deionized water and then reacted
with 0.5 mL of ferric chloride (0.5%, w/v) for 6 min, and the absorbance was rapidly measured at
700 nm. A higher absorbance (A700) of the reaction mixture indicated a stronger reducing power
of violaxanthin.

DPPH radical scavenging activity of purified violaxanthin was evaluated according to the
method of Bai et al. [33] with a slight modification. Two milliliters of DPPH methanolical solution
(0.1 mM) was added to 1 mL of different concentrations of the purified violaxanthin (1.25–80 μg mL−1).
The mixture was vigorously shaken, and then maintained at room temperature in the dark for 30 min.
The absorbance of the reaction solution was rapidly measured at 517 nm, and the scavenging ability
was calculated using the following equation: DPPH radical scavenging activity (%) = [(Acontrol −
Atest)/Acontrol] × 100, where Acontrol was the absorbance of the blank control and Atest was the
absorbance of a test reaction.

The scavenging ability of purified violaxanthin against the ABTS+ radical was measured using
a method by Chen et al. [34] with some modifications. The stock solutions of ABTS (7 mM) and
potassium peroxydisulfate (2.45 mM) were firstly prepared with deionized water. One milliliter of
ABTS solution and 1 mL of potassium peroxydisulfate solution were mixed and stored in the dark
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at room temperature for 12–16 h. Then, the mixed solution was diluted with ethanol to obtain an
appropriate concentration of the ABTS+ working solution (A734 = 0.70). Two milliliters of the ABTS+

working solution was mixed with 1 mL of purified violaxanthin at concentrations ranging from
1.25–80 μg mL−1, and the solution was incubated at room temperature for 6 min. The absorbance at
734 nm was rapidly measured, and the scavenging ability was calculated as: ABTS radical scavenging
activity (%) = [(Acontrol − A test)/Acontrol] × 100, where Acontrol denotes the absorbance of the blank
control, and Atest denotes the absorbance of the test reaction.

3.7. Statistical Analysis

All measurements were carried out at least in triplicate, and the experimental data are expressed
as the mean ± SD (standard deviation). Student-Newman-Keul’s test using one-way ANOVA was
performed using a statistical analysis software package (SPSS 19.0, IBM Corporation, Armonk, NY,
USA), and statistically significant difference were p < 0.05.

4. Conclusions

This work revealed that light intensity and nitrogen concentration were the main factors affecting
the accumulation of violaxanthin in Eustigmatos cf. polyphem. The fed-batch culture was may be
more suitable for maintaining the vigorous growth and a high level of violaxanthin under low-light
irradiation. The violaxanthin purified from Eustigmatos cf. polyphem shows a potent efficacy in the
scavenging of DPPH and ABTS+ radicals, which indicates that violaxanthin could be used as a natural
antioxidant agent for therapeutic or functional adjuvant purposes.
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Abstract: The contamination of foods and animal feeds with trichothecene mycotoxins is a growing
concern for human and animal health. As such, large quantities of pure trichothecene mycotoxins
are necessary for food safety monitoring and toxicological research. A new and effective method for
the purification of trichothecene mycotoxins from a marine fungus, Fusarium sp. LS68, is described
herein. Preparative high-speed countercurrent chromatography (HSCCC) was utilized for the scalable
isolation and purification of four trichothecene mycotoxins for the first time in stepwise elution mode,
with a biphasic solvent system composed of hexanes–EtOAc–CH3OH–H2O (6:4:5:5, v/v/v/v) and
(8.5:1.5:5:5,v/v/v/v). This preparative HSCCC separation was performed on 200 mg of crude sample
to yield four trichothecene mycotoxins, roridin E (1), roridin E acetate (2), verrucarin L acetate (3),
and verrucarin J (4) in a single run, with each of >98% purity. These compounds were identified by
MS, 1H NMR, 13C NMR, and polarimetry. The results demonstrate an efficient HSCCC method for
the separation of trichothecene mycotoxins, which can be utilized to produce pure commercial and
research standards.

Keywords: trichothecene mycotoxins; roridin; verrucarin; high-speed countercurrent chromatography;
preparative separation; stepwise elution

1. Introduction

According to the Food and Agriculture Organization of the United Nations, about 25% of
the food crops in the world are contaminated with mycotoxins, and these have adverse effects on
humans, animals, and crops that result in serious illnesses and economic losses [1]. Among the major
mycotoxins produced by Fusarium species, trichothecenes are pathogenic to important agricultural
crops and foods [2], and these lead to serious economic losses by reducing yields and overall quality
of North American agricultural products [3,4]. For example, Fusarium head blight disease, caused by
trichothecene mycotoxins, has been shown to have contaminated cereals and grains [5,6].

Trichothecenes are a group of tetracyclic sesquiterpene mycotoxins that are produced by
various fungi from the order Hypocreales, including those of the genera Fusarium, Myrothecium,
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Verticimonosporium, Stachybotrys, Trichoderma, Trichothecium, Cephalosporium, and Cylindrocarpon [7–11].
These molecules are potent phytotoxins, and act as the virulence factors of pathogenic fungi on sensitive
infected host plants, particularly wheat and barley [12–14]. The unfortunate contamination of botanical
dietary supplements with mycotoxins has also been reported recently, representing a significant risk
to public health [15]. One obstacle to the further investigation of these important topics has been the
scarce quantity of pure compounds from the trichothecene class. Therefore, the preparative separation
of high purity trichothecene mycotoxins is of great interest. At present, trichothecene mycotoxins
are isolated from fungal extracts by conventional methods, such as macroporous resin separation
followed by silica gel column chromatography. These methods can be considered costly, laborious,
and time-consuming, and furthermore result in substantial sample loss due to irreversible adsorption
to the silica [16,17]. It is therefore important to develop rapid and efficient methods for the separation
and purification of trichothecene mycotoxins.

High-speed countercurrent chromatography (HSCCC) is a technique that uses liquid-liquid
partition chromatography to improve recovery rates and efficiency, and which eliminates irreversible
adsorption by solid support media [17–19]. HSCCC has been widely used for the preparative separation
and purification of natural products, and this is a scalable technology [20,21]. Disclosed herein is the
first preparative isolation and purification of trichothecene mycotoxins by HSCCC in stepwise elution
mode, allowing for the purification of several compounds in one run. The trichothecene mycotoxins
roridin E (1), roridin E acetate (2), verrucarin L acetate (3), and verrucarin J (4) were thus isolated
from an epiphytic fungus, Fusarium sp. LS68, which was derived from the sponge Haliclona sp.
The structures of 1–4 are presented in Figure 1.
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Figure 1. Structures of roridin E (1), roridin E acetate (2), verrucarin L acetate (3), verrucarin J (4).

2. Results and Discussion

2.1. HPLC Analysis of the Crude Extract

An HPLC method was developed to ensure the baseline separation of the target compounds and
impurities. Different solvent systems, flow rates, detection wavelengths, and column temperatures
were screened. The components of interest, 1–4, were satisfactorily separated by a CH3CN/H2O
gradient (flow rate 0.8 mL/min, 25–75% CH3CN from 0–60 min) when the column temperature was
set at 25 ◦C. The HPLC chromatogram of the crude extract is shown in Figure 2, Panel A. The same
method was used to analyze HSCCC method development samples, and later HSCCC eluents (Figure 2,
Panels B–E), for fraction pooling.
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Figure 2. Representative analytical HPLC chromatograms. (A) Crude extract of Fusarium sp; (B) refined
peak 1 from HSCCC, corresponding to compound 1; (C) refined peak 2 from HSCCC, corresponding to
compound 3; (D) refined peak 3 from HSCCC, corresponding to compound 2; (E) refined peak 4 from
HSCCC, corresponding to compound 4. For B–D, UV profiles of the major peak are inset at 254 nm.

2.2. Optimization of Suitable HSCCC Solvent System

In order to efficiently separate and purify target compounds, the selection of an optimal biphasic
solvent system is critical for preparative HSCCC. According to the “golden rules of HSCCC”,
satisfactory partition coefficient KD values should meet some basic requirements: (1) the target
compounds should each be in the range of 0.5 ≤ KD ≤ 2.0; (2) each set of two target compounds
should have the separation factor α > 1.5, where α is the ratio of the two KD values (α = KD

1/KD
2,

for KD
1 > KD

2); and (3) higher retention of the stationary phase will provide better peak resolution [22].
Thus, preliminary studies were carried out to examine the KD values of the trichothecene
mycotoxins 1–4 in different hexanes–EtOAc–CH3OH–H2O solvent systems of different volume ratios
by liquid-liquid partitioning and HPLC analysis. The KD values for 1–4 in the various solvent systems
tested are shown in Table 1.
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Table 1. Partition coefficients (KD) of compounds 1–4 in several hexanes–EtOAc–CH3OH–H2O solvent
systems tested for high-speed countercurrent chromatography (HSCCC) separation.

Solvent System (v/v)
Hexanes–EtOAc–CH3OH–H2O

KD

Compound 1 Compound 2 Compound 3 Compound 4

1:1:1:1 2.08 2.61 2.33 10.58
5.5:4.5:5:5 0.93 2.25 2.14 4.73

6:4:5:5 0.61 1.83 1.26 3.32
6.5:3.5:5:5 0.37 1.43 1.12 2.58

7:3:5:5 0.45 1.25 0.80 3.21
7.5:2.5:5:5 0.36 1.10 0.68 2.73

8:2:5:5 0.19 0.58 0.54 1.87
8.5:1.5:5:5 0.11 0.37 0.32 1.12

9:1:5:5 0.10 0.30 0.25 0.83

No single suitable biphasic solvent system was found that had KD values between 0.5 and 2 for
each of compounds 1–4 at the same time. To overcome this challenge, a stepwise HSCCC elution mode
was chosen in order to separate compounds with significantly different KD values in a single run.
This technique had been successfully applied previously by some research groups [23,24].

The use of the “HeMWat”, or hexanes–EtOAc–CH3OH–H2O, solvent system at volumetric ratios
of 1:1:1:1 and 5.5:4.5:5:5 both afforded larger KD values unsuitable for the separation of the trichothecene
mycotoxins investigated. However, the biphasic solvent system of hexanes–EtOAc–CH3OH–H2O at
a volumetric ratio of 6.5:3.5:5:5 yielded acceptable KD values of compounds 1–3 between 0.5 and 2,
although compounds 2 and 3 had an unsuitable separation factor α < 1.5. However, the biphasic
hexanes–EtOAc–CH3OH–H2O solvent system at a volume ratio of 6:4:5:5 led to the observation of the
KD values between 0.5 and 2 for compounds 1, 2, and 3, and each pair had a separation factor α > 1.5.
Nevertheless, this solvent system offered an unsuitable KD value (2.58) for compound 4. To overcome
this problem, the hexanes–EtOAc–CH3OH–H2O 8.5:1.5:5:5 solvent system was selected for the second
part of the HSCCC run, since it produced a suitable KD value of 1.12 for compound 4, and it would
only be used in stepwise mode after the elution of 1–3.

2.3. Stepwise HSCCC Separation

The optimized stepwise elution method was applied for the direct preparative HSCCC separation
of 200 mg of crude Fusarium extract in a single run. As shown in Figure 3, the separation initiated
with the solvent system of hexanes–EtOAc–CH3OH–H2O 6:4:5:5, and the upper phase was used as the
stationary phase while the lower phase was used as the mobile phase in the head-to-tail elution mode.
Retention of the stationary phase was 63%, and after peaks 1–3 eluted at 102, 180, and 205 min,
respectively, the mobile phase was switched to the lower phase of the solvent system (8.5:1.5:5:5) at
250 min. Peak 4 was well resolved, and eluted at 350 min. Timewise fractions were collected from the
HSCCC separation and pooled after evaluation by HPLC, to yield compound 1 (11.3 mg), compound 2

(7.7 mg), compound 3 (4.7 mg), and compound 4 (21.3 mg). Each compound isolated had a purity of
>98% based on UV peak integrations (Figure 2, Panels B–E). The chromatogram of HSCCC separation
is shown in Figure 3.
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Figure 3. HSCCC chromatogram of the crude extract from Fusarium sp. LS68 using stepwise elution
with solvent systems A and B. The dotted line represents the time at which the solvent system was
switched from A to B. Solvent system A: hexanes–EtOAc–CH3OH–H2O (6:4:5:5, v/v/v/v), solvent
system B: hexanes–EtOAc–CH3OH–H2O (8.5:1.5:5:5, v/v/v/v); stationary phase: upper phase of
solvent system A; mobile phase: lower aqueous phase of solvent system A and B; column capacity,
350 mL; rotation speed, 800 rpm; column temperature, 25 ◦C; flow rate, 2.0 mL/min; detection,
254 nm; sample injected, 200 mg in 6 mL biphasic solution; retention of the stationary phase, 63%;
peak identification: roridin E (1), roridin E acetate (2), verrucarin L acetate (3), verrucarin J (4).

2.4. Structural Identification

The structural identification of 1–4 was conducted by HRESI-MS, 1H and 13C NMR analyses,
as well as specific rotation data, and these were compared with literature values. Accordingly,
the molecules isolated were identified as roridin E (1) [25], roridin E acetate (2) [26], verrucarin
L acetate (3) [27], and verrucarin J (4) [27] (see Supplementary Materials).

3. Materials and Methods

3.1. Reagents and Materials

All solvents used for HSCCC were of analytical grade (Huadong Chemicals, Hangzhou, China).
Reverse osmosis Milli-Q water (18 M) (Millipore, Bedford, MA, USA) was used for all solutions and
dilutions. Methanol used for HPLC analyses was of chromatographic grade and purchased from Anpel
Laboratory Technologies (Shanghai, China). The CDCl3 used for NMR analyses was purchased from
Tenglong Weibo Technology (Qingdao, China).

3.2. Fungal Material

The marine fungi Fusarium sp. LS68, was isolated and cultured from a Halicloma sp. sponge
collected from Linshui, Hainan Province, China. It was identified as Fusarium sp. according to the
morphological and molecular (ITS rDNA sequence) analyses (GenBank accession number EU860057,
99% similarity). A voucher specimen was deposited at the School of Marine Sciences, Ningbo University
(Ningbo, China).

3.3. Apparatus

HSCCC was carried out using a model TBE-300C high-speed countercurrent chromatograph
(Tauto Biotech Co. Ltd., Shanghai, China), containing a self-balancing three-coil centrifuge rotor
equipped with three preparative multilayer coils and a total capacity of 320 mL. The internal diameter
of PTFE (Polytetrafluoroethylene) tubing was 1.9 mm. The apparatus maximum rotational speed
is 1000 rpm and has a 20 mL manual sample loop. The revolution radius was 5 cm and the β

value of the multilayer coil varied from 0.5 at the internal terminal to 0.8 at the external terminal.
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An integrated TBP 5002 (Tauto Biotech Co. Ltd.) was used to pump the two-phase HSCCC solvent
system, and the UV absorbance of the effluent was measured at 254 nm by a UV 1001 detector
(Shanghai Sanotac Scientific Instruments Co. Ltd., Shanghai, China). A DC-0506 constant temperature
regulator (Tauto Biotech Co. Ltd.) was used to control the temperature during HSCCC. An N2000 data
analysis system (Institute of Automation Engineering, Zhejiang University, Hangzhou, China) was
employed for HSCCC data collection and analysis. The analytical HPLC equipment was an Alliance
2695 equipped with a model 2998 diode array detector and Empower System (Waters Co., Milford,
MA, USA). NMR experiments were carried out using a DirectDrive2 600 MHz NMR spectrometer
(Agilent, Santa Clara, CA, USA) at 25 ◦C and Auto Triple Resonance (Agilent, Santa Clara, CA, USA).
HRESIMS data were measured using a Waters Q-TOF Premier LC/MS spectrometer (Waters Co.,
Milford, MA, USA). Column chromatography was conducted with silica gel (200–300 mesh, Qingdao
Marine Chemical Inc. Qingdao, China). The UV spectra were recorded on an NADE Evolution 201
spectrophotometer (Waters Co., Milford, CT, USA). Optical rotations were measured on an Autopol VI
(Rudolph Research Analytical, Hackettstown, NJ, USA).

3.4. Culturing and Extraction

The fungus Fusarium sp. LS68 was cultivated in a seawater-based potato dextrose broth (PDB)
medium and incubated on a rotary shaker at 150 rpm and 25 ◦C for 14 days. The fermentation broth
(30 L) was extracted with EtOAc (3 × 30 L). The organic solvent partitions were combined and
evaporated under reduced pressure at 40 ◦C to yield a crude extract (30 g). This sample was stored in
a refrigerator at 4 ◦C until the subsequent HSCCC separation.

3.5. Determination of Partition Coefficients (KD)

In order to determine the appropriate solvent systems for optimal partition coefficients (KD),
various solvent combinations of hexanes–EtOAc–CH3OH–H2O were attempted. A 2-mg sample of
crude extract was added to a 10 mL test tube along with 8 mL of an experimental biphasic solvent
system. The test tube was then capped and shaken vigorously for 3 min, to allow the distribution of
the extract between the two phases. After reaching equilibration, equal aliquots of each phase (10 μL)
were analyzed by HPLC-DAD to determine the partition coefficient (KD) of each target compound.
The KD values were defined as the integrated peak area of each target compound in the upper phase
divided by that in the lower phase, as observed at 254 nm.

3.6. HSCCC Separation

The biphasic solvent systems of hexanes–EtOAc–CH3OH–H2O (6:4:5:5 and 8.5:1.5:5:5) were
selected for the HSCCC separation. A 200 mg sample of crude extract was dissolved in 6 mL of
each phase of a solvent mixture consisting of equal volumes of both upper and lower phases for
preparative HSCCC separation. In the single run, the upper (stationary) phase was pumped into and
filled the coil column of TBE-300C (320 mL, Tauto Biotech Co. Ltd., Shanghai, China) by a constant
flow at 10.0 mL/min. The column was then rotated at a speed of 800 rpm, and the lower (mobile)
phase was pumped into the column in the “head to tail” elution mode at 2.0 mL/min. When the
mobile phase began to elute at the tail outlet, the hydrodynamic equilibrium state of the two phases
was established. Subsequently, the sample solution (6 mL) containing 200 mg of crude extract was
injected through the sample port. After 250 min, the pump was stopped and then the lower phase
of hexanes–EtOAc–CH3OH–H2O (8.5:1.5:5:5) was pumped into the column as the new mobile phase
at 2.0 mL/min. The separation temperature was controlled at 25 ◦C. The effluent was continuously
monitored with a UV detector (Shanghai Sanotac Scientific Instruments Co. Ltd., Shanghai, China)
at 254 nm. After the separation procedure, the solvents in the column were completely eluted
and collected. Fractions were collected near 110 min, 180 min, 210 min, and 380 min, respectively,
and analyzed by HPLC to allow for fraction pooling.
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3.7. HPLC Analysis and Identification of the Peaks

Each fraction generated by preparative HSCCC was evaluated by HPLC, using a 150 mm × 4.6 mm
i.d., 5 μm, YMC-Pack ODS-A column (Waters Co., Milford, CT, USA) that was maintained at 25 ◦C.
The samples were separated with a CH3CN/H2O gradient (flow rate 0.8 mL/min, 25–75% CH3CN
from 0–60 min). The effluent was continuously monitored by a UV detector at 220 nm and 254 nm.
Fractions that showed only one peak in the chromatogram were respectively pooled together to
yield compounds 1 (11.3 mg, the tR(HPLC) 32 min, tR(HSCCC) 102–120 min), 2 (7.7 mg, tR(HPLC)
37 min, tR(HSCCC) 180–195 min), 3 (4.7 mg, tR(HPLC) 35 min, tR(HSCCC) 205–220 min), and 4

(21.3 mg, tR(HPLC) 40 min, tR(HSCCC) 350–400 min). Compounds 1–4 were identified as roridin E
(1) [25], roridin E acetate (2) [26], verrucarin L acetate (3) [27], and verrucarin J (4) [27] by comparison
of their UV, 1H and 13C NMR, and specific rotation data with literature values. The purity levels
of these samples were determined by peak area percentage after the automated integration of
each chromatogram.

4. Conclusions

Trichothecenes are worldwide plant toxins that cause enormous yield losses in major economic
crops. Some researchers have highlighted the need to decontaminate mycotoxins in foods and feeds [28].
However, investigations of trichothecene phytotoxicity are limited due to the difficulty and expense
of obtaining trichothecene mycotoxins in high purity and sufficient quantity. In this study, the first
efficient preparative separation of four trichothecene mycotoxins from the marine fungi Fusarium
sp. LS68 by a stepwise HSCCC elution method was developed. The purities of the trichothecene
mycotoxins isolated, 1–4, were >98%. Therefore, the stepwise HSCCC method is an efficient technique
for the isolation of high purity trichothecene mycotoxins. This method is industrially scalable with the
size of the HSCCC instrumentation, and may provide a means to obtain pure trichothecene mycotoxins
in the quantities needed for broader biological examinations and the generation of analytical standards
for the agricultural food, supplement, and feedstock industries.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/16/2/73/s1,
Figure S1a, 1H NMR spectrum of compound 1 (CDCl3, 600 MHz); Figure S1b, 13C NMR spectrum of compound 1
(CDCl3, 150 MHz); Figure S1c, HRESIMS spectrum of compound 1; Figure S1d, UV spectrum of compound 1;
Figure S2a, 1H NMR spectrum of compound 2 (CDCl3, 600 MHz); Figure S2b, 13C NMR spectrum of compound 2
(CDCl3, 150 MHz); Figure S2c, HRESIMS spectrum of compound 2; Figure S2d, UV spectrum of compound 2;
Figure S3a, 1H NMR spectrum of compound 3 (CDCl3, 600 MHz); Figure S3b, 13CNMR spectrum of compound 3
(CDCl3, 150 MHz); Figure S3c, HRESIMS spectrum of compound 3; Figure S3d, UV spectrum of compound 3;
Figure S4a, 1H NMR spectrum of compound 4 (CDCl3, 600 MHz); Figure S4b, 13CNMR spectrum of compound
4 (CDCl3, 150 MHz); Figure S4c, HRESIMS spectrum of compound 4; Figure S4d, UV spectrum of compound
4; Table S1, NMR data of compound 1 in CDCl3; Table S2, NMR data of compound 2 in CDCl3; Table S3, NMR
data of compound 3 in CDCl3; Table S4, NMR data of compound 4 in CDCl3; Table S5, Specific rotation values of
compounds 1–4; Table S6, UV values of compounds 1–4.
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Abstract: A marine-derived Stilbella fimetaria fungal strain was screened for new bioactive compounds
based on two different approaches: (i) bio-guided approach using cytotoxicity and antimicrobial
bioassays; and (ii) dereplication based approach using liquid chromatography with both diode array
detection and high resolution mass spectrometry. This led to the discovery of several bioactive
compound families with different biosynthetic origins, including pimarane-type diterpenoids and
hybrid polyketide-non ribosomal peptide derived compounds. Prefractionation before bioassay
screening proved to be a great aid in the dereplication process, since separate fractions displaying
different bioactivities allowed a quick tentative identification of known antimicrobial compounds
and of potential new analogues. A new pimarane-type diterpene, myrocin F, was discovered in trace
amounts and displayed cytotoxicity towards various cancer cell lines. Further media optimization
led to increased production followed by the purification and bioactivity screening of several new and
known pimarane-type diterpenoids. A known broad-spectrum antifungal compound, ilicicolin H,
was purified along with two new analogues, hydroxyl-ilicicolin H and ilicicolin I, and their antifungal
activity was evaluated.

Keywords: bioguided-discovery; dereplication; cytotoxicity; antifungal; MS/HRMS; marine-derived;
pimarane-type diterpenoids; ilicicolin H

1. Introduction

With the ocean covering almost two thirds of the Earth’s surface area, the marine environment
offers a great diversity of microorganisms and thereby a promising potential for new bioactive
natural products displaying unique chemical scaffolds [1–3]. Fungal strains isolated from the marine
environment have attracted increased attention due to the discovery of several secondary metabolites
rich in biological activity [1–4]. The majority of fungal strains have been isolated from sources such
as algae, sponges, and mangrove habitats [1] with deep sea sediments emerging as a new niche of
potentially interesting compounds [1,5]. It is under much debate, however, what the real origin of these
fungal strains is; being true marine or opportunistic strains adapted to the marine environment [4].
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This is due to the fact that many fungal strains are isolated from intertidal zones and mangrove habitats
and thereby not likely true marine habitats [4,6–8]. The most common secondary metabolite producing
species come from Aspergillus and Penicillium, with only few belonging to the well-documented lineage
of marine fungi [4,6–8]. That said, the origin of these marine-derived fungal strains, whether true
marine or opportunistic, may not be as critical when it comes to drug discovery if the opportunistic
strains produce new bioactive compounds not found in their terrestrial counterparts.

Dereplication is an essential step in natural product (NP) discovery to prevent re-isolation and
re-characterization of known bioactive compounds. It is especially important in primary bioactivity
screening, where the target is often non-selective and there is a high chance of rediscovering
general cytotoxic compounds. This is due to a great number of highly bioactive compounds being
observed across the fungal kingdom of which several are found in multiple fungal species [9–11].
One dereplication approach is based on ultra-high performance liquid chromatography-diode array
detection-quadrupole time of flight mass spectrometry (UHPLC-DAD-QTOFMS) and database
searching [10,12,13]. This can be combined with auto tandem high resolution mass spectrometry
(MS/HRMS) and use of a MS/HRMS library, which has been shown to be a robust and effective way
of tentatively identifying known bioactive compounds on a given instrument [9,11]. The MS/HRMS
library may serve as a database of compounds for targeted dereplication, matching peaks in the
unknown spectrum against the library spectrum and vice versa, or to identify compounds sharing
similar fragment ions, but that do not share the same molecular formula [11]. Another dereplication
strategy based on MS/MS involves molecular networking proposed by the Dorrestein/Bandeira
labs [14–16], where a pairwise comparison of MS/MS spectra results in clustered networks of
structurally related compounds. Early integration of the MS/MS networking approach and bioassay
data has been shown to enable the targeted discovery of new bioactive compounds [17]. However, a
limiting factor is the lack of back-integration of raw data to find the corresponding full scan data and
retention times resulting in detailed analysis being time consuming.

Pre-fractionation serves as another highly valuable step in NP discovery for the success of both the
initial dereplication and bioactivity screening. This is because metabolites present in minor amounts
may go undetected, their activity being masked or interfered with by major components in a complex
crude extract [18–20]. Wyeth [19] and Appleton et al. [18] reported that primary bioactivity screening
of pre-fractionated crude samples showed that the bioactivity was masked in up to 80% of the cases
with no activity being observed for the original crude extracts, but only for the fractions. Meanwhile,
up to 13% of the crude samples lost their activity upon fractionation [18,19], meaning that it can be
advantageous to screen both the crude extract and fractions in the primary assay. In addition to
using traditional reversed phase (RP) chromatography for pre-fractionation, orthogonal purification
strategies such as Explorative Solid-Phase Extraction (E-SPE) can be used to facilitate the removal or
reduction of co-eluting interferences [21]. Pre-fractionation can aid the discovery of new compounds
or activities which would have otherwise been missed either due to: (1) the crude extract containing
more than one compound responsible for the observed activity; (2) a single compound displaying
multiple activities, or (3) several compounds displaying various activities.

In this paper, we describe a combined bioassay-guided and dereplication based discovery
approach for a marine-derived fungus Stilbella fimetaria IBT 28361 using cytotoxicity and antimicrobial
screening assays and UHPLC-DAD-QTOFMS with MS/HRMS in combination with our in-house
MS/HRMS library [9]. This method led to the discovery of different bioactive compound families in
Stilbella fimetaria, including pimarane-type diterpenoids and hybrid polyketide-non ribosomal peptides
belonging to the ilicicolin H family. To the best of our knowledge, the latter has not previously been
obtained from the genus Stilbella. New and known compounds of both families were isolated and
elucidated by nuclear magnetic resonance (NMR) spectroscopy and their cytotoxicity and antimicrobial
activities evaluated. The outcome of the primary bioassay screening on both the crude extracts and their
fractions assisted in the dereplication of the crude extract allowing for a quick tentative identification
of known antimicrobial compounds and potential new bioactive analogues.

108



Mar. Drugs 2017, 15, 253

2. Results and Discussion

Bioactivity-guided purification was performed using cytotoxicity and antimicrobial bioassays on
the marine-derived fungus Stilbella fimetaria IBT 28361 isolated from a seawater sample off the coast of
the island Fanoe, Western part of Denmark. The fungus was cultivated in small cultivation on yeast
extract sucrose agar (YES) and czapek yeast extract agar (CYA) plates. The YES and CYA plates were
combined and extracted together with EtOAc containing 1% formic acid (FA). An EtOAC extract of
plates from both YES and CYA media were chosen in order to increase the spectrum of compounds
produced by the fungus. The EtOAc crude extract was fractionated by RP flash chromatography with
a gradient of acetonitrile (MeCN) and water going from 15% to 100% MeCN into six fractions and
both the crude extract and the six fractions were subsequently evaluated for their cytotoxicity and
antimicrobial activity. No activity was observed for the screening of the crude extract on its own,
whereas the fourth, fifth, and sixth flash fractions (ranging from 40% to 100% organic) displayed
cytotoxic, antibacterial, and antifungal activities, respectively (Figure 1). Dereplication of the separate
bioactive fractions using UHPLC-DAD-QTOFMS allowed a quick tentative identification of several
bioactive compound families likely responsible for the observed activities (Figure 1).

Figure 1. Base peak chromatograms (BPC) of the EtOAc crude extract and three bioactive fractions
(ranging from 40% to 100% organic) in positive electrospray ionization (ESI) mode. The fractions were
obtained by RP flash chromatography with a gradient of MeCN and water going from 15% to 100%
MeCN. In the bioactive fractions the marked peaks indicate the tentatively identified peptaiboitics,
helvolic acid, ilicicolin H, and a potential new ilicicolin H analogue.

Different further fungal cultivations (1–3, see below) were prepared in order to purify potential
new compounds and confirm the bioactivity of the known compounds in the applied bioassays.
The identity of the cytotoxic compounds and their analogues were obtained using bio-guided
isolation on large scale cultivation YES media (Cultivation 1). YES media was chosen as it displayed
weak activity when crude extracts for one YES and one CYA plate were tested separately. Further
media optimization was performed to find the optimal growth conditions for potential cytotoxic
compounds otherwise only present in trace amounts on YES media and in order to circumvent a
group of co-eluting peptaibiotics (Cultivation 2, rice media incubated for 10 days at 25 ◦C in the dark)
[Section 2.1]. The known antibacterial nortriterpenoid, helvolic acid [22–24] was identified as one
of the main components in the fraction displaying antibacterial activity against methicillin-resistant
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Staphylococcus aureus (MRSA) reported by Kildgaard et al. [11]. This was done using an in-house
MS/HRMS library and comparison of its retention time to a standard from our compound library
and suggested to be the compound exhibiting the observed activity. In this study, the activity of
the pure compound against MRSA was confirmed, MIC90 < 0.25 μg/mL (1D NMR data shown in
Figures S9–S11). The compound responsible for the antifungal activity was tentatively identified as the
broad-spectrum antifungal metabolite, ilicicolin H [25–28]. Due to the tentative identification of new
ilicicolin H analogues with similar retention times to ilicicolin H, it was isolated along with two new
analogues on large cultivation rice media incubated for 21 days at 25 ◦C in the dark (Cultivation 3)
[Section 2.2].

2.1. Pimarane-Type Diterpenoids Exhibiting Cytotoxicity

From cultivation 1, the RP flash chromatography fractions (40–60% organic) displayed cytotoxicity
against patient derived glioblastoma stem-like cells (GSCs). The observed cytotoxicity was comparable
to that of the fraction from the original small scale EtOAc crude extract of the YES and CYA plates
combined and extracted together. GSCs were chosen for the study as there is an acute need for
novel therapeutics targeting this tumor subpopulation as they exhibit resistance to the current
standard therapy for glioblastoma [29]. UHPLC-DAD-QTOFMS-MS/HRMS and use of an in-house
MS/HRMS library [11] and The Comprehensive Peptaibiotics Database [30] tentatively identified
the major components of the active fractions to be peptaibiotics belonging to the antiamebins family.
Antiamebin I [31] was tentatively identified by comparison to its reference standard in the MS/HRMS
library reported by Kildgaard et al. [11]. Furthermore, Stilbella fimetaria (syn. S. erythrocephala) is
well-known for its production of antiamebins [32,33]. At a glance, the antiamebins might be suspected
as responsible for the observed bioactivity, but a second fractionation revealed the active component to
be the compound obscured by the group of co-eluting antiamebins and present only in trace amount in
the first fractionation. The molecular formula for the compound was established to be C20H22O4 based
on the pseudomolecular ion, [M + H]+ of m/z 329.1745 with an accuracy of 0.6 ppm (HRESITOFMS)
and the ultraviolet (UV) spectrum displayed absorption bands at λmax 215 and 270 nm. A NMR
spectroscopic analysis of the isolated compound and comparison to the data reported for myrocins
A-E [34–37] allowed for the structural elucidation of a new pimarane-type diterpene, myrocin F (1)
(Figure 2). 1H, 13C, HMBC and NOESY data is shown in Table 1.
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Figure 2. Structures of pimarane diterpenoids; myrocin F (1), libertellenone M (2), the suggested
opened γ-lactone of libertellenone M (3), libertellenone C (4), and libertellenone E (5).

110



Mar. Drugs 2017, 15, 253

Table 1. NMR spectroscopic data (400 MHz, MeOD, δ in ppm, J in Hz) for myrocin F (1).

Position δ13
C δ1

H (Mult, J) HMBC NOESY

1 14.0 1.63 m 3 2b,5,11,20b
2a 19.8 1.78 m 3,4 3a,20a
2b 1.81 m 3,4 1,5,18
3a 28.8 1.44 m 1,4,5,19 2a,20a
3b 1.74 m 4,19 18
4 42.8 -
5 52.5 2.11 s 4,6,9,10,18–20 1,2b,7,16a,18
6 107.6 -
7 77.4 4.24 s 5,6,8,9,14 5,14
8 135.5 -
9 138.6 -
10 20.5 -
11 114.6 5.24 t(4.5) 8,10,12–14 1,12,20b
12 37.0 2.19 m 9,11,13–15,17 11,15,17
13 38.9 -
14 135.8 5.56 s 7,9,11–13,15,17 7,16a,17
15 144.0 5.67 dd(17.4/10.4) 13,14,17 12,16a/b,17
16a 112.3 5.03 dd (17.4/1.5) 13 5,14,15,17
16b 4.89 dd(10.4/1.5) 13 15
17 28.0 1.15 s 12–15 12,14,15,16a
18 29.6 1.42 s 3–5,19 2b,3b,5
19 185.6 -
20a 17.1 0.85 t(5.2) 1,5,9 2a,3a
20b 0.25 dd(8.2/5.7) 2,9 1,11

1H-NMR spectrum revealed the presence of six methines (including one oxygenated and three
olefinic), five methylenes (including one cyclopropylic and one olefinic), and two singlet methyl
groups. The 13C-NMR spectrum identified one ester carbonyl group and six quaternary carbon signals
(including one oxygenated and two olefinic). The DQF-COSY spectrum defined three spin systems
besides the two singlet methyl signals at δH 1.15 (CH3-17) and δH 1.42 (CH3-18). One spin system
included the terminal vinyl group with protons at δH 5.67 (1H, dd, J = 17.4, 10.4, H-15), δH 5.03 (1H,
dd, J = 17.4, 1.5, H-16a), and δH 4.89 (1H, dd, J = 10.4, 1.5, H-16b). The second spin system included the
olefinc methine at δH 5.24 (CH-11) and the enantiotopic methylene at δH 2.19 (CH2-12). The third spin
system included the diastereotropic methylenes at δH 1.74/1.44 (CH2-3) and δH 1.81/1.78 (CH2-2) and
cyclopropylic protons (as indicated by the characteristic upfield chemical shift and coupling pattern
of H-20) at δH 1.63 (H-1), δH 0.85 (1H, t, J = 5.2, H-20a), and δH 0.25 (1H, dd, J = 8.2, 5.7, H-20b).
The connection of these COSY spin systems and assignment of remaining signals and quaternary
carbons was done by analysis of the HMBC spectrum obtaining the long range H-C correlations.
The important HMBC correlations from H-16 to C-13, H-17 to C-12, C-13, C-14, and C-15, H-11 to
C-8, C-10, and C-13, H-14 to C-7, C-9, C-12, C-13, and C-17, H-7 to C-5, C-6, C-8, and C-9, H-5 to
C-4, C-6, C-9, C-10, and C-18, H-2 and H-3 to C-4 confirmed the presence of the pimarane-type
diterpene structure [36]. The fusion of the lactone ring through C-4 and C-6 and the cyclopropyl ring
(C-1-C-20-C-10) to the pimarane skeleton was supported by the important HMBC correlations from
H-5, H-3, and H-18 to the ester carbonyl signal at δH 185.6 (C-19) and from H-20a to C-1, C-5, and C-9
and H-20b to C-2 and C-9 (See Figure 3 for important HMBC correlations). The relative configuration
of myrocin F is based on an analysis of the NOESY spectrum with key NOE correlations from H-1
to H-2b and H-5, from H-5 to H-2b, CH3-18, H-7, and H-16a, and from CH3-18 to H-2b, H-5, and
H-3b. Further key NOEs from H-20a to H-2a and H-3a and between the latter two and from H-20b
to H-1 and H-11 and between the latter two suggested the cyclopropyl group with the cyclopropylic
protons H-20a/H-20b in each direction, CH3-17 and the hydroxyl group at C-7 to be on the same face
of the molecule and CH3-18, H-5, and the vinyl group on the opposite face. The hydroxyl group at
C-6 is suggested to be positioned to the latter face based on observed strong NOE correlation between
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H-7 and H-14 and no correlation between H-7 and CH3-18 (See Figure 3). The relative configuration
of myrocin F is in agreement with that of previously reported myrocin A-C [34,35] with absolute
configuration reported by X-ray diffraction analysis of myrocin C monoacetate [38].

Figure 3. Selected key HMBC and NOESY correlations for myrocin F (1).

Optimization of media and growth conditions led to the discovery of a highly enriched profile of
the pimarane-type diterpenoids when Stilbella fimetaria IBT 28361 was grown on rice media for 10 days
at 25 ◦C in the dark (Cultivation 2). This enabled the purification of two new libertellenones obtained
from the same fraction, libertellenone M (2) and what we propose to be the opened γ-lactone ring
of libertellenone M (3) that were both present as trace amounts in cultivation 1 (Figure 2). The two
known compounds, libertellenone C (4) [39] and libertellenone E (5) [36] (Figures 2 and S31 and
Table 2 with NMR Spectroscopic Data, Supplementary information) were isolated from the same
extract and identified based on their spectroscopic profiles (1D and 2D NMR, HRMS, MS/HRMS,
UV, [α]20

D ). Both compounds have been reported with their absolute configurations, determined by
X-ray diffraction analysis for libertellenone E [36]. The BPC of the crude rice extract with extracted ion
chromatogram (EIC) identifying the libertellenones is shown in Figure S4, Supplementary information.

Table 2. NMR spectroscopic data (800 MHz CD3CN, δ in ppm, J in Hz) for libertellenone M (2) and
(800 MHz MeOD, δ in ppm, J in Hz) for the suggested opened γ-lactam libertellenone M (3).

Libertellenone M (2)
Opened γ-lactam

libertellenone M (3)

Position δ13
C δ1

H (Mult, J) HMBC δ13
C δ1

H (Mult, J) HMBC

1 130.7 5.78 dd(9.9,3.0) 3,5,6,10,20 130.7 5.94 m 3,10
2 127.4 5.91 m 3,4,10 126.7 5.98 m 3,10

3a 34.3 2.36 dt(16.5,2.5) 1,2,4,5,18 36.2 2.16 m -
3b 2.43 dd(16.5,5.9) 1,2,4,18,19 2.64 m 1,2
4 46.2 - 46.8 - -
5 146.9 - 137.0 - -
6 143.1 - * - -
7 177.3 - 183.6 - -
8 137.6 - * - -
9 76.6 - 76.0 - -

10 45.5 - 46.6 - -
11a 27.5 2.24 m 9,10,12,13 27.4 2.16 m -

11b 1.72
ddd(14.0,5.0,3.5) 8–10,12,13 1.93 m -

12a 30.9 1.59 m 9,11,14,17 30.6 1.60 m -
12b 1.78 td(13.0,3.5) 9,11,13–15,17 1.92 m 17
13 39.8 - 40.0 - -
14 148.8 6.90 s 7–9,12,13,15,17 148.8 6.98 s 7,9,12,15
15 147.0 5.93 m 12–14,17 147.0 5.92 m -
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Table 2. Cont.

Libertellenone M (2)
Opened γ-lactam

libertellenone M (3)

Position δ13
C δ1

H (Mult, J) HMBC δ13
C δ1

H (Mult, J) HMBC

16a 113.5 5.09 d(17.5) 13,15 113.0 5.12 d(17.2) 13
16b 5.07 d(10.5) 13,15 5.06 d(10.5) 13
17 24.8 1.17 s 12–15 23.8 1.16 s 12–15
18 23.4 1.48 s 3–5,19 24.1 1.55 s 3–5,19
19 181.2 - 181.1 -
20 24.1 1.29 s 1,5,9,10 28.3 1.23 s 1,5,9,10

* 13C chemical shift not observed.

Libertellenone M (2) possessed the molecular formula C20H22O4 based on the pseudomolecular
ion, [M + H]+ of m/z 327.1592 (accuracy −0.27 ppm). The 1H and 13C NMR spectra were similar to
those of libertellenone C with the exception of the C-1/C-2 double bond with the downfield carbon
shifts of δC 130.7 (C-1) and δC 127.4 (C-2) compared to δC 70.1 (C-1) and δC 29.3 (C-2) and replacement
of the ketone at δC 181.2 (C-19) with the hydroxyl methylene group at δC 70.2 (opened γ-lactam
ring). The planar structure of libertellenone M is the same as that reported for libertellenone G [40]
with a different relative configuration suggested based on the NOESY spectra (Figure 4). Key NOEs
of compound (2) were observed from CH3-17 to H-11a and H-12a, from H-11a to H-12a, CH3-20
and a weak NOE to CH3-18, from CH3-20 to H-12a and CH3-18, and from H-11b to H-12b and
H-1 placing all the methyl groups (CH3-17, CH3-20, and CH3-18) on the same face of the molecule
(Figure 4). The position of the hydroxyl group at C-9 was assigned to the opposite face of the methyl
groups based upon strong NOE correlations observed between CH3-20 and H-11a. Furthermore,
libertellenone M showed a similar relative configuration to those of the closely structurally related
known compounds (4) and (5) supporting the assignment (Figure 2).

Figure 4. Selected key NOESY correlations for libertellenone M (2).

HRESITOFMS showed a 18.01 Da mass difference between compounds (3) ([M + H]+ m/z
345.1692, accuracy −0.76 ppm) and (2) suggesting the latter to be a dehydrated analogue of the former.
Compound (3) degenerated gradually during the NMR run, complicating the interpretation of the
NMR data and preventing further analysis and bioactivity studies of the compound. With this in
regard, 1H, DQF-COSY and HSQC spectra of compounds (3) and (2) were highly similar, suggesting
compound (3) to be the opened γ-lactone ring of libertellenone M (2) formed through hydrolysis of the
ester. Further in the HMBC experiment, key correlations were observed resembling those exhibited
by compound (2) and with the most notable difference in the carbon chemical shift seen at C-5 that
shifted upfield to δC 137.0 ppm compared to 146.9 ppm for compound (2) (a similar upfield shift was
observed for libertellenone C (4) in comparison to compound (2)). A table with NMR spectroscopic
data is shown for both compounds (2) and (3) in Table 2. Analysis of the MS/HRMS data assisted in
the confirmation of the structure of compound (3) to be the opened γ-lactone ring of libertellenone
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M (2). The major degeneration product of compound (3) was observed at m/z 299.1644 [M + H]+

(also present as a fragment ion in the MS/HRMS spectra of both compounds (2) and (3)) indicating the
loss of HCO2H (Δ 46.0048 between fragment ion and [M + H]+, calcd. 46.0054). The three compounds
displayed highly similar fragmentation patterns with similarity scores ≥84% (compound (3)) and
≥88% (m/z 299.1644) for all MS/HRMS spectra (10, 20 and 40 eV) compared to libertellenone M (2).
These were observed searching the MS/HRMS spectra of both analogues against our MS/HRMS
library spectra (libertellenone M included) by similarity scoring as in Kildgaard et al. [11], identifying
compounds that share the same fragment ions but have different molecular masses. MS/HRMS spectra
are shown for compounds (2) and (3) in Figures S2 and S3, Supplementary information. In addition
compound (2) was observed as a minor degeneration product of compound (3), suggesting the relative
configuration of both to be the same.

Myrocin F (1), libertellenone M (2), libertellenone C (4) and libertellenone E (5) were all evaluated
for their activity towards GSCs and compounds (1), (2), and (4) were shown to display IC50 values
of 40, 18, and 40 μM, respectively. The cytotoxicity of the diterpenoids was also evaluated towards
the following cancer cell lines: A549 (lung carcinoma), MCF7 (breast carcinoma), SW480 (colorectal
adenocarcinoma), and DU145 (prostate carcinoma). Myrocin F (1) showed the strongest effect with IC50

values between 20–50 μM, whereas compounds (2) and (4) proved to be much less cytotoxic towards
these cell lines (See Figures S46 and S47 for data). Libertellenone E (5) did not display any activity
towards any of the cell lines at the tested concentrations (IC50 > 300 μM). The higher cytotoxicity
displayed against all cancer cell lines for myrocin F could indicate the cyclopropane ring’s influence
on the bioactivity, in agreement with previous reports for other pimarane diterpenoids [38].

As far as antibacterial (Escherichia coli and methicillin-sensitive S. aureus (MSSA)) and antifungal
activity (Aspergillus fumigatus and Candida albicans) was concerned, none of the compounds were active
at the concentrations tested (MIC90 > 64 μg/mL).

2.2. Ilicicolin H, A Broad-Spectrum Antifungal, and New Analogues

From the original small scale cultivation (eight plates) combined YES and CYA extract, the
sixth flash fraction (ranging from 85% to 100% organic) displayed antifungal activity against
A. fumigatus. UHPLC-DAD-QTOFMS revealed the molecular formula C27H31NO4 (0.7 ppm accuracy)
for one of the major compounds in the fraction. AntiBase 2012 [41] suggested the broad spectrum
antifungal compound, ilicicolin H (Figure 5, (7)) as a candidate, consistent with UV data [25] and
the biological activity of the fraction [27,28]. Ilicicolin H is a hybrid polyketide—non-ribosomal
peptide derived fungal metabolite that was originally isolated in 1971 from the ‘imperfect fungus’
Cylindrocladium ilicicola [42], with its structure elucidation described in 1976 [25], biosynthesis in
1983 [26], and total synthesis of racemic ilicicolin H in 1985 [43]. The production of this compound was
highly increased when incubation time on rice media was extended from 10 days (as was optimal for
the pimarane diterpenoids) to three weeks at 25 ◦C in the dark (Cultivation 3). This led to isolation
of the compound in high amounts ( >50 mg) and 1D and 2D NMR confirmation (See Table 3) of the
structure to be ilicicolin H, confirmed by comparing 1H- and 13C- chemical shifts to that of published
data [25,26].

Table 3. NMR spectroscopic data (500 MHz and 800 MHz, MeCN-d3, δ in ppm, J in Hz) for
hydroxyl-ilicicolin H (6), ilicicolin H (7), and ilicicolin I (8).

Hydroxyl-ilicicolin H (6) Ilicicolin H (7) Ilicicolin I (8)
Position δ13

C δ1
H (Mult, J) δ13

C δ1
H (Mult, J) δ13

C δ1
H (Mult, J)

1′ 125.9 - 125.8 - 126.0 -
3′5′ 116.4 6.83 d(8.6) 116.6 6.83 d(8.6) 116.4 6.84 d(8.6)
2′6′ 131.8 7.27 d(8.6) 131.7 7.26 d(8.6) 131.8 7.29 d(8.6)
4′ 157.8 - 157.8 - 157.9 -

4′OH - 16.7 br.s. - 17.6 br.s. - -
1NH - 9.46 br.s. - 9.56 br.s. - 9.44 br.s.
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Table 3. Cont.

Hydroxyl-ilicicolin H (6) Ilicicolin H (7) Ilicicolin I (8)
Position δ13

C δ1
H (Mult, J) δ13

C δ1
H (Mult, J) δ13

C δ1
H (Mult, J)

2 163.0 - 162.9 - 163.3 -
3 108.7* - 108.1 - 107.5 -
4 178.2 - 178.0 - 179.5 -
5 114.9 - 114.8 - 115.1 -
6 141.3 7.40 s 141.4 7.40 s 141.2 7.42 s
7 210.8 - 211.0 - 195.7 -
8 54.1 4.98 m 54.1 4.97 m 127.5 7.98 d(16.0)
9 45.7 2.56 q(10.4) 46.2 2.48 q(10.4) 160.2 7.26 d(16.0)

10 44.5 1.28 m 44.5 1.23 m 42.6 -
11a 40.6 0.61 q(11.8) 40.6 0.58 q(11.8) 43.2 1.41 m
11b 1.78 m 1.77 m
12a 33.8 1.40 m 33.8 1.38 m 28.5 1.07 dq(12.4,3.4)
12b 1.40 m
13a 36.6 0.97 m 36.6 0.97 m 36.8 1.73 m
13b 1.76 m 1.77 m 1.00 dq(12.5,3.4)
14a 31.0 2.07 m 31.0 2.04 m 34.3 1.47 m
14b 0.99 m 0.99 m
15a 45.6 1.70 m 45.4 1.68 m 43.1 1.80 m
15b 0.80 q(12.5)
16 139.5 - 139.5 - 39.3 1.81 m
17 121.0 5.22 s 120.9 5.21 m 131.1 5.41 d(10.0)
18 21.4 1.65 s 21.5 1.63 s 132.5 5.58 ddd(10.0,4.7,2.6)
19 23.3 0.90 d(6.5) 23.4 0.89 d(6.5) 44.5 1.91 m
20 134.1 5.41 dd(15.5,8.2) 134.8 5.21 m 23.2 0.90 d(6.5)
21 132.6 5.47 dt(15.5,5.1) 127.3 5.32 m 18.6 0.98 d(7.0)
22 63.5 3.85 d(4.8) 18.5 1.53 d(6.5) 18.5 1.10 s

* very weak carbon chemical shift.
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Figure 5. Structures of hydroxyl-ilicicolin H (6), ilicicolin H (7), ilicicolin I (8).

HRMS and MS/HRMS of a group of peaks eluting in close proximity to ilicicolin H in cultivation 3
showed the presence of several ilicicolin H analogues in searching their MS/HRMS spectra against
our MS/HRMS library spectra (ilicicolin H included) by similarity scoring as in Kildgaard et al. [11].
Ilicicolin H and the tentatively identified analogues all shared the dominant fragment ion at m/z
230.0451 that corresponds to the left hand part of the molecule (Figure 5) with incorporation of
phenylalanine, [C12H8NO4]+ formed from cleavage of the C-7/C-8 bond. See Figure S5, Supplementary
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information for BPC of the crude rice extract with EIC from MS/HRMS showing the fragment ion
m/z 230.0451 and EIC from MS displaying ilicicolin H (434.2323 calculated for [C27H31NO4 + H]+)
and the tentatively identified analogues and their position in the chromatogram. Two new analogues,
hydroxyl-ilicicolin H (6) and ilicicolin I (8) (See Figure 5) were isolated from the crude rice extract and
their structures elucidated by NMR spectroscopy (See Table 3). The first new analogue (6) was purified
in low amounts (0.4 mg), eluting slightly earlier than ilicicolin H in the ESI+ chromatogram. The ESI+

HRMS spectrum displayed the pseudomolecular ion, [M + H]+ with m/z 450.2278, from which the
molecular formula could be deduced as C27H31NO5 (accuracy −1.23 ppm), indicating the addition
of an oxygen atom. In relation to ilicicolin H, a similarity score of 90% was observed by comparing
the MS/HRMS spectra at 40 eV and the same absorptions maxima at 250 nm, 295 nm, and 350 nm
were displayed in the UV spectra. The structure of hydroxyl-ilicicolin H (6) was proposed from 1D
and 2D NMR spectroscopic analysis (See Table 3 for 1H and 13C chemical shifts). The NMR data for
the phenyl-pyridone moiety were comparable to those of ilicicolin H elucidated in the same solvent.
For the decalin moiety, the 1H-NMR spectrum exhibited eight methines (including three vinylic),
four methylenes (including three diastereotopic), and two methyl groups (including one singlet).
This indicated the difference of an oxidation of the methyl group at δH 1.53 (CH3-22) in ilicicolin H to
the enantiotopic methylene at δH 3.85 (CH2-22) in hydroxyl-ilicicolin H, with the observed downfield
chemical shift of the methylene supporting the presence of the hydroxyl group at C-22. The position
of the CH2-22 was confirmed by identification of observed vicinal couplings in the COSY spectrum
between δH 5.47 (CH-21) and δH 3.85 (CH2-22) belonging to the spin system including CH-8 to CH-15,
CH-17, CH3-19 and CH-20 to CH2-22. Furthermore, HMBC correlations were observed from the vinylic
protons at δH 5.41 (CH-20) and δH 5.47 (CH-21) to the methylene carbon at δC 63.5 (C-22) (See Figure 6).
The relative configuration of hydroxyl-ilicicolin H (6) was suggested to be the same as ilicicolin H (7),
based on the inspection of coupling constants and observed NOEs in the NOESY spectra (See Figure 6)
together with the close structural similarity of compounds (6) and (7). A trans diaxial relationship
was suggested for the protons at H-8 and H-9 and H-9 and H-10, as H-9 was observed as a quartet
in the 1H-NMR spectrum with a coupling constant J = 10.4 Hz. Furthermore, the proton at δH 0.61
(H-11a) also appeared in the 1H-NMR spectrum as a quartet with a coupling constant J = 11.8 Hz,
indicating a trans diaxial relationship between the protons H-10 and H-11a and H-11a and H-12. This
was supported by observed NOEs of H-10 with H-8, H-11b and H-14b, and of H-11b with H-12 that
placed these protons on the same face of the molecule, whereas NOEs of H-11a with H-9, H-15, CH3-19
and H-13a and of H-15 with H-9, H-13a and H-14a placed these protons on the opposite face of the
molecule. The size of the vicinal coupling constants for H-20/H-21 of J = 15.5 Hz suggested trans
stereochemistry and NOEs were observed of H-20 with H-11b and of H-21 with H-9.
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Figure 6. Selected important HMBC correlations (1H-13C) to C-22 and NOESY correlations for the
decalin moiety of hydroxyl-ilicicolin H (6).
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The second new analogue (8) was observed eluting as a small peak at almost the same retention
time as ilicicolin H in the ESI+ chromatogram and it was deduced to possess the same molecular
formula of C27H31NO4 ([M + H]+ with m/z 434.2325, −0.20 ppm accuracy), indicating the presence of
an ilicicolin H isomer. The compound showed a similarity score of 92% (MS/HRMS spectra, 40 eV) and
the UV spectrum displayed a slight bathochromic shift to longer wavelength with absorption maxima
at 254 nm, 308 nm, and 365 nm to that of ilicicolin H. The structure of ilicicolin I (8) was elucidated
by 1D and 2D NMR spectroscopic analysis (See Table 3). The NMR data for the phenyl-pyridone
moiety were comparable to those of ilicicolin H, whereas observed changes to the decalin moiety
revealed the compound to be a structural isomer. The 1H-NMR spectrum for the decalin moiety
displayed eight methines (including four vinylic), three methylenes (all diastereotopic), and three
methyl groups (including one singlet). The DQF-COSY spectrum defined two spin systems besides
the singlet methyl group at δH 1.10 (CH3-22). One spin system consisted of the two vinylic protons at
δH 7.98 (CH-8) and δH 7.26 (CH-9) with the size of the coupling constant of J89 = 16.0 Hz, indicating
trans stereochemistry. The second spin system consisted of the two vinylic methines at δH 5.41 (CH-17)
and δH 5.58 (CH-18), four methines at δH 1.41 (CH-11), δH 1.47 (CH-14), δH 1.81 (CH-16) and δH 1.91
(CH-19), three diastereotopic methylenes at δH 1.40/1.07 (CH2-12), δH 1.73/1.00 (CH2-13), and δH

1.80/0.80 (CH2-15) and two methyl groups at δH 0.90 (CH3-20) and δH 0.98 (CH3-21). The linking
between these two COSY spin systems and the phenyl-pyridone moiety together with the assignment
of the singlet methyl group at CH3-22 and quaternary carbons was accomplished by analysis of the
HMBC spectrum (See Figure 7). Important HMBC correlations from the vinylic protons H-8 and H-9 to
the ketone at δC 195.7 (C-7) assisted in the connection of this spin system to the phenyl-pyridone moiety.
The upfield shift observed for the ketone at C-7 (decreasing from 211.0 to 195.7 ppm) in comparison
to ilicicolin H and the downfield shift of the β carbon at δC 160.2 (C-9) supports that the C-8/C-9
double bond is in conjugation with the ketone at C-7. HMBC correlations from H-8 and H-9 to δC 42.6
(C-10), H-9 to δC 18.5 (C-22), H-12, H-18, H-21, and H-22 to C-10 and H-11 and H-19 to C-22 linked
the spin system of CH-8 and CH-9 to the remaining spin system of the polyketide chain (including
CH-11 to CH-21) via the quaternary carbon at C-10 and singlet methyl group at C-22. Further key
HMBC correlations from H-12 and H-18 to δC 39.3 (C-16) and from H-15 and H-17 to δC 43.2 (C-11)
assisted in the assembly of the decalin ring system. The relative stereochemistry of ilicicolin I was
proposed based on coupling constants and observed NOEs in the NOESY experiments (See Figure 7).
A trans diaxial relationship was suggested for the protons H-16 and H-15b and H-15b and H-14 based
on the observation that H-15b appears as a quartet in the 1H-NMR spectrum with a coupling constant
of J = 12.5 Hz. Furthermore, a trans diaxial relationship was also assumed for the protons H-14 and
H-13b, H-13b, and H-12a and H-12a and H-11 based on H-13b and H-12a appearing in the 1H-NMR
spectrum as double quartets with coupling constants of J = 12.4 and 3.4 Hz. This was supported by
observed NOEs of H-8 with CH3-22, CH3-22 with H-16 and H-19, H-16 with H-14 and H-15a, H-14
with H-12a and H-13a placing these protons on the same side of the plane, whereas correlations of H-9
with CH3-21, H-11, and H-12b, H-11 with H-15b and CH3-21, and of H-12b with H-13b placed these
protons on the opposite side of the plane.

Based on the structural similarities between ilicicolin I and ilicicolin H, we hypothesize that the
decalin moiety for ilicicolin I is biosynthesized by the fungus via cyclization between C-10 and C-19
and between C-11 and C-16 through an intermolecular Diels-Alder reaction of the reduced octaketide
chain instead of cyclization between C-8 and C-9 and C-10 and C-15 as in ilicicolin H [26].

Two other ilicicolin H analogues with the pseudomolecular ions, [M + H]+ m/z 452.2436
(C27H33NO5, accuracy −1.26 ppm) and m/z 420.2126 (C26H29NO4, accuracy −0.87 ppm) were
tentatively identified by HRMS and MS/HRMS to also elute in close proximity to ilicicolin H. This
suggested the new structures with the possible addition of H2O for the former and one less methyl
group (difference of a CH2 unit) for the latter compound compared to ilicicolin H. The two compounds
shared the dominant fragment ion at m/z 230.0451 and showed similarity scores of 80% and 92% to that
of ilicicolin H for their 40 eV MS/HRMS spectra, respectively (See Figures S5 and S6, Supplementary
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information for MS/HRMS spectra). Only trace amounts insufficient for purification were present of
these two possibly new analogues in the crude extract.

Figure 7. Selected important HMBC correlations (1H-13C) and NOESY correlations for the decalin
moeity of ilicicolin I (8).

Hydroxyl-ilicicolin H (6) and ilicicolin I (8) were evaluated together with ilicicolin H (7) for
their antifungal activity against A. fumigatus, C. albicans, Candida parapsilosis, and Candida tropicalis.
Compounds (6) and (8) did not show any activity at the tested concentrations (MIC90 > 128 μg/mL).
In contrast, ilicicolin H (7) exhibited strong activities against A. fumigatus (MIC90 0.5–1 μg/mL),
C. albicans (MIC90 < 0.25 μg/mL), and C. parapsilosis (MIC90 0.5 μg/mL) to confirm the observed
activity of the antifungal fraction. Structure–activity relationship (SAR) studies have previously been
performed during structural modifications (chemical, biotransformation, and enzymatic) to ilicicolin
H [27,28,44]. As shown here, a series of semisynthetic analogues produced by biotransformation of
ilicicolin H generally showed a significant loss of activity when oxidized [44]. The importance of
the β-diketone feature (C-4-C-3-C-7) has been indicated in the antifungal activity and in general a
significant reduction or loss of activity has been seen for compounds with modification around the
β-diketone and hindrance of an established bioactive conformation with a perpendicular orientation
between the left hand phenyl-pyridone side and right hand decalin side [27,28]. The loss of activity
seen for ilicicolin I may be due to the hindrance of this structural isomer to take up the right
bioactive conformation.

3. Materials and Methods

3.1. General Experimental Procedures

UHPLC-DAD-QTOFMS was performed on an Agilent Infinity 1290 UHPLC system (Agilent
Technologies, Santa Clara, CA, USA) equipped with a DAD. Separation was achieved on an Agilent
Poroshell 120 phenyl-hexyl column (2.1 × 150 mm, 2.7 μm) with a flow rate of 0.35 mL/min at
60 ◦C using a linear gradient of 10% acetonitrile (MeCN) in Milli-Q water buffered with 20 mM
formic acid (FA) increased to 100% in 15 min staying there for 2 min, returned to 10% in 0.1 min
and kept there for 3 min before the following run. MeCN was LC-MS grade. MS detection was
done on an Agilent 6545 QTOF MS equipped with Agilent Dual Jet Stream electrospray ion source
with a drying gas temperature of 160 ◦C, a gas flow of 13 L/min, and a sheath gas temperature of
300 ◦C and flow of 16 L/min. Capillary voltage was set to 4000 V and a nozzle voltage to 500 V.
Other MS parameters including description of the automated data-dependent MS/HRMS (at 10,
20, and 40 eV) can be found in Kildgaard et al. 2014 [11]. The MS data were analyzed in three
different ways. First, full scan HRMS data were data mined (aggressive dereplication) for [M + H]+,
[M + Na]+, [M − H]−, and [M + HCOO]− adducts of all known elemental compositions described
from Stilbella and related genera [11], here the mass accuracy, isotopic ratios, and isotopic spacing [45]
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were added into a combined score (0–100%), where only hits above 70% were considered. Secondly,
the MS/HRMS spectra were searched against the in-house library using the Agilent MassHunter
PCDL manager (Agilent Technologies), with 20 ppm accuracy on the parent ion and 30 ppm on the
fragment ions, giving a score of 0–100%. Finally, the elemental composition of peaks not identified
in the previous two steps, were identified based on the mass accuracy, isotopic ratios, and isotopic
spacing (sometimes providing several candidates above 70%). Then similarity search (>50% of 100%)
was used for matching peaks in the library spectrum against the unknown spectrum (independent on
parent mass) [11] to pinpoint related pimarane diterpenoids and hybrid polyketide-non ribosomal
peptides, since both had groups displaying unique and very different fragment ions (Supplementary
information). Pre-fractionation was performed using flash chromatography of the crude extract with
an Isolera One automated flash system (Biotage, Uppsala, Sweden). Purification of compounds was
conducted using a Waters 600 Controller (Milford, MA, USA) coupled to a Waters 996 Photodiode
Array Detector. One and two dimensional NMR experiments were acquired using standard pulse
sequences on a 400 MHz Bruker Ascend spectrometer with a Prodigy cryoprobe, 600 MHz Bruker
Ascend with a SmartProbe (BBO) and a 800 MHz Bruker Avance spectrometer with a 5 mm TCI
cryoprobe, alternatively on a 500 MHz Bruker Avance with a 1.7 mm cryoprobe at Fundación Medina,
Spain. Optical rotations were measured on a Perkin Elmer 341 polarimeter (Perkin Elmer, Waltham,
MA, USA).

3.2. Fungal Strain and Identification

The filamentous fungus was isolated from a sea water sample off the coast of the Danish island
Fanoe. The fungus was 3-point inoculated on CYA, OAT, PDA, and V8 agar plates [46] and incubated
at 25 ◦C in the dark. After 11 days of growth on V8, microscope slides were made and a morphological
examination identified the fungus as Stilbella fimetaria (Pers.) Lindau. Molecular sequencing of the ITS
region confirmed the morphological identification. The fungus (IBT 28361) is stored in the IBT culture
collection at DTU Bioengineering, Technical University of Denmark.

3.3. Cultivation

Original small scale cultivation: the marine-derived fungus was 3-point inoculated on ten agar
plates (five CYA and five YES) and incubated for 9 days in the dark at 25 ◦C [46]. Cultivation 1:
the fungus was 3-point inoculated on 200 YES plates and incubated for 9 days in the dark at 25 ◦C.
Cultivation 2: the fungus was inoculated into 6 × 1.8 L conical culture flasks with organic grain rice
(150 g per flask) and Milli-Q water (150 g per flask) and incubated at 25 ◦C in the dark for 10 days.
Cultivation 3: the fungus was inoculated into 15 small conical flasks 0.5 L with organic grain rice (50 g
per flask) and Milli-Q water (50 g per flask) and incubated for 21 days at 25◦C in the dark.

3.4. Extraction and Isolation

Original small scale cultivation: Extraction of the eight plates (four CYA and four YES) was
achieved with 150 mL EtOAc containing 1% FA. The crude extract was then fractionated on a RP C18

flash column (Sepra ZT, Isolute, 10 g) using the Isolera One automated flash system. The gradient
used was MeCN and water buffered with 20 mM FA going from 15% to 100% MeCN over 28 min
(12 mL/min). Six flash fractions were automatically collected based on UV signal (210 nm and 254 nm).
MeCN was of HPLC grade and water was purified and deionized by a Millipore system with a 0.22 μm
membrane filter (Milli-Q water). For one CYA plate and one YES plate 4 plugs were taken from one
colony with a 6-mm plug drill, covering the diameter of the colony and extracted with 1 mL EtOAc
containing 1% FA and otherwise prepared in accordance with the micro-scale extraction method
described by Smedsgaard [47].

Cultivation 1: Extraction was achieved with 150 mL EtOAc with 1% FA for every 10 plates.
Liquid-liquid extraction was performed with 1:9 Milli-Q water:methanol (MeOH) and 1:1 heptane,
resulting in two phases, the Milli-Q water/MeOH phase was added Milli-Q water to a ratio 1:1,
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and metabolites were extracted with dichloromethane (DCM). This was done to remove unwanted
carbohydrates from the media as well as fatty acids. The crude extract from the DCM phase was
fractionated on a RP C18 flash column (Sepra ZT, Isolute, 25 g) using the Isolera One automated flash
system. The gradient used was 15–100% MeCN buffered with 20 mM FA over 28 min (25 mL/min).
Fractions were automatically collected based on UV signal (210 nm and 254 nm). The bioactive fraction
(going from 40–50% MeCN) was further fractionated on the Isolera system using a diol flash column
(Diol, 25 g, 33 mL) and fractions were eluted with two column volumes (2 col. vols.) per fraction with
DCM, DCM/EtOAc, EtOAc, EtOAc/MeOH, and MeOH with a flow rate of 25 mL/min. The bioactive
fractions going from 50% to 60% and 60% to 85% MeCN were fractionated further on the Isolera system
using a RP C18 flash column (10 g/15 mL). The gradient was 5% stepwise (13 col. vols.) from 35%
to 100% MeOH buffered with 20 mM FA with a flow rate of 15 mL/min. Fractions were collected
manually for every 5%. Myrocin F and helvolic acid were purified on the Waters 600 semi-preparative
HPLC. Myrocin F separation was achieved on a Luna II C18, 5 μm, 250 × 10 mm column (Phenomenex,
Torrance, CA, USA) with a flow rate of 5 mL/min using a linear gradient of 45% MeCN in Milli-Q
water with 20 mM FA going to 75% MeCN in 20 min. Helvolic acid separation was achieved on a Luna
II C18, 5 μm, 250 × 10 mm column (Phenomenex, Torrance, CA, USA) with a flow rate of 4 mL/min
using a linear gradient 60% MeCN in Milli-Q water going to 100% MeCN in 20 min.

Cultivation 2: Extraction was achieved using 600 mL per flask of EtOAc with 1% FA. Liquid-liquid
extraction was performed with 1:9 Milli-Q water:MeOH and 1:1 heptane, the Milli-Q water/MeOH
phase was added Milli-Q water to a ratio 1:1, and metabolites were extracted with DCM, leaving
the crude extract from the DCM phase. The crude extract was fractionated on a diol flash column
(Diol, 25 g, 33 mL) and compounds were eluted with 2 col. vols. per fraction: heptane, heptane/DCM,
DCM, DCM 3: 1 EtOAc, DCM/EtOAc, EtOAc, EtOAc 3:1 MeOH, EtOAc/MeOH, and MeOH. Fractions
DCM 3: 1 EtOAc and DCM/EtOAc were further fractionated on a RP C18 column (15 μm/100 Å,
10 g/15 mL) using the Isolera One automated flash system. The gradient was 5% stepwise (13 col. vols.)
from 35% to 100% MeOH buffered with 20 mM FA with a flow rate of 15 mL/min. Fractions were
collected manually for every 5%. Libertellenone M, the suggested opened γ-lactone of libertellenone
M and libertellenone C were purified on the Waters 600 semi-preparative HPLC. Libertellenone M
and the opened γ-lactone of libertellenone M separation was achieved on a Gemini C6-Phenyl, 5 μm,
250 × 10 mm column (Phenomenex, Torrance, CA, USA) with a flow rate of 4 mL/min using a linear
gradient 40% MeCN in Milli-Q water with 20 mM FA going to 100% MeCN in 28 min. Further
libertellenone M separation was done on a Luna II C18, 5 μm, 250 × 10 mm column (Phenomenex,
Torrance, CA, USA) with a flow rate of 4 mL/min isocratic 55% MeCN in Milli-Q water with 20 mM FA
in 20 min and a Kinetex Biphenyl, 5 μm 250 × 10 mm column (Phenomenex, Torrance, CA, USA) with
a flow rate of 4 mL/min using a linear gradient 30% MeCN in Milli-Q water with 20 mM FA going to
100% MeCN in 25 min. Libertellenone C separation was achieved on a Luna II C18, 5 μm, 250 × 10 mm
column (Phenomenex, Torrance, CA, USA) with a flow rate of 5 mL/min using a linear gradient of 30%
MeCN in Milli-Q water with 20 mM FA going to 70% MeCN in 30 min. Libertellenone E was purified
from the EtOAc 3:1 MeOH fraction on the Waters 600 semipreparative HPLC. Separation was achieved
on a Luna II C18, 5 μm, 250 × 10 mm column (Phenomenex, Torrance, CA, USA) with a flow rate of
5 mL/min using a linear gradient of 30% MeCN in Milli-Q water with 20 mM FA going to 70% MeCN
in 20 min and a Kinetex Biphenyl, 5 μm 250 × 10 mm column (Phenomenex, Torrance, CA, USA ) with
a flow rate of 4 mL/min using a linear gradient of 30% MeCN in Milli-Q water with 20 mM FA going
to 100% MeCN in 25 min.

Cultivation 3: Extraction was achieved using 150 mL EtOAc per flask. Liquid-liquid extraction
was performed with 1:9 Milli-Q water:MeOH and 1:1 heptane, the Milli-Q water/MeOH phase was
added Milli-Q water to a ratio 1:1, and metabolites were extracted with DCM, leaving the crude extract
from the DCM phase. The crude extract was pre-fractionated on a diol flash column (Diol, 25 g, 33 mL)
and compounds were eluted with 2 col. vols. per fraction: heptane, heptane/DCM, DCM, DCM 3:1
EtOAc, DCM/EtOAc, EtOAc, EtOAc 3:1 MeOH, EtOAc/MeOH, and MeOH. Interesting fractions were
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further fractionated on a RP C18 column (15 μm/100 Å, 10 g/15 mL) using the Isolera One automated
flash system. The gradient was 5% stepwise (13 col. vols.) from 35% to 100% MeOH buffered with
20 mM FA with a flow rate of 15 mL/min. Fractions were collected manually for every 5%. Ilicicolin H
and hydroxy-ilicicolin H purification was achieved from the 80% MeOH and 50% MeOH fractions,
respectively, on a Gemini C6-Phenyl, 5 μm, 250 × 10 mm column (Phenomenex, Torrance, CA, USA)
with a flow rate of 4 mL/min using a linear gradient from 80% MeCN in Milli-Q water with 20 mM FA
going to 100% MeCN in 15 min for ilicicolin H and from 50% MeCN in Milli-Q water with 20 mM FA
going to 90% MeCN in 20 min for hydroxy-ilicicolin H. Ilicicolin I was purified from the 60% MeOH
fraction on a Kinetex Biphenyl, 5 μm 250 × 10 mm column (Phenomenex, Torrance, CA, USA ) with a
flow rate of 4 mL/min using an isocratic gradient at 75% MeCN in Milli-Q water with 20 mM FA for
20 min.

Helvolic acid: white solid; UV (MeCN) λmax: 234 nm; 13C NMR see Figure S12 and Table 1; HRESIMS
m/z 591.2932 ([M + Na]+ calculated for C33H44O8Na, m/z 591.2922)

Myrocin F: white solid; UV (MeCN) λmax: 215 nm, 270 nm; 13C- and 1H-NMR see Table 1; HRESIMS
m/z 329.1745 ([M + H]+ calculated for C20H25O4, m/z 329.1746)

Libertellenone M: white solid; [α]20
D −81◦ (c 0.10, MeOH); UV (MeCN) λmax: 220 sh nm, 270 sh nm,

290 nm; 13C- and 1H-NMR see Table 2; HRESIMS m/z 327.1592 ([M + H]+ calculated for C20H23O4,
m/z 327.1590)

Opened γ-lactone ring of libertellenone M: white solid; UV (MeCN) λmax: 220 sh nm, 270 nm,
315 nm; 13C- and 1H-NMR see Table 2; HRESIMS m/z 345.1692 ([M + H]+ calculated for C20H25O5,
m/z 345.1695)

Libertellenone C: white solid; [α]20
D −98◦ (c 0.11, MeOH); UV (MeCN) λmax: 218 nm, 270 nm, 325 nm;

13C- and 1H-NMR see Figure S31 and Table 2; HRESIMS m/z 349.2012 ([M + H]+ calculated for
C20H29O5, m/z 349.2007)

Libertellenone E: white solid; [α]20
D +24.6◦ (c 0.13, MeOH); UV (MeCN) λmax: 214 nm, 268 nm, 314 nm;

13C- and 1H-NMR see Figure S31 and Table 2; HRESIMS m/z 347.1858 ([M + H]+ calculated for
C20H27O5, m/z 347.1851)

Ilicicolin H: yellow solid; [α]20
D −159◦ (c 0.11, MeOH); UV (MeCN) λmax: 250 nm, 295 nm, 350 nm;

13C- and 1H-NMR see Table 3; HRESIMS m/z 434.2325 ([M + H]+ calculated for C27H32NO4,
m/z 434.2323)

Hydroxyl-ilicicolin H: yellow solid; UV (MeCN) λmax: 250 nm, 295 nm, 350 nm; 13C- and 1H-NMR
see Table 3; HRESIMS m/z 450.2278 ([M + H]+ calculated for C27H32NO5, m/z 450.2272)

Ilicicolin I: yellow solid; UV (MeCN) λmax: 254 nm, 308 nm, 365 nm; 13C- and 1H-NMR see Table 3;
HRESIMS m/z 434.2325 ([M + H]+ calculated for C27H32NO4, m/z 434.2323

3.5. Cytotoxicity Assay

NCH421k GSCs were derived from primary GBM patients who underwent surgical resection
according to the research proposals approved by the Institutional Review Board at the Medical
Faculty of Heidelberg. Tissues were enzymatically dissociated and cells were cultivated as floating
neurospheres under standard conditions (37 ◦C, 95% humidity, and 5% CO2) in serum-free stem cell
medium (DMEM/F-12 medium, 20% (v/v) BIT-admixture and 20 ng/mL each of basal fibroblast
growth factor (bFGF) and epidermal growth factor (EGF)). Cells were generally cultivated in 75 cm2

untreated cell culture flasks (Sarstedt, Newton, MA, USA). When spheres reached around 150–300 μm
in diameter, cells were passaged into new medium. Spheres were separated from debris and dead
cells by gravity sedimentation, before suspension in 1 mL accutase and shaking at 1100 rpm at 37 ◦C.
Accutase was removed after centrifugation at 900 g for 4 min and cells resuspended in 1 mL stem cell
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medium. Cells were passaged at 1:5–1:10 into 13 mL fresh stem cell medium, depending on the density
of the previous culture. Malignant cell lines A549 (lung carcinoma), MCF7 (breast adenocarcinoma),
SW480 (colorectal adenocarcinoma) and DU 145 (prostate carcinoma) were cultivated adherently in
DMEM supplemented with 10% FCS and 1% (v/v) penicillin/streptomycin. Stilbella fimetaria extracts
were initially tested for anticancer activity in NCH421k cells. To this end, cells were seeded in 96-well
plates (Greiner, Munich, Germany) at a density of 20,000 cells per well in 100 μL medium. Dried
fractionated fungal extracts were dissolved in DMSO and 10, 2, 0.4, 0.1, and 0.025 μg/well was applied
to the cells. 48 h after incubation under standard cell culture conditions, cell viability was assessed
using the CellTiter-Glo® luminescent cell viability assay (Promega, Madison, WI, USA). Cells incubated
with DMSO only were used as a control. In order to determine IC50 values for the pure diterpenoids,
cells were seeded in 96-well plates (Greiner, Munich, Germany) at a density of 5000 cells per well
for adherent cells and 8500 cells per well for NCH421k cells. Adherent cells were seeded 24 h in
advance to allow the cells to attach. Compound was dissolved to 30 mM in 100% DMSO and three-fold
serial dilutions were performed in cell culture medium. The compound containing medium was then
applied with a dilution factor of ten, contributing to eight concentrations, starting at 300 μM for all the
assays. Cell viability was assessed by the CellTiter-Glo® (Promega, Madison, WI, USA) luminescent
cell viability assay after 48 h incubation with the compound. Data were normalised to the DMSO
control. Viability curves were plotted using Excel and IC50 values estimated from the curves. The assay
was performed in biological triplicate.

3.6. Antibacterial and Antifungal Assays

Previously described methods were used for evaluating antibacterial and antifungal properties
of extracts/compounds [48,49]. The pimarane diterpenoids were tested for their ability to inhibit the
growth of Gram-negative and Gram-positive bacteria (E. coli ATCC25922 and MSSA MB2865), fungi
(A. fumigatus ATCC46645) and yeast (C. albicans ATCC64124). Ilicicolin H and analogues were tested
for their ability to inhibit the growth of A. fumigatus ATCC46645 and yeast (C. albicans ATCC64124,
C. parapsilosis ATCC22019, and C. tropicalis ATCC750). Helvolic acid was tested for its ability to inhibit
the growth of MRSA MB5393. Briefly, each compound was 3-fold serially diluted in DMSO with
a dilution factor of 2 to provide 10 concentrations starting at 128 μg/mL for all the assays (for the
pimarane diterpenoids only nine concentrations were used starting at 64 μg/mL). The MIC was
defined as the lowest concentration of an antibacterial or antifungal compound that inhibited ≥90% of
the growth of a microorganism after overnight incubation. The Genedata Screener software (Genedata,
Inc., Basel, Switzerland) was used to process and analyse the data and also to calculate the RZ’ factor
which predicts the robustness of an assay [50]. In all experiments performed in this work the RZ’ factor
obtained was between 0.87 and 0.98.

4. Conclusions

In this study, our combined bio-guided and dereplication-based discovery approach of cytotoxicity
and antimicrobial assays, UHPLC-DAD-QTOFMS-MS/HRMS using an in-house MS/HRMS library
and pre-bioassay fractionation of a marine-derived fungus Stilbella fimetaria proved to be quick and
effective in the identification of new and known bioactive natural products. There was no observed
bioactivity for the Stilbella fimetaria crude extract on its own, whereas pre-fractionation allowed the
observation of cytotoxicity, and antibacterial and antifungal activity, respectively, in three different
fractions. This led to the discovery of several cytotoxic pimarane-type diterpenoids, including the
two new diterpenes, myrocin F and libertellenone M, with IC50 values of 40 an 18 μM, respectively,
towards patient derived glioblastoma stem-like cells. Myrocin F exhibited general cytotoxicity towards
various cancer cell lines with IC50 values between 20 to 50 μM. The known broad-spectrum antifungal
compound, ilicicolin H was revealed as the active compound contributing to the observed antifungal
activity and MS/HRMS was applied to tentatively identify several new ilicicolin H analogues,
including the two purified compounds, hydroxyl-ilicicolin H and ilicicolin I. Optimization on rice
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media allowed for the purification of compounds in the required amount for structure elucidation
and bioassay analysis, with the production being optimal at around one week for the pimarane-type
ditepenoids and three weeks for the ilicicolin H analogues.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/8/253/s1,
HRESITOFMS, MS/HRMS, UV and 1D and 2D NMR data of all new compounds are provided.
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Abstract: The insulin-like androgenic gland hormone (IAG) found in decapod crustaceans is known
to regulate sexual development in males. IAG is produced in the male-specific endocrine tissue, the
androgenic gland (AG); however, IAG expression has been also observed in other tissues of decapod
crustacean species including Callinectes sapidus and Scylla paramamosain. This study aimed to isolate
the full-length cDNA sequence of IAG from the AG of male red deep-sea crabs, Chaceon quinquedens
(ChqIAG), and to examine its tissue distribution. To this end, we employed polymerase chain
reaction cloning with degenerate primers and 5′ and 3′ rapid amplification of cDNA ends (RACE).
The full-length ChqIAG cDNA sequence (1555 nt) includes a 366 nt 5′ untranslated region a 453 nt
open reading frame encoding 151 amino acids, and a relatively long 3′ UTR of 733 nt. The ORF
consists of a 19 aa signal peptide, 32 aa B chain, 56 aa C chain, and 44 aa A chain. The putative
ChqIAG amino acid sequence is most similar to those found in other crab species, including C. sapidus
and S. paramamosain, which are clustered together phylogenetically.

Keywords: Chaceon quinquedens; cold water species; red deep-sea crab; insulin-like androgenic gland
hormone (IAG); androgenic gland

1. Introduction

Insulin-like androgenic gland hormone (IAG) is produced by the male endocrine organ referred
to as the androgenic gland (AG) and is unique to male crustaceans. This gland, first described in the
blue crab, Callinectes sapidus, is located near the sub-terminal region of the vas deferens, surrounded by
muscles of the coxopodite of the last thoracic leg [1]. Following its discovery in C. sapidus, AG has been
found to be present in other crustacean species including an amphipod species, Orchestia gammarella [2].

Androgenic gland hormone (AGH) produced by the AG is known to be involved in male sexual
differentiation. The presence of AGH has been supported initially by experiments involving AG
manipulations in crustaceans [3]. AG implantation into a female isopod, Armadillidium vulgae, resulted
in the development of male sexual traits [4]. In female Cherax quadricarinatus, AG implantation caused
the development of male secondary sexual characteristics including red patching on the propodus
and the inhibition of vitellogenesis [5]. With clear evidence of the presence of AGH in crustaceans, its
structural elucidation was reported first in the isopod A. vulgare [6,7]. The structure of IAGs (=AGHs)
share six conserved cysteine residues with that of vertebrate insulin, whereas the rest of the primary
sequences show much less similarity [6–11].

IAG, being involved in male sexual development, is thought to be exclusively found in male
crustaceans. However, it has been reported that IAG has been expressed in tissues aside from
the AG. Females of two decapod crab species (C. sapidus and S. paramamosain) express IAG in
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both the hepatopancreas and ovary, and male C. sapidus show a similar IAG expression in the
hepatopancreas [9,10]. In shrimp, IAG expression is reported in the hepatopancreas and nerve cord
of Fenneropenaeus chinensis in both sexes and the hepatopancreas of M. nipponense males [12,13].
Interestingly, in C. sapidus, IAG cDNA found in different tissues encode the same putative IAG
sequence, while 5′ and 3′ UTR sequences differ [10,14,15]. These findings imply that IAG may be a
multifunctional hormone, the function is reported as tissue-specific [14].

The red deep-sea crab, Chaceon quinquedens, is an important commercial species in the northeastern
United States, where its fishery is federally managed. The C. quinquedens fishery is based on the
harvesting of males with carapace width exceeding 114 mm as these animals are considered to be
adults. C. quinquedens are distributed along the continental shelf and slope from Nova Scotia and
into the Gulf of Mexico, inhabiting depths from 200 to 1800 m. Compared to warm water crustacean
species, much remains unknown about their biology and physiology, including size-related sexual
maturity. Like most decapod crustacean species, C. quinquedens are sexually dimorphic, females
upon maturity exhibit specific morphological features specifically at pubertal molt, such as gonopore
formation, ovigerous hair development, etc. [16]. Adult males on the other hand, show no clear external
morphological feature(s) distinguishing them from juveniles. With the lack of available knowledge
on when and at what size male C. quinquedens become sexually mature [17], it is important to garner
information on size-related sexual maturity to provide more appropriate regulatory guidelines for
male-oriented fisheries.

In this study, we aimed to develop a molecular tool, which can be used for determining the sexual
maturity of male C. quinquedens. To this end, we isolated the full-length cDNA sequence of male
ChqIAG from the AG using polymerase chain reaction (PCR) with the degenerate primers, and 5′ and
3′ rapid amplification of cDNA ends (RACE) and examined its tissue distribution in adult male and
female C. quinquedens.

2. Results

2.1. cDNA Sequence Analysis

The full-length cDNA of ChqIAG (GenBank accession number KY497474) was isolated from
the AG of an adult male, C. quinquedens (Figure 1). The ChqIAG cDNA sequence (1555 nt) contains
a 366 nt 5′ UTR, a 453 nt ORF encoding 151 amino acids, and a relatively long 3′ UTR of 733 nt.
The signal peptide (19 aa): MFLPVIILLMLLTATQTKA was identified (p = 0.879) using SignalP
(http://www.cbs.dtu.dk/services/SignalP/).

Similar to vertebrate insulin, the putative ChqIAG sequence predicts B and A chains, with six
conserved cysteine residues likely involved in three disulfide bridges (two interchains: CB9 and CA12

and CB20 and CA28, and one intrachain: CA11 and CA19). The ChqIAG sequence seen in Figure 1,
contains a 19 aa signal peptide, followed by a B chain of 33 aa (underlined), a C chain of 55 aa (in bold
and italicized), and an A chain of 44 aa (double underlined). Two cleavage sites, RHKR and RFRR,
are located at the end of the B chain and C chain, respectively (boxed). The presence of a putative
N-glycosylation site at NA18 (marked with a triangle) was found in the A chain.
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Figure 1. The full-length cDNA and deduced amino acid sequence of ChqIAG isolated from the
androgenic gland (AG) of male C. quinquedens (GenBank Accession No. KY497474). Predicted signal
peptide is italicized. The predicted start codon (ATG) is bolded and underlined, and the stop codon
(TAG) is bolded, double underlined and marked with “*”. The nucleotide number is on the right and the
amino acid number is on the left hand side of the figure. Two predicted cleavage sites (RHKR/RFRR)
are boxed and a polyadenylation signal (AATAAA) is underlined in the 3′ untranslated region (UTR).
The six conserved cysteine residues are circled. The B chain is bold and underlined, the C chain is bold
and italicized and the A chain is bold and double underlined. The predicted N-glycosylation site is
noted with a triangle.

2.2. Phylogenetic Tree Analysis

A phylogenetic tree of the ORFs of decapod IAGs and AGH found in isopods was generated
using neighbor-adjoining methods, as shown (Figure 2). The phylogenetic tree clusters crustacean
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IAGs in relative correspondence to their taxonomy. Figure 2 contains two main branches clustering one
group including the IAGs of the crayfish, lobsters, and the majority of prawn species, Jasus edwardsii,
Sagmariasus verreaux, C. destructor, P. clarkii, C. quadricarinatus, P. monodon, F. chinensis and a crab
species Portunus pelagicus. The other main branch groups crab species; S. paramamosain, C. quinquedens,
C. sapidus and Eriocheir sinensis with a prawn species M. rosenbergii and all but one shrimp species
M. japonicas. Armadillidium vulgare as an isopod outgroup clusters away from all malacostraca
crustacean species.

Figure 2. Maximum likelihood tree (using phylogeny.fr) of the open reading frame (ORF) sequence of
crustacean insulin-like androgenic gland hormones (IAGs) and androgenic gland hormones (AGHs)
obtained from the following species: C. quinquedens, KY497474; M. rosenbergii, ACJ38227.1; P. pelagicus,
HM459854; E. sinensis, KU724192; S. paramamosain, JQ681748.1; Jasus edwardsii, KF908794; Macrobrachium
lar, AB579012.1; Callinectes sapidus, KF792074.1; M. nipponense, KC460325; Sagmariasus verreauxi,
KF220491; Cherax destructor, ACD91988; Palaemon pacificus, AB588014.1; Procambarus clarkii, KT343750.
Armadillidium vulgare, BAA86893.1. Cherax quadricarinatus, DQ851163.1; F. chinensis, JQ388277.1;
P. monodon, GU208677.1; P. paucidens, AB588013.1; M. japonicus, AB598415.1. The scale bar indicates
the number of amino acid sequence substitutions per site. Distance represents neighbor-adjoining
bootstrap values.

2.3. Tissue Distribution of ChqIAG

The spatial distribution of ChqIAG expression was examined in various tissues that were dissected
from an adult male and female C. quinquedens using an end-point reverse-transcriptase polymerase
chain reaction (RT-PCR) assay (Promega, Madison, WI, USA). The primers ChqIAG-start and -end were
used to amplify the entire ORF region of ChqIAG (Table 1) (Figure 3a,b, respectively). The AG is the
only tissue that expresses ChqIAG (Figure 3a, lane 13 boxed). The expression of arginine kinase (AK) as
a reference gene is common in all the same tissue cDNA examined. There was no amplification noted
by the no template control (lane 14). In contrast to earlier findings in other species, ChqIAG expression
is absent in the male and female hepatopancreas (Figure 3a, lane 11) as well as the ovary (Figure 3b,
Lane 11 and 12, respectively).
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Table 1. Primer sequences used for the isolation of the full-length cDNA of ChqIAG from the AG of
C. quinquedens (d = degenerate).

Primer Name Primer Sequences (5′ → 3′)

dF1 GAYTTYGAYTGYGGNSAYYT
dR2 ACTGCGGCSACMTSGSCGACA

ChqIAG-3F1 ACCAAGAACCTTATCCTCTGTATGCCTGACC
ChqIAG-3F2 GCCCCCGCCCACCTCACGCAGTCCCCATGA
ChqIAG-3F3 AGCGGTCTGTCAACGTGCACGACGAGTGCTGC
ChqIAG-5R1 GCAGCACTCGTCGTGCACGTTGACAGACCGC
ChqIAG-5R2 TGTCCATTGTGTCTTGACAAGCTGGAAGGCGA
ChqIAG-5R3 ATCATCAGGGGTGTCAGCGCCCTGTGACTCGG
ChqIAG-st ATGTTCCTGCCCGTGATTATACTACTGAT

ChqIAG-end TACTGATTCTGAGCTGCTATAATTTCCCT
ChqAK-QF CTGGGCCAGGTATACCGCCGCCTTGTCAGC
ChqAK-QR GGGGAGCTTGATGTGGACGGAGGCACGCAC

Figure 3. Spatial expression analysis of ChqIAG in adult male (a) and female (b) tissues 1: eyestalk
ganglia; 2: thoracic ganglia complex; 3: brain; 4: hypodermis; 5: muscle; 6: gill; 7: midgut; 8: hindgut;
9: heart; 10: hemocytes; 11: hepatopancreas; 12: testis/ovary; 13: androgenic gland/spermatheca;
14: no template control. Arginine kinase (ChqAK) was used as a reference gene for amplification.

2.4. Translational Regulatory Sites in ChqIAG cDNA Sequence

Several decapod IAG sequences including that of C. quinquedens have been analyzed for putative
translational regulatory sites present in 5′ and 3′ UTR using the RegRNA finder (Table 2). C. quinquedens
share several of these sites with those of other decapod species IAG sequences. Terminal oligopyrimidine
tract (TOP) motifs were found in the 5′ and in the 3′ UTRs of the ChqIAG sequence. An internal ribosome
entry site (IRES) and upstream open reading frame (uORF) were present in both the 5′ and 3′ UTRs.
A K-Box and Brd-Box were present only in the 5′ UTR of ChqIAG. A gamma interferon inhibitor of
translation (GAIT element) located in the 3′ UTR of the ceruloplasmin mRNA is only found in the 3′ UTR.

Table 2. Putative translational regulatory sites * present in the 5′ (top of the table) and 3′ (bottom of the
table) UTRs of decapod crustacean IAG cDNA sequences.

TOP IRES uORF GAIT Element SECIS ADH_DRE KB CPE GY Brd BRE

Species:
C. quinquedens 5 1 1 1 1
M. nipponense 6

P. pelagicus
M. rosenbergii 9 1

E. sinensis 7 1
P. pacificus 3 3

C. destructor
S. verreauxi 9 1

S. paramamosain 6 1
M. japonicus 4

M. lar 6
C. quadricarinatus 4 2

C. sapidus 3
F. chinensis 5
P. paucidens 2 1

P. clarkii 3
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Table 2. Cont.

TOP IRES uORF GAIT Element SECIS ADH_DRE KB CPE GY Brd BRE

C. quinquedens 5 4 3 1
M. nipponense 24 2 4 1 1 3

P. pelagicus 5 1 2 2 1
M. rosenbergii 31 3 1 1 1 3

E. sinensis 7 3 2 2 1 1
P. pacificus 23 3 1 1 8

C. destructor 3 1 1 2 1
S. verreauxi 9 2 4 6 2

S. paramamosain 2 3 2 6 1 1
M. japonicus 2 1

M. lar 24 2 3 4 1 1 1 1 1
C. quadricarinatus 2 1 2 1 1

C. sapidus 3 2 2 1 1 1
F. chinensis 12 4 2 1
P. paucidens 8 2 1

P. clarkii 1
motif distribution 233 27 36 32 10 1 1 4 8 19 1
motif frequency 0.63 0.07 0.1 0.09 0.03 0.003 0.003 0.01 0.02 0.05 0.003

* Regulatory sites were analyzed using regrna.mbc.nctu.edutw/html/prediction.html: Terminal oligopyrimidine
tract (TOP), internal ribosome entry site (IRES), upstream open reading frame (uORF), gamma interferon
activated inhibitor of ceruloplasmin mRNA translation (GAIT element), selenocysteine insertion sequence
(SECIS), alcohol dehydrogenase 3′ UTR down regulation control element (ADH_DRE), K-box (KB)/cytoplasmic
polyadenylation response element (CPE), GY-box (GY), and Brd-box (BRD), Bruno 3′ UTR responsive element (BRE).
Motif distribution row represents the number of sequences containing that particular motif (n = 16). Motif frequency
row represents the frequency of that motif as a percentage of all motifs (n = 372). A. vulagre, J. edwardsii and
P. monodon are excluded from this figure because only the coding region, not the full-length cDNA sequence of IAGs
including 5′ and 3′ UTRs are available in National Center for Biotechnology Information (NCBI).

3. Discussion

In this study, we isolated the full-length ChqIAG cDNA sequence from the androgenic gland of
a male red deep-sea crab, C. quinquedens, and determined the spatial distribution of its expression in male
and female tissues. To examine translational control of IAG, we also analyzed putative translational
motifs of IAG sequences in 15 other crustacean species listed from GenBank together with ChqIAG.

ChqIAG differentiates itself from other crustacean IAG sequences by exhibiting a 733 nt long 3′

UTR, implicating that this region may contain putative translation regulatory sites. The crab species
as a group, including C. sapidus, S. paramamosain, E. sinensis, and C. quinquedens, have longer 3′ UTRs
(~500–830 nt) followed by P. pelagicus with a 377 nt 3′ UTR and the lobster, prawn and crayfish species
having the smallest 3′ UTR < 300 nt [7]. It is reported that the IAG sequence is possibly encoded by
four or more exons separated by three introns: the first one located within the signal peptide, and
both the second and third located inside the C peptide [9,18]. The length of the 3′ UTR that is encoded
in exon four differs by species. The 3′ UTR length is known to reflect translational efficiency [19],
suggesting that C. quinquedens’ lengthy 3′ UTR may involve a more proficient translation process.

ChqIAG is clustered with three other crab species S. paramamosain, C. sapidus, and E. sinensis.
This grouping reflects sequence similarities of the ORFs. The six conserved cysteines within the A
and B chains allow for the formation of the intra- and inter-disulfide bonds. The putative amino acid
sequence of ChqIAG is most similar to that of S. paramamosain and C. sapidus, showing 63.6% and
62.9% sequence identity, respectively. E. sinensis shares the least sequence identity within the crab
cluster at 40.9%. Oddly, the C. destructor sequence shows greater similarity to another crab species,
P. pelagicus than a crayfish belonging to the same genus, C. quadricarinatus. The least similar clusters are
the prawn/shrimp species cluster and the lobster species cluster at less than ~25% sequence similarity.
Overall, IAG sequences isolated from all crab species except for P. pelagicus are more similar to each
other than those of crayfish or prawn.

IAG is expressed exclusively in the AG of male C. quinquedens. It is expected that ChqIAG would
show a similar expression pattern as that of C. sapidus and S. paramamosain. However, the exclusive
expression of ChqIAG expression in the AG is similar to other crustacean species [8] but differs from
that of C. sapidus. S. paramamosain, F. chinensis, and M. nipponense where IAG has been expressed

132



Mar. Drugs 2017, 15, 241

in both male and female tissues [12,14]. To date, it is still not known if these additional tissues of
S. paramamosain, F. chinensis, and M. nipponense contain the same IAG as in the AG as in C. sapidus [10].
It is proposed that C. quinquedens may have different forms of IAG in these tissues. Hence, they might
not have been amplified with the pair of primers used in this study.

The analysis of putative translation regulatory sites in the IAG cDNA sequences shows that
ChqIAG contains five different motifs: five TOPs, one IRES, one uORF, one K-box and one Brd-box.
The presence of IRES in the 5′ UTR of the IAG sequence is unique to C. quinquedens and S. paramamosain.
As another unique feature, ChqIAG 5′ UTR also lists a Brd-box which is typically found in the 3′ UTR.
The Brd-box found in 3′ UTR is known to down-regulate transcription and subsequently leads to a
reduction in protein levels [20]. Having two translational regulatory sites in the 5′ UTR of ChqIAG
suggests that the translation of IAG levels in AG may be regulated tightly.

Although the ChqIAG cDNA sequence is the only IAG sequence obtained from cold-water species
to date, we propose that IRES and Brd-box may be related to ChqIAG translation and may be associated
with water temperature. IRES presence is usually associated with the mRNA of growth regulatory
genes, which are known to respond to and during environmental stressors [21]. The ChqIAG sequence
displays the IRES motif more frequently than IAG sequences of any other species in the analysis.
Both IRES and box motifs are present among other growth hormone mRNA in cold-water species
including C. japonicus and C. opilio crustacean hyperglycemic hormones [22]. It appears that crustacean
species inhabiting colder water are more sensitive to temperature changes than those living in warmer
water and may depend on tighter translational control of these neuropeptide hormones than those
living in warmer water.

Four different translational regulatory sites are predicted within the ChqIAG 3′ UTR, including
five TOPs, one uORF, one GAIT, and one IRES. These motifs are most commonly found in the 3′ UTRs
of all species in Table 2. The presence of at least three out of four of these regulatory sites present in 14
out of 16 crustaceans in the analysis suggests a more conserved 3′ UTR among IAGs.

There are in general difficulties in distinguishing the sexual maturity of male crustaceans.
Unlike adult females, adult males do not exhibit externally visible morphological features. Attempts
have been made to determine a relationship between the size and onset of sexual maturity in other
deep-sea cold water crustaceans such as the Alaskan tanner crab, Chionoecetes bairdi, using chela
allometry (using chela height/length, and carapace length/width). However, a clear relationship
between size and maturity has not been found yet either in C. bairdi [23] or in C. quinquedens [17].
Hence it is proposed that establishing a relationship between the size and the levels of crustacean male
hormone, IAG, can be used as a tool to define the maturity of male crustaceans.

IAG is known to regulate male sexual development, specifically secondary sexual features and
spermatogenesis, suggesting that the levels of IAG expression in the AG and of the hemolymph IAG
titers may be closely associated with male sexual maturity. It is reported that IAG requires a binding
partner, an insulin-like binding protein, or an insulin-like binding protein like peptide [24]. The exact
mode of the IAG mechanism by which it regulates such processes still remains to be studied. With the
isolation of the ChqIAG cDNA sequence, it will be examined if there is a relationship between the
levels of IAGs and the size at sexual maturity of C. quinquedens males. This information would provide
management agencies guidance for male-driven fisheries that are currently regulated only based on
the size, not maturity.

4. Materials and Methods

4.1. Animal Collection and Maintenance

Adult C. quinquedens were collected along the continental shelf off the coast of Virginia in June
of 2016 (The Atlantic Red Crab Co., New Bedford, MA, USA). Crabs were captured using baited
crab pots and stored in a refrigerated cooling tank onboard the fishing vessel. Adult males and
females were then transported in coolers from Newport News, VA to the Institute of Marine and
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Environmental Technology (IMET, Baltimore, MD, USA). The crabs were kept for three days in a dark,
climate-controlled room at 4 ◦C in 30 ppt artificial seawater. Crabs were chilled on ice prior to dissection.
AGs were collected and immediately placed on dry ice. These samples were kept at −80 ◦C until
further processing.

4.2. Isolation of the Full-Length ChqIAG cDNA Using PCR with Degenerate Primers

The degenerate primers in Table 1 were based on conserved amino acid sequences of crustacean
IAGs [10]. The total RNA was isolated from the AGs of an adult male using the QIAzol lysis reagent
(Qiagen, Santa Ana, CA, USA), following the manufacturer’s protocol. The total RNA was quantified
using a NanoDrop Lite Spectrophotometer (Thermo Scientific, Waltham, MA, USA). The total RNA
(~1–1.5 μg) was subjected to 5′ and 3′ RACE cDNA syntheses using the Switching Mechanism at 5′

End of RNA Template (SMART) cDNA synthesis kit (BD Biosciences, San Jose, CA, USA) following
the manufacturer’s protocol. A two-step PCR method was employed as reported [10]. Briefly, the first
touch-down polymerase chain reaction (TD-PCR) (BD Biosciences, San Jose, CA, USA) reaction used
the degenerate primer dF1 with a universal primer (BD Biosciences) with the following conditions:
94 ◦C for 2.5 min; eight cycles at 94 ◦C for 30 s; decreasing annealing temperatures 2 ◦C/cycle from
42 ◦C to 39 ◦C for 30 s; 68 ◦C for 1.5 min; 27 cycles at 94 ◦C for 30 s; 43 ◦C for 30 s; 68 ◦C for 1.5 min;
and the final extension at 68 ◦C for 7 min. The TD-PCR products served as the template for the
semi-nested PCR where dF1 and dR2 primers were used with the following PCR conditions: 94 ◦C
for 2.5 min; 40 cycles at 94 ◦C for 30 s; 40 ◦C for 30 s; 72 ◦C for 1.5 min; followed by a final extension
of 72 ◦C for 7 min. Products from the semi-nested PCR reaction were analyzed on a 1.5% agarose
gel. A band of the expected size ~280 bp was excised for DNA extraction. Cloning and sequencing
procedures were conducted as described in [13]. From the initially acquired sequencing results of
ChqIAG, gene-specific primers were generated (see Table 1) for further isolation of the full-length
cDNA sequence encoding ChqIAG.

4.3. 5′ and 3′ RACE of ChqIAG

The initial TD-PCRs for 5′ and 3′ RACE were carried out as described above; however, the gene
specific primers ChqIAG-5R1 and ChqIAG-3F1 were utilized to obtain 5′ and 3′ RACE sequences,
respectively. Both 5′ and 3′ RACE TD-PCRs were conducted using the following conditions: 94 ◦C
for 2.5 min; annealing temperatures decreasing 2 ◦C/cycle from 57 ◦C to 53 ◦C for 9 cycles; followed
by 27 cycles at 94 ◦C for 30 s; 58 ◦C for 30 s; 68 ◦C for 1.5 min; and the final extension at 68 ◦C for
7 min. One microliter of the initial TD-PCR product served as the template for the semi-nested PCR
and was amplified using nested universal primer (BD Biosciences) and ChqIAG-5R2 for 5′ RACE and
ChqIAG-3F2 for 3′ RACE. Bands with the expected size of ~450–550 bp were excised for DNA extraction
(Qiagen), followed by subsequent cloning and sequencing as described in [10].

4.4. Sequence Analyses

The ORF finder was used for finding the ORF (www.ncbi.nlm.nih.gov/orffinder/). The putative
amino acid ChqIAG was examined for the presence of a signal peptide using Signal P (http://www.
cbs.dtu.dk/services/SignalP/). The transcriptional regulatory sites present in the ChqIAG sequence
were analyzed using RegRNA2.0 (http://regrna2.mbc.nctu.edu.tw/ [25]. The N-glycosylation site
was determined using (http://www.cbs.dtu.dk/services/NetNGlyc/). A phylogenetic tree was
constructed using phylogeny.fr.

4.5. Tissue Distribution of ChqIAG Expression

Total RNA was extracted as described above from various tissues from an adult males and females
including eyestalk ganglia, thoracic ganglia complex, brain, hypodermis, abdominal muscle, gill,
midgut, hindgut, heart, hemocytes, hepatopancreas, testis, ovary, androgenic gland, and spermatheca.
One-2 μg of the total RNA of each tissue sample was subjected to the first strand cDNA synthesis using
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the PrimeScript™ Reverse transcriptase reagent kit with a gDNA eraser (TaKaRa, Mountain View, CA,
USA). The ChqIAG spatial distribution was determined using an end-point PCR assay. Each tissue’s
cDNA (12.5 ng of total RNA equivalent) was amplified with ChqIAG-start and end primers (Table 1)
under the following PCR conditions: 94 ◦C for 2.5 min, followed by 30 cycles of 94 ◦C for 30 s, 60 ◦C
for 30 s, and 72 ◦C for 1 min, and the final extension at 72 ◦C for 5 min. As a reference gene, arginine
kinase (ChqAK) was amplified in the same cDNA samples using ChqAK-QF and ChqAK-QR primers.

Acknowledgments: We thank Jon Williams and Bruce Medeiros of the Atlantic Red Crab Company for obtaining
red deep-sea crabs for this research and Stephanie Martinez at University of Maryland Eastern Shore for arranging
deliveries and collection of the animals. The work was supported by a National Science Foundation program grant
to JSC (1146774). AL internship was supported by the NOAA Living Marine Resources Cooperative Science Center
(NOAA Award No. NA11SEC4810002). This article is contribution No. 5390 of the University of Maryland Center
for Environmental Science and contribution No. 17-211 of the Institute of Marine and Environmental Technology.

Author Contributions: Jum Sook Chung conceived and designed the experiments; Amanda Lawrence performed
experiments; Shadaesha Green contributed reagents and materials; Amanda Lawrence and Jum Sook Chung
analyzed the data; Amanda Lawrence and Jum Sook Chung wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cronin, L.E. Anatomy and histology of the male reproductive system of Callinectes sapidus Rathbun. J. Morphol.
1947, 81, 209–239. [CrossRef] [PubMed]

2. Charniaux-Cotton, H. Decouverte chez un crustace amphipode (Orchestia gammarella) d’une glande endocrine
responsable de la differentiation de caracteres sexuels primaires et secondaires males. C. R. Acad. Sci. Paris
1954, 239, 780–782. [PubMed]

3. Charniaux-Cotton, H. Androgenic gland of crustaceans. Gen. Comp. Endocrinol. 1962, 1, 241–247. [CrossRef]
4. Suzuki, S.; Yamasaki, K. Sex reversal by implantations of ethanol-treated androgenic glands of female isopods,

Armadillidium vulgare (Malacostraca, crustacea). Gen. Comp. Endocrinol. 1998, 111, 367–375. [CrossRef] [PubMed]
5. Manor, R.; Aflalo, E.D.; Segall, C.; Weil, S.; Azulay, D.; Ventura, T.; Sagi, A. Androgenic gland

implantation promotes growth and inhibits vitellogenesis in Cherax quadricarinatus females held in individual
compartments. Invertebr. Reprod. Dev. 2004, 45, 151–159. [CrossRef]

6. Martin, G.; Sorokine, O.; Moniatte, M.; Bulet, P.; Hetru, C.; Van Dorsselaer, A. The structure of a glycosylated
protein hormone responsible for sex determination in the isopod, Armadillidium vulgare. Eur. J. Biochem. 1999,
262, 727–736. [CrossRef] [PubMed]

7. Okuno, A.; Hasegawa, Y.; Ohira, T.; Katakura, Y.; Nagasawa, H. Characterization and cDNA cloning of
androgenic gland hormone of the terrestrial isopod Armadillidium vulgare. Biochem. Biophys. Res. Commun.
1999, 264, 419–423. [CrossRef] [PubMed]

8. Ventura, T.; Manor, R.; Aflalo, E.D.; Weil, S.; Khalaila, I.; Rosen, O.; Sagi, A. Expression of an androgenic
gland-specific insulin-like peptide during the course of prawn sexual and morphotypic differentiation.
ISRN Endocrinol. 2011, 2011, 476283. [CrossRef] [PubMed]

9. Huang, X.; Ye, H.; Huang, H.; Yang, Y.; Gong, J. An insulin-like androgenic gland hormone gene in the
mud crab, Scylla paramamosain, extensively expressed and involved in the processes of growth and female
reproduction. Gen. Comp. Endocrinol. 2014, 204, 229–238. [CrossRef] [PubMed]

10. Chung, J.S.; Manor, R.; Sagi, A. Cloning of an insulin-like androgenic gland factor (IAG) from the blue crab,
Callinectes sapidus: Implications for eyestalk regulation of IAG expression. Gen. Comp. Endocrinol. 2011, 173,
4–10. [CrossRef] [PubMed]

11. Ventura, T.; Fitzgibbon, Q.; Battaglene, S.; Sagi, A.; Elizur, A. Identification and characterization of androgenic
gland specific insulin-like peptide-encoding transcripts in two spiny lobster species: Sagmariasus verreauxi
and Jasus edwardsii. Gen. Comp. Endocrinol. 2015, 214, 126–133. [CrossRef] [PubMed]

12. Li, S.; Li, F.; Sun, Z.; Xiang, J. Two spliced variants of insulin-like androgenic gland hormone gene in the
Chinese shrimp, Fenneropenaeus chinensis. Gen. Comp. Endocrinol. 2012, 177, 246–255. [CrossRef] [PubMed]

135



Mar. Drugs 2017, 15, 241

13. Li, F.; Bai, H.; Xiong, Y.; Fu, H.; Jiang, S.; Jiang, F.; Jin, S.; Sun, S.; Qiao, H.; Zhang, W. Molecular characterization
of insulin-like androgenic gland hormone-binding protein gene from the oriental river prawn Macrobrachium
nipponense and investigation of its transcriptional relationship with the insulin-like androgenic gland hormone
gene. Gen. Comp. Endocrinol. 2015, 216, 152–160. [CrossRef] [PubMed]

14. Chung, J.S. An insulin-like growth factor found in hepatopancreas implicates carbohydrate metabolism of
the blue crab Callinectes sapidus. Gen. Comp. Endocrinol. 2014, 199, 56–64. [CrossRef] [PubMed]

15. Chung, J.S.; Zmora, N. Functional studies of crustacean hyperglycemic hormones (CHHs) of the blue crab,
Callinectes sapidus—The expression and release of CHH in eyestalk and pericardial organ in response to envir.
FEBS J. 2008, 275, 693–704. [CrossRef] [PubMed]

16. Zmora, N.; Chung, J.S. A novel hormone is required for the development of reproductive phenotypes in
adult female crabs. Endocrinology 2014, 155, 230–239. [CrossRef] [PubMed]

17. Stevens, B.G.; Guida, V. Depth and temperature distribution, morphometrics, and sex ratios of red deepsea
crab (Chaceon quinquedens) at 4 sampling sites in the mid-atlantic bight. Fish. Bull. 2016, 114, 343–359. [CrossRef]

18. Zhang, Y.; Qiao, K.; Wang, S.; Peng, H.; Shan, Z.; Wang, K. Molecular identification of a new androgenic
gland-specific insulin-like gene from the mud crab, Scylla paramamosain. Aquaculture 2014, 433, 325–334.
[CrossRef]

19. Tanguay, R.L.; Gallie, D.R. Translational efficiency is regulated by the length of the 3′ untranslated region.
Mol. Cell. Biol. 1996, 16, 146–156. [CrossRef] [PubMed]

20. Lai, E.C.; Posakony, J.W. The Bearded box, a novel 3′ UTR sequence motif, mediates negative
post-transcriptional regulation of Bearded and Enhancer of split Complex gene expression. Development
1997, 124, 4847–4856. [PubMed]

21. Hellen, T.U.C.; Sarrow, P. Internal ribosome entry sites in eukaryotic mRNA molecules. J. Virol. 2001, 85,
49–63. [CrossRef] [PubMed]

22. Chung, J.S.; Ahn, I.S.; Yu, O.H.; Kim, D.S. Crustacean hyperglycemic hormones of two cold water crab species,
Chionoecetes opilio and C. japonicus: Isolation of cDNA sequences and localization of CHH neuropeptide in
eyestalk ganglia. Gen. Comp. Endocrinol. 2015, 214, 177–185. [CrossRef] [PubMed]

23. Brown, R.B.; Powell, G.C. Size at maturity in the male alaskan tanner crab, Chionoecetes bairdi, as determined
by chela allometry, reproductive tract weights, and size of precopulatory males. J. Fish. Res. Board Can. 1972,
29, 423–427. [CrossRef]

24. Rosen, O.; Weil, S.; Manor, R.; Roth, Z.; Khalaila, I.; Sagi, A. A crayfish insulin-like-binding protein: Another
piece in the androgenic gland insulin-like hormone puzzle is revealed. J. Biol. Chem. 2013, 288, 22289–22298.
[CrossRef] [PubMed]

25. Huang, H.Y.; Chien, C.H.; Jen, K.H.; Huang, H.D. RegRNA: A regulatory RNA motifs and elements finder.
Nucleic Acids Res. 2006, 34, W429–W434. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

136



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Marine Drugs Editorial Office
E-mail: marinedrugs@mdpi.com

www.mdpi.com/journal/marinedrugs





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03943-129-8 


	Blank Page

