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The G.B. Elyakov Pacific Institute of Bioorganic Chemistry of the Far-Eastern Branch of
the Russian Academy of Sciences (PIBOC FEB RAS) was founded in 1964 in Vladivostok in
the Far East of Russia. Over many years, we have been carrying out studies on the natural
products of both marine and terrestrial origin. In collaboration with many Russian and
foreign scientists, we have investigated many hundreds of diverse biomolecules, including
steroids and terpenoids, quinoid compounds and alkaloids, polysaccharides and lipids,
enzymes and lectins, proteins, and peptides. The Institute has a collection of marine
microorganisms (KMM) PIBOC, which includes more than 4000 strains of marine bacteria
and more than 1000 strains of marine fungi. The biological activity of natural compounds
is also being studied.

This part of the Special Issue is devoted to the investigation of structures and biological
activities of low molecular weight secondary metabolites of marine origin. These studies
began in the 60s of the last century, but they remain relevant to this day [1]. In the review
written by Valentin Stonik and Inna Stonik [2], the information concerning biosynthesis,
environmental roles, biological action, and syntheses of marine excitatory amino acids,
including kainic acid, domoic acid, dysiherbaine, and neodysiherbaine A, is summarized.

Several articles have described the structural studies of marine secondary metabolites.
The structures and absolute configurations of all new compounds have been established
by extensive NMR, MS, and ECD analyses, sometimes together with quantum-chemical
modeling. Kicha et al. [3] reported about the isolation of four new polyhydroxylated
steroids from the Vietnamese starfish Anthenoides laevigatus, which is able to inhibit the
formation of colonies of human colorectal carcinoma HT-29 and breast cancer MDA-
MB-231 cells in non-toxic concentrations. Two compounds have the rare starfish steroid
compounds 5β-cholestane skeleton. The studies on a Vietnamese marine sponge Stelletta
sp. by Kolesnikova et al. [4] led to the isolation of two new isomalabaricane triterpenoids
and four new isomalabaricane-derived nor-terpenoids. One of these compounds contains
an acetylenic fragment, unprecedented in the isomalabaricane family and extremely rare in
other marine sponge terpenoids.

In their research article, Santalova et al. [5] analyzed rare minor oxidized cerebrosides
isolated from the extract of the Far-Eastern deep-sea glass sponge Aulosaccus sp. Along
with NMR spectroscopy and mass spectrometry, GC analysis and chemical transformations
were used for structural elucidation of components. The additional instrumental and
chemical methods used made it possible, for the first time, to carry out a detailed structural
analysis of a complex mixture of glycosphingolipids containing allyl oxygenated monoene
acyl chains.

Mishchenko et al. [6] reported on the products formed during the oxidation of
Echinochrome A (Ech A). Ech A is one of the main pigments of several species of sea
urchins and is registered in the Russian Pharmacopoeia as an active medicinal substance

Molecules 2021, 26, 4971. https://doi.org/10.3390/molecules26164971 https://www.mdpi.com/journal/molecules

1



Molecules 2021, 26, 4971

(Histochrome®) used in cardiology and ophthalmology. The importance of this work
is due to the need to characterize the products formed during the destruction of this
pharmaceutical compound and to evaluate the toxic properties of obtaining products.

Sabutsky et al. [7] described the synthesis of new tetracyclic oxathiine-fused quinone-
thioglycoside conjugates based on biologically active 1,4-naphthoquinones and 1-mercapto
derivatives of per-O-acetyl D-glucose, D-galactose, D-xylose, and L-arabinose. The cy-
totoxic and antimicrobial activities of the obtained compounds were studied, and the
positive effect of heterocyclization with mercaptosugars on the cytotoxic and antimicrobial
properties for 1,4-naphthoquinones was shown.

In recent years, studies of the anticancer activity of marine natural compounds have
become increasingly important [1,8,9]. Malyarenko et al. [10] investigated the anticancer
and radiosensitizing effects of high molecular weight floretols CcPh from the brown algae
Costaria costata on human colorectal carcinoma cells HCT 116 and HT-29. It was shown that
CcPh at non-toxic concentrations suppressed the colony formation of colon cancer cells
and significantly increased their sensitivity to low, non-toxic X-ray irradiation, showing a
synergistic effect, which can be used to improve the radiation therapy scheme. Kvetkina
et al. [11] studied the anticancer activity of the recombinant analog of actinoporin Hct-S3
(rHct-S3) from the sea anemone Heteractis crispa. The mechanisms of the anti-migration
activity of rHct-S3 and its effect on the programmed death of cancer cells were described.
Kaluzhskiy et al. [12], using both a surface plasmon resonance optical biosensor and
spectral titration assays, showed that the natural flavonoid luteolin 7,3′-disulfate inhibits
the activity of lanosterol 14-alpha demethylase CYP51A1, which may be important for
further study of natural flavonoids as cholesterol-lowering and anticancer compounds.

The study of biopolymers of marine origin remains extremely relevant. In order to study
the channels of the outer membranes that determine cell permeability, Novikova et al. [13]
isolated and characterized the porin MpOmp from the extreme living marine bacterium
Marinomonas primoryensis KMM 3633T. It was concluded that lipid–protein interactions
could be a factor that stabilizes the trimeric structure of MpOmp. Bakholdina et al. [14]
investigated the effect of cultivation temperatures on the conformational quality of Yersinia
pseudotuberculosis phospholipase A1 in inclusion bodies (IBs) using green fluorescent pro-
tein (GFP) as a folding reporter. Obtained data showed that the GFP-marker could be
useful for studying the molecular organization of IBs, their morphology, and localization
in E. coli, as well as for visualization of IBs interactions with eukaryotic cells.

The study of the genomes of marine bacteria is extremely important, not only for
species identification but also for the search for bacteria that are promising sources of
unique enzymes and secondary metabolites. Noskova et al. [15] proposed to use the gene
of alkaline phosphatase as an additional marker in the description of strains of the genus
Cobetia due to difficulty in their identification, both in terms of phenotypic parameters
and because of the high homology of their 16S rRNA. Bystritskaya et al. [16] investigated
general porin regulation in the Far-Eastern strain of Y. pseudotuberculosis in response to
sublethal concentrations of antibiotics. As a result, the phenotypic heterogeneity of the
Y. pseudotuberculosis population was found, manifested in the variable expression of the
porin gene under the influence of carbenicillin. Chernysheva et al. [17] carried out a
detailed study of PL7 alginate lyase in the representatives of the genus Zobellia. PL7 was
found to belong to subfamilies 3, 5, and 6, undergoing local and horizontal gene transfer
and gene duplication processes.

Overall, 14 manuscripts published in the current SI cover almost all aspects of PIBOC
research activity in the fields of bioorganic chemistry, biochemistry, organic synthesis of
natural compounds, marine microbiology, and genetic engineering, and, we hope, provide
interesting new information for scientists working in these fields.
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Abstract: This review considers the results of recent studies on marine excitatory amino acids,
including kainic acid, domoic acid, dysiherbaine, and neodysiherbaine A, known as potent agonists
of one of subtypes of glutamate receptors, the so-called kainate receptors. Novel information,
particularly concerning biosynthesis, environmental roles, biological action, and syntheses of these
marine metabolites, obtained mainly in last 10–15 years, is summarized. The goal of the review was
not only to discuss recently obtained data, but also to provide a brief introduction to the field of
marine excitatory amino acid research.

Keywords: kainic acid; domoic acid; dysiherbaine; neodysiherbaine A

1. Introduction

Throughout the 55-year history of the G.B. Elyakov Pacific Institute of Bioorganic Chemistry
(PIBOC), Far Eastern Branch, Russian Academy of Science, a vast variety of new marine-derived natural
compounds including different glycosides, polar steroids, alkaloids, lipids, and other metabolites
have been isolated from echinoderms and sponges, ascidians, algae, fungi, and marine bacteria and
thoroughly studied. Many of the discovered new natural compounds proved to have a protective
action and were repeatedly mentioned in well-known series of review articles published in Natural
Products Reports [1]. To protect themselves against predators and pathogens, marine organisms
use a variety of structural groups of toxins. The latter are synthesized by lower plants, including
microalgae [2–4], and then accumulated by some invertebrates that transfer them up to higher trophic
levels. Marine excitatory amino acids (MEAAs) that belong to this category and play an important
role in marine communities have found application in pharmacology. To date, there are only three
known groups of marine-derived excitatory amino acids: (1) kainic acid and related compounds,
(2) domoic acid and some its derivatives, (3) sponge-derived dysiherbaine and neodysiherbaine A,
which specifically bind and activate the kainate-type of glutamate receptors (GluRs).

MEAAs, including the main compounds shown in Figure 1, are a chemical group of particular
research interest to us, although many of them were discovered long ago. This is explained by our
studies on highly polar marine metabolites from northwestern Pacific invertebrates, including sponges,
and marine bacteria and search for new excitatory compounds or their analogs. Another explanation
is the long-term interest of one of the coauthors of the present review (S.I.) [5] in domoic acid (DA),
and in DA-producers from the northern Pacific Ocean.

In general, these compounds are known as bioactive agents, particularly some of them as
biotoxicants, contaminating marine waters. The application of these compounds in experimental

Molecules 2020, 25, 3049; doi:10.3390/molecules25133049 www.mdpi.com/journal/molecules5
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pharmacology has expanded the knowledge about transmission of nerve impulses in higher animals.
In fact, excitatory amino acids have a structure similarity with that of the principal excitatory
neurotransmitter glutamic acid (1) and act as central nervous system (CNS) excitants. In the past
decade, MEAAs, sometimes called kainoids, have become an important research field, with several
discoveries made.

 
Figure 1. Chemical structures of glutamic acid (1) and marine excitatory acids (2–5).

Despite the successes of the most recent studies on biosynthesis of these natural products, a number
of questions about their appearance and disappearance in producers and consumers, transfer via food
chains, action on own producers, and origin of some of them still remain unresolved.

The last review [6] considering excitatory amino acids was published more than 20 years ago.
Herein, we discuss the recent results of studies on marine-derived natural products belonging to
this group, including their discovery, structure, biosynthesis, recent approaches to syntheses, origin,
biological action in producers and recipients, and environmental roles.

2. Kainic Acid and Related Metabolites

2.1. Discovery, Structure, and Some Properties

The key member of the kainoid family, kainic acid (2) [(–)α-kainic acid], sometimes referred to as
digenic acid, was isolated by Japanese chemists in the 1950 s from aqueous extracts of the red macroalga
Diginea simplex (Floridiophyceae, Ceramiales, Rhodomelaceae). Compound 2 in these extracts was
used as a vermifuge in the traditional medicine of East Asian countries for over a thousand years [7].
In 1953, Murakami and co-authors [8] showed this acid to be the most active anthehelmintic agent
from this alga and named it kainic acid after Kaininso, the Japanese name of this alga. The structures
of this compound and its isomer, allo-kainic acid (6), were established by X-ray analysis of the zinc
salt of kainic acid and, later of kainic and allokainic acids themselves [9,10]. Compound (2) was also
detected in several other species of lower macrophytes such as the red alga Centroceras clavulatum [9]
and others [11]. The Corsican moss Alsidium helminthochorton [12] contains kainic acid (2), allokainic
acid (6), and α-kainic acid lactone (7) (Figure 2) along with a peptide of 37 amino acids including two
kainic acid residues. A mutant strain of the alga Palmaria palmata was found to produce high levels of
kainic acid [13]. Chemical transformation of 2 provided several additional compounds of this series
such as isokainic acid (8) [12].

Figure 2. Some compounds closely related to kainic acid (6–8).

A new stage in the fundamental research of kainic acid came when its most interesting property,
the ability to specifically activate a subgroup of glutamic acid receptors, was discovered in the early
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1970s. Later, these receptors were named kainate receptors (KARs) [14–16]. Kainic acid is one of the best
natural agonists of KARs. It causes the influx of cellular Ca2+ ions, production of reactive oxygen species,
and mitochondrial dysfunctions that leads to neuronal apoptosis and necrosis. Hyperstimulation
of KARs is involved in the pathogenesis of various neurodegenerative disorders such as epilepsy,
Hantington’s chorea, and stroke. These properties of 2 and its application in experimental neurobiology
and pharmacology have attracted much attention and stimulated development of different approaches
to synthesize this excitatory acid and related compounds. In 1995, after the discovery of better
anthelmintics than 2, the production of this acid as anthehelmintic in Taiwan was stopped. However,
application in experimental pharmacology continued to require increasing amounts of this compound,
and it began to be produced not only from algae, but also by synthesis. In the early 2000s, its price
increased more than 50 times, to $100 per 10 mg [17]. In 2012, Evens and Inglesby [18] noted that
kainic acid had an estimated market value of 1 billion USA $ per annum. The price of synthetic
(−)-α-kainic acid from Sigma-Aldrich in January 2012 was $750/50 mg and increased up to $1749/50 mg
by May 2020. The deficit and the exceptionally high price of this product necessitated development of
optimal schemes for its complete syntheses, the number of which has increased significantly in the
recent decade.

2.2. Recent Syntheses

Thus, kainic acid raised great interest in synthetics due its activity, wide use in experimental
pharmacology, and probability to synthesize analogs and derivatives which could be applicable in
medicine to treat schizophrenia and other brain diseases. Taking into account that configurations of its
three stereogenic centers are crucial in binding to receptors and functional activities of this compound,
the stereoselective synthesis of 2 was directed first to the optically active form of 2, identical to the
natural product. Different synthetic strategies, based on C2–C3 or C3–C4 bond formations (the latter
approach was used in majority of syntheses), C4–C5 bond formation and C-N bond formation pathways,
as well as on the use of the existing pyrrolidine ring and cycloaddition reactions, were applied to
synthesize this excitatory amino acid. As a result, about 40 total multi-step syntheses of 2 were reported
in literature and reviewed in 2012 [19].

In our review, we discuss only some of syntheses reported later. Most of them are based on novel
schemes. We omit listing all the stages of these syntheses here and, instead, pay attention to main ideas
and results achieved in comparison with the already known approaches.

Poison et al. [20] elaborated an efficient synthesis of (–)-kainic acid (2) using just two of the
above-mentioned approaches: application of a pyrrolidine precursor and cycloaddition. A high-pressure
Diels-Alder cycloaddition of the obtained from 4-hydroxy-l-prolin (9) 3,4-unsaturated pyrrolidine
derivative 10 with Danishefsky’s diene at high pressure (15 kbar) and room temperature gave bicyclic
product 11. In this case, high pressure provided the gain in reactivity and led, after some additional
treatment and 82 h of exposure, to a 96% conversion into 11 that contained N-protected trisubstituted
pyrrolidine cycle. The subsequent decarboxylation and transformation of its six-membered ring to
isopropenyl and carboxymethyl groups gave 12 converted into target product via pyrrolidine derivative
13 with almost total stereocontrol and an approximately 10% yield (Scheme 1). At the same time, the
key intermediate product, enone 11, and related compounds were partly racemic in their first synthesis
attempts. However, preliminary purification of the initial Danishevsky’s diene by rapid distillation
and removal of trace triethylamine from it made it possible to synthesize 11 with excellent yield and
high enantiomeric excess.

New approaches, based on the formation of C3–C4 bond and involving the Ireland-Claisen
rearrangement of allylic esters, were used by Indian and Japanese groups. Reddy and Chandraseker [21]
utilized this rearrangement along with the Sharpless asymmetric epoxidation. The first of these
reactions was used to create C3 and C4 cis stereocenters, while the Sharpless oxidation allowed
the designing of chirality at C2. Authors constructed the target compound 2 from ynone 14.
At the first stages, this compound was converted into alcohol 15 by Noyori reduction and Red-Al
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transformation of triple bond into double one. Reaction of 15 with 3-methyl-3-butenoate catalyzed by
N,N′-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) gave the allylic ester 16,
which was converted into 17 by the Ireland-Claisen rearrangement with lithium bis(trimethylsilyl)amide
(LiHMDS) and trimethylsilyl chloride (TMSCl). The subsequent four steps of transformations led
to allyl alcohol 18 with removal of p-methoxybenzyloxy (PMBO) protective group. The obtained
18 was epoxidated by asymmetric Sharpless epoxidation using (–)-diethyltratrate (DET), titanium
isopropoxide Ti(iOPr)4, and tert-butyl hydroperoxide (TBHP) to give 19. Further conversion provided
azide 20. Reduction of 20 allowed the formation of pyrrolidine ring, and then NH in this ring was
protected by reaction with tert-butyloxycarbonyl anhydryde ((tBoc)2O) to obtain 21 in several steps.
Removal of the protective group and oxidation with Jones reagent (CrO3 in aqueous sulfuric acid) led
to kainic acid (2) (Scheme 2). Thus, a new strategy for constructing the core system of 2 was realized in
this synthesis.

 
Scheme 1. Synthesis of kainic acid by Diels-Alder reaction.

 
Scheme 2. A shortcut scheme of synthesis of kainic acid via chirality transfer through the
Ireland-Claisen rearrangement.

A similar strategy, also based on Ireland-Claisen rearrangement, was proposed by Japanese
scientists as a unified approach to synthesize not only kainic acid proper, but also bioactive 4-substituted
kainoids [22]. A source compound 22 was obtained from l-tartaric acid through four steps. Condensation
of 22 with 3-methyl-3-butenoic acid gave ester 23 which, through the Claisen-Ireland rearrangement
with LHMDS in the presence of TMSCl, was converted with high diastereoselectivity into carbonic
acid 24. The subsequent reduction of a carboxy group and other transformations gave aminomethyl
derivative 25. The resulting product was cyclized exceptionally easily through the palladium-mediated
pyrrolidine-ring formation into the product 26 that had the required stereochemistry for transformation
into kainic acid or its derivatives. After protection of the isopropenyl group, the corresponding
conversion into 2 was achieved by oxidative cleavage of the vinyl group by ozonolysis followed by the
Jones oxidation (Scheme 3).
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Scheme 3. Synthesis of kainic acid using the Ireland-Claisen rearrangement and palladium catalyzed
formation of pyrrolidine ring.

The advantage of the recent synthesis of kainic acid, developed by Japanese scientists [23],
unlike most other multi-stage syntheses, consisted in only nine stages. This short total synthesis was
carried out on the basis of the Cu-catalyzed Michael addition-cyclization reaction between the bearing
chiral auxiliary of camphorsultam-type isonitrile 27 and ester of unsaturated ketoacid 28 (in mixture
with an isomeric ester) with Cu(t-ButSal)2 as catalyst (Scheme 4). The additional ester was isomerized
into 28 in the conditions of this reaction. The treatment of the obtained adduct 29 by sodium methoxide
with the loss of chiral substituent, followed by protection with (Boc)2O in the presence of triethylamine
and DMAP, gave unsaturated pyrrolidine 30. The alkaline hydrolysis of the amide group at the position
2 and the selective reduction of a double bond by boron-organic reagent l-selectride led to the protected
analog of kainic acid 31 which was converted into the target compound via intermediates 32–34.
This synthesis was carried out with a 16.8% overall yield on chiral isonitrile and was conducted on a
300 mg scale, although usually syntheses of 2 had given smaller amounts of this product.

Scheme 4. Short total synthesis of (–)-kainic acid.

A gram-scale synthesis of (–)-kainic acid through six steps and with a 34% overall yield was
elaborated using the Pt-catalyzed direct allylic amination [24]. This amination was catalyzed by the
combination of dichloro(1,5-cyclooctadiene) platinum (Pt(cod)Cl2) with bis[2-di-phenylphosphino)
ether (PPEphos). Such new approach allows catalyzing the direct introduction of amino group into
allylic alcohols. The chosen scheme provided the minimum number of stages in this synthesis (Scheme 5).
Amination of 35 under microwave heating conditions gave monoallylamine 36. As a protective group
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(Pg), authors preferred to use 2,4-dimethoxybenzyl (DMB) or p-methoxybenzyl (PMB) with almost
no loss of enantiopurity. The unsaturated ester 38 was obtained by one-pot oxidation of epoxide 37

with 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) followed by the Wittig reaction. It was found that
the transformation of 36 and 38 into diallylamine derivative 39 at a higher concentration inhibited the
epimerization, and the desired product was obtained in 95% yield and 98% ee (enantiomeric excess).
The following stage of heating in a sealed tube with xylenes and a catalytic amount of iPr2N-Et gave
pyrrolidine 40 in 75% yield and 14:1 diastereoselectivity. The Jones oxidation with application of H5IO6

as terminal oxidant gave satisfactory results at conversion of 40 into 2 (Scheme 5). Finally, 1.11 g pure
kainic acid was obtained by this method in 34% overall yield. Taking into account its yield and the
minimal number of steps, this proved to be the best chemical scheme elaborated to synthesize 2.

Scheme 5. Synthesis of kainic acid using the Pd-catalyzed direct allylic amination.

Kainic and allo-kainic acids (2 and 3, respectively) were also synthesized using SmI2, a unique
single-electron reducing agent that allows the induction of reductive coupling with the formation of C–C
bond under mild conditions [25]. The key initial products for this new synthesis were obtained from
D-serine methyl ester hydrochloride using the known procedure and a mixture of E- and Z-isomers of
α,β-unsaturated esters, designated as E-14 and Z-14, with a general formula of 41. The cyclization of 41

gave derivatives of kainic and/or allo-kainic acids (42 and 43) with different yields depending on ratio
of the reagents (SmI2, hexamethylphosphoramide (HMPA), NiI2 and H2O) and additional ligands such
as ethylenediamine, 2,2′-bipyridine, 2,2′-bipyridylamine, triphenylphosphine, etc. Pure compounds
were isolated in optimal conditions of this reaction for each of them followed by separation and
purification of the products through HPLC. The obtained compounds were converted into kainic
acid 2 or allo-kainic acid 3 through a 3-step transformation by conversion ester groups into acids and
deprotection of nitrogen in pyrrolidine ring (Scheme 6).

Scheme 6. Syntheses of kainic and allo-kainic acids using SmI2-induced cyclization.
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The formal total synthesis of (–)-kainic acid, recently described by Chinese chemists [26], was based
on a new approach to synthesis of the same important intermediate, which was already used for
synthesizing kainic acid by different authors [19,20].

In general, there have been several syntheses of kainic acid published in recent years,
which confirms the constant attention to this excitatory amino acid and the rapid progress of
organic synthesis. These syntheses are shorter and can provide better production of kainic acid
as a pharmacological probe for application in experimental pharmacology, although the costs and
availability of the synthetic precursors and reagents used were not compared with previously known
syntheses. All the studies have discovered a large number of kainoids, a total of 70 [26], including
those obtained through recent chemical syntheses.

2.3. Biosynthesis and Application of Kainoids

Recently, Moore’s team from the USA studied the biosynthesis of two related excitatory amino
acids: domoic acid from diatoms and kainic acid from red macrophytes. After elucidating the origin of
kainic acid 2, they performed the whole genome sequencing of a kainic acid producer, Digenea simplex,
to identify the gene clusters involved in the biosynthesis of 2 [27]. They used the new single-molecule,
long-read sequencing platforms such as Oxford Nanopore Technologies. As a result, the long reads
that included genes encoding the kainic acid biosynthesis were sequenced; however, due to the
presence of impurity of microbial DNA, they were not assembled into the whole genome of this
alga. After the analysis of D. simpex on a higher-throughput platform, Prometh ION, 47 Gp of sequence
was generated, with the longest read being 1.2 Mb. A series of Digenea simplex kainic acid biosynthesis
(Dskab) genes were uncovered. They included genes of annotated N-prenyltransferase (DsKabA),
α-ketoglutarate-dependent dioxygenase (DskabC), and several retrotransposable elements such as
integrase, reverse transcriptases, and RNA H domains. Both sequences, DsKabA and DskabC,
were successfully expressed in Echerichia coli and purified. Incubation of recombinant DskabA
with l-glutamate 1 and dimethylallylpyrophosphate 44 gave N-dimethylallyl-l-glutamic acid 45

(the so-called prekainic acid). This compound was converted into kainic acid in an aqueous extract
from D. simplex. Another enzyme of kainic acid biosynthesis, the so-called DsKabC, was incubated
with prekainic acid, α-keto-glutarate, l-ascorbate, and Fe2+, and transformed prekainic acid into kainic
acid (2) and kainic acid lactone (7) (Scheme 7). The main product was confirmed to be kainic acid using
isolation from the culture medium and NMR elucidation. The obtained kainic acid lactone 7 has been
shown to be antagonist of iGluR in contrast to kainic acid proper.

Scheme 7. Biosynthesis of kainic acid.

To show the power of both chemical synthesis and biocatalysis, prekainic acid was synthesized
through the reductive amination of l-glutamate with 3-methyl-2-butenal, by the method reminiscent
of the cobalt-mediated strategy of Baldwin et al. [28]. For the next step, DsKabC was used without
additional purification, but in a medium with E. coli expressing this enzyme. The employment of this
combined approach and the purification procedure using activated carbon followed by preparative
reverse phase HPLC provided 1.1 g of kainic acid with a 32% overall yield and 95% purity. It proved
to be better compared to any chemical synthesis. Thus, this work has not only discovered enzymes
of biosynthesis of kainic acid, but also developed a new method combining chemical and enzymatic
transformations to obtain 2 for pharmacological research.
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Analyses of genomes of other red algae revealed similar genes. For example, genes named as
PpkabA and PpkabC were identified in the red alga Palmara palmata, the second known producer of 2.
In comparison with Digenea simplix, the kab genes in the edible P. palmata were tightly clustered,
and the retrotransposable elements were absent in the intergenic region. The corresponding kab genes
were also found in four other red algae species [27].

As it is well known, 2 has found a wide range of applications to model epilepsy, to determine
molecular events indicating human neurodegenerative disorders, and to evaluate efficiency of various
therapeutic interventions on laboratory animals with simulated diseases [29–31].

The specific interaction of kainic acid with glutamic acid receptors (GARs) in CNS was studied.
Most of ionotropic kainate receptors have ligand-binding domains which form a clamshell-like structure
consisting of lobes. Kainic acid, like glutamic acid, is bound between these lobes, but their influence on
activities of these receptors remains to be explained [32]. As a neurotransmitter, kainic acid acts also
on another class of receptors, metabotropic glutamate receptors (mGluRs), which respond slower than
iGluRs, but their interaction with 2 shows an effect on the learning and memory functions.

The biological role of kainic acid in its producers was more poorly studied than distribution,
biological activities, and biosynthesis. Using rabbit polyclonal antibodies for kainic acid, which did
not cross-react with other amino acids including glutamate, Japanese scientists immunochemically
localized this toxin in the fine cylindrical thallus of D. simpex [33]. They concluded that the presence
of kainic acid on the surface of the alga can be related to its role as a protection against grazers.

Little is currently known about the functions of algal glutamate receptors-like compounds or
the probable influence of kainic acid on these receptors in algae. However, the highest variability
in glutamate receptors sequences was recorded from algae [34]. These receptors are associated with
many plant-specific physiological functions, such as sperm signaling in moss, pollen tube growth,
root meristem proliferation, and innate immune and wound responses. It should be taken into account
that the main physiological roles and modes of action of plant GluRs, in contrast to those in animals,
are performed in peripheral, non-neuronal tissues [35].

Further studies on some synthetic derivatives of kainic acid and analogs (Figure 3) are aimed,
first, at discovering the earlier unknown events in the brain depending on kainate receptors. Second,
analogous compounds can be used to create novel drugs. Some of these compounds have reached clinical
trials. For example, the compound LY404039 (46) is a selective agonist for the metabotropic glutamate
2/3 (MGlu2/3) receptor. This preparation, when dosed as prodrug (47) (LY2140023), showed efficacy in
schizophrenia. A series of similar compounds was studied as potential psychiatric medicines by such
pharmaceutical companies as Lilly and Taisho [36].

Figure 3. Structures of synthetic derivatives of glutamic acid (46,47).

3. Domoic Acid and Related Compounds

3.1. Discovery, Structure, and Some Properties

Domoic acid (DA) 3 was first found and isolated from the red alga Chondria armata by Japanese
scientists in the 1960s [37]. After three years of studies, its structure was determined and then refined
through organic synthesis. Like kainic acid, 3 is a derivative of dicarboxylated pyrrolidine containing
glutamate moiety, but in its another moiety, domoic acid bears octadienoic substituent derived from a
monoterpenoid acid (Figure 1). Closely related metabolites, isodomoic acids 48–55, were identified for
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more than 25 subsequent years in the red alga C. armata and contaminated mussels [38–40], as reviewed
in [41,42]. All these metabolites, including isodomoic acids A-H along with domoilactones and some
related compounds, also contain a glutamic acid residue and should be considered as effectors of GARs.
However, as a rule, their effect is much weaker (Table 1). The number of known analogues of DA has
increased, particularly in recent years [43].

Table 1. Metabolites related to domoic acid.

Compound R (Side Chain)= Name KARs, μM References

3 Domoic acid 2.2 [38,44,45]

48 Isodomoic acid A 4.4 [39,42]

49 Isodomoic acid B 4990 [39,42]

50 Isodomoic acid C 171 [39,42]

51 Isodomoic acid D 600 [40,41]

52

 

Isodomoic acid E 600 [42]

53 Isodomoic acid F 67 [42]

54 Isodomoic acid G [41,42]

55 Isodomoic acid H [41,42]

KARs, μM = displacement of kainic acid from the complex with kainate receptors.

Several compounds related to domoic acid (dainic acids) have recently been described and named
as 7′-methyl-isodomoic acid A (56), 7′-methyl-isodomoic acid B (57), 7′-hydroxymethyl-isodomoic A
(58), and 7′-hydroxymethyl-isodomoic acid B (59). Closely related minor metabolites 60, 61, which do
not contain pyrrolidine ring, have also been isolated from the same alga C. armata (Figure 4) [43].
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Figure 4. Dainic acids (56–59) and related metabolites (60,61) from C. armata.

The main turn in the fate of domoic acid and related compounds occurred after the discovery
that these metabolites are produced not only by several species of red algae, but also by planktonic
diatoms [43]. As a result of subsequent transfer of domoic acid (DA) (3) up the food chain from
microalgae into edible mollusks [44–46], it may cause the so-called Amnesic Shellfish Poisoning (ASP)
in humans that consume edible mollusks contaminated by DA [47–49]. The first case of ASP was
described in 1987 from Canada, where 107 people, who had consumed cultivated mussel Mytilus edulis,
showed symptoms of this disease and three of them died [45]. The diatom Pseudo-nitzshia multiseries
was identified as a phytoplanktonic producer of DA, which also produces isodomoic acids E and
F. Since 1987, it was found that this toxin and related compounds are responsible not only for
human poisoning, but also for numerous cases of poisoning and mortality of birds and marine
mammals [46–49].

Symptoms of ASP in humans include gastrointestinal alterations (abdominal cramp, nausea,
vomiting), and/or neurological disorders (dizziness, short-term memory loss, seizure, epilepsy
or coma in the acute cases) [47]. DA binds to glutamate receptors in the central nervous
system (CNS) and myocardium [50] causing overexcitation and, as a consequence, neuro-excitatory
behavior in humans, marine mammals, and fish [51–55]. The binding of DA to kainate or AMPA
(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors, subclasses of glutamate receptors,
results in the intracellular accumulation of Ca2+ [47,55]. In contrast to glutamic acid, DA causes
long-lasting depolarization, neuronal swelling induced by intraneuronal accumulation of excess Ca2+,
production of reactive oxygen species, DNA and mitochondrial damages, energy depletion, and cell
death [55,56]. Along with the CNS, the heart is often also considered as a potential target site for
adverse effects of DA. DA-induced cardiotoxicity has been confirmed not only in people suffering from
ASP, but also in sea lions and zebrafish that died as a result of DA-poisoning [51,52].

Isodomoic acids (iso-DAs), which have an insecticidal effect against the American cockroach
Periplaneta americana [38], were also isolated from marine diatoms including P. australis, P. seriata,
and Nitzschia navis-varingica [57]. Some diatom species (e.g., Nitzschia navis-varingica) produce isodomoic
acids A and B as the major toxin components [49]. However, iso-DAs are often present in the environment
at lower concentration than DA [57]. The affinity of iso-DAs to the glutamate receptors is lower than
that of DA (Table 1) [58]. Therefore, parent toxin is a major threat for humans and animals, in contrast
to iso-DAs [59].

Thus, a series of DA isomers have been identified, while data on occurrence of DA and epidomoic
acid (referred to as total DAs) and their toxicity have been used to establish the current regulation limits
for DA of ≤20 mg·kg−1 [54]. The discovery that exposure to low levels of DA leads to long-lasting
neurological effects in mammalian species [53] may suggest the need to reduce its permissible level in
tissues of consumed finfish and shellfish [57].
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3.2. Synthesis

Synthesis of the domoic acid 3 and correction of the earlier proposed geometry of the double
bonds in its side chain have been carried out [60]. The bicyclic core was constructed from the compound
62, obtained by multistep synthesis from 1 and diene 63 using the thermic Diels-Alder reaction
to give bicyclic adduct 64 with cis-fused ring junction. This adduct was ozonized, treated with
diazomethane and 2-methyl-2-ethyl-1,3-dioxolane in the presence of p-TsOH and yielded 1,3-dioxolane
65. The employment of borane-dimethylsulfide complex reduced the carbonyl group. Deprotection
of the silyl ester and subsequent oxidation of intermediate diol with pyridinium dichromate (PDC)
provided the diester 66. Selective removal of ketal group by 60% AcOH gave the aldehyde 67.
The Wittig reaction led to 68, the subsequent reaction with PhSeCl to the selenium-containing aldehyde
69. The key conversions of this synthesis consisted in the obtaining of trans- and cis-enal systems from
69. For example, the treatment with N-bromosuccinimide (NBS) in tetrahydrofuran and then with
NaOAc led to cis-enal 70 as a major product. Transformation of this particular compound, but not its
trans-isomer by the Wittig reaction followed by the Jones oxidation gave the product 71. The subsequent
removal of protective groups converted it into domoic acid 3, thus confirming the E,Z,R-configurations
in the side chain of this toxin (Scheme 8).

 

Scheme 8. Synthesis of domoic acid.

3.3. Biosynthesis, Producers, Biological Action, and Environmental Role

Several attempts were made to study the process of biosynthesis of this toxin in order to understand
how and why environmental factors trigger the biosynthesis leading to high levels of DA accumulated
in diatoms. Using feeding experiments, Savage et al. [61] established that DA arises as a result of
condensation of geranyl diphosphate (72) with glutamate. Labeled by a stable isotope (deuterium),
geranyl diphosphate was incorporated from culture medium into DA that was confirmed by gas
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chromatography–mass spectrometry (GC-MS). It was suggested that the condensation of geranyl
diphosphate with amino group glutamic acid occurred via nucleophilic substitution of the diphosphate
group with the amino group of glutamic acid (1).

A recent publication in Science [62] provided new important data concerning the DA biosynthesis.
It was shown that these genetically programmed biosynthetic pathways are encoded by a four-gene
cluster which is involved in this biosynthesis and exists in genomes of toxic microalgae belonging to
the genus Pseudo-nitzschia. In the conditions of phosphate limitation and elevated CO2 level, probably
characteristic of the final stage of microalgal bloom, Pseudo-nitzschia spp. express a series of enzymes
involved in construction of the pyrrolidine skeleton system of DA. The up-regulation of CYP450
gene, encoding an enzyme which is responsible for the formation of 7′-carboxylic acid from geranyl
diphosphate 72 at its reaction with glutamic acid (1), was revealed. It was shown that this gene is
clustered with several other genes of DA biosynthesis (the so-called dab genes). The DA biosynthetic
gene cluster was established to consist of terpene cyclase (dabA), hypothetical protein Hypo (dabB),
dioxygenase (dabC), CYP450 (dabD), and probably other genes. The expression of recombinant dabA
without N-terminal transit peptide in E. coli and its use as a catalyst in the reaction between 72 and
glutamic acid 1 confirmed this enzyme to catalyze N-geranylation of l-glutamic acid in Mg2+-dependent
manner. This is the first and key stage in the DA biosynthesis, which yields N-geranyl-l-glutamic acid
61, as was earlier suggested by Savage et al. [61]. The use of recombinant dabC in the presence of Fe3+,
oxygen, and l-ascorbic acid, and α-ketoglutarate-dependent dioxygenase, or both dabC and dabD
in one put, gave one of so-called dainic acids (56) with a non-oxidized geranyl side chain. When the
primary product of this biosynthesis 61 was incubated with Saccharamyses cerevisae microsomes,
which expressed the transmembrane dabD, N-geranyl-l-glutamic acid in the presence of Fe3+ and
oxygen was converted into small, but reproductible amounts of 7′-carboxy-N-geranyl-l-glutamic acid
(73) and its 7′-hydroxy analog. Both products were identified by being compared with synthetic
fractions. The product 73, in the same conditions as were used for the transformation of 61 into 56,
was converted into an isomer of domoic acid 48. However, no isomerase activity necessary for the
conversion of 48 into the end product of this biosynthesis was found (Scheme 9). All the above results
show that this biosynthesis pathway begins with the dab A-catalyzed geranylation of l-glutamic acid
in chloroplasts. Therefore, the presence of dab genes is a character that allows the recognition of toxic
strains of this genus. It can help identify environmental conditions, which may potentially cause
neurotoxicity in microalgae and in their consumers such as mollusks and diatom-feeding invertebrates.

Scheme 9. Biosynthesis of domoic acid.

Thus, it has been confirmed that DA, as a potent excitatory amino acid, is produced primarily by
Pseudo-nitzschia and Nitzschia diatoms distributed across the world and is naturally accumulated in
filter-feeding marine organisms. Although many Pseudo-nitzschia species have the potential ability to
produce this neurotoxin [49], P. multiseries, P. seriata, and P. australis were established as the most toxic
species [57].
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There have been numerous bloom events caused by highly toxic DA-producing microalgae
along the USA and Canadian coasts over the past 15 years. In many cases, it led to mass poisoning
of marine mammals and birds [48]. For instance, in the spring of 2015, an unusually intense and
long-lasting toxigenic bloom of Pseudo-nitzschia microalgae associated with an abnormal warming of
water, was observed in a vast area from California to Alaska. Besides the mass poisoning of marine
animals, it caused significant economic losses due to the closure of farms that cultivated bivalves and
crabs [63]. Thus, DA exposure has become more widespread due to the higher intensity of toxigenic
Pseudo-nitzschia blooms and related consumption of DA-contaminated mollusks.

A suggestion can be made that the isomerase activity necessary for the transformation of less active
biosynthetic precursors into DA may be present not only in these microalgae but also in consumers,
or in symbionts and/or epiphytic microorganisms. It is possible that bacteria play an important role
in accumulation of DA in microalgae, but the details of this are still elusive [47]. It was established
that axenic diatom cultures produce less DA than xenic ones and that bacteria can enhance DA
production [64]. It was shown, for example, that after the addition of the gamma-proteobacterium
Alteromonas macleodii, isolated from the Russian clone of P. multiseries, to an axenic culture of
another clone of this species, the amount of DA produced by the latter significantly increased [65].
The stimulating effect of bacteria on the DA production has also been found for another known
DA-producer, Nitzschia sp. [66]. However, mechanisms of bacteria’s influence on intracellular DA
levels in microalgae remain insufficiently studied [49].

There are a few other hypotheses that discuss environmental factors influencing toxicity of diatoms.
It was suggested that DA production may arise as a defense against grazing. However, the effect of
predatory copepods on toxicity of microalgae has not been definitively confirmed [67]. The hypothesis
that DA may be involved in a high-affinity iron uptake system seems likely [68]. Trick et al. [69]
demonstrated that the addition of iron stimulated the growth of toxigenic Pseudo-nitzschia spp.,
providing a competitive advantage over other phytoplankton. Each of these hypotheses requires
further validation.

4. Dysiherbaine and Related Compounds

4.1. Discovery and Structures

In 1997, Japanese scientists described a new potent marine excitatory amino acid 74 [70],
isolated through homogenization of the sponge Dyidea herbacea in water, centrifugation of the extract,
and precipitation of high-molecular-weight compounds with 2-propanol. Further purification of
water-soluble materials using several types of column chromatography yielded this toxin known as
disyherbaine (Figure 5). Its structure was identified as a novel diamino dicarboxylic acid using NMR,
FABMS, ISIMS, and other methods of molecular structure analysis. Structurally, the acid contains
the bicyclic core consisting of cis-fused tetrahydropyran and tetrahydrofuran rings with a glutamic
acid fragment attached to the tetrahydrofuran moiety. Dysiherbaine core contains four contiguous
stereogenic centers with an additional quaternary stereocenter in the tetrahydrofuran moiety at the
site of amino acid section attachment. This excitatory acid stimulates binding of kainic acid and
1-amino-3-hydroxy-5-methyl-4-isooxazolepropionic acid, but not N-methyl-D-aspartic acid to the rat
brain synaptic membranes, suggesting that 74 is an agonist of KARs in CNS.

Radioligand binding assay showed that dysiherbaine binds kainic acid receptors at significantly
lesser concentrations than other agonists of KARs. Intraperitoneal injection into mice (20 μg/kg) caused
the same behavior as that observed after injection of domoic acid. In general, dysiherbaine exhibits the
most potent epileptogenic activity among so far known amino acids. ED50 for substitution of kainic
acid, labeled by tritium in kainate receptors by dysiherbaine is 0.00074 μM. This excitatory amino acid
is useful for evaluating the physiological roles of KARs in the central nervous system [71].

The above-mentioned findings explained the increased attention to synthesis 74 and related
compounds. Another excitatory amino acid, neodysiherbaine A 75 (Figure 5), was isolated by a
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bioassay-guided chromatographic procedure as a minor constituent of the aqueous extract from
the same sponge species. Its structure was deduced by NMR and MS methods and unambiguously
confirmed by the total synthesis. After HPLC purification, Japanese scientists obtained as small amount
of 75 as 0.26 mg [72]. Neodysiherbaine A is also potent agonist of KARs which induces characteristic
epilepsy-like seizures in mice. Like dysiherbaine, it activates neuronal glutamate receptors with a
considerable preference toward kainic acid receptors. However, neodysiherbaine is less active in
comparison with dysiherbaine: the same activity associated with crowding out kainic acid from kainate
receptors is induced by 0.052 μM of neodysiherbaine [72].

 
Figure 5. Structures of dysiherbaine (74) and neodysiherbaine (75).

After the discovery of dysiherbaine, it was established that various fragments of its structure
play different roles in interaction with receptors. The glutamate section of this molecule is responsible
for binding to a receptor, while structural and stereochemical features in the tetrahydropyran ring
determine the profile of its activity, in particular, agonistic or antagonistic properties [70,71].

4.2. Some Recent Approaches to Syntheses

These compounds represent a new structural group of amino acids containing a unique
hexahydrofuro[3,3–b]pyrane core system. It was shown that 74 and 75, as well as many their synthetic
analogs, exhibit preferential binding to GluK1 kainate receptors and almost no activity towards AMPA
receptors. In total more 35 syntheses of dysiherbaine and neodysiherbaine were reported. Most of
them were reviewed in 2013 by Cachet and Poree [73]. In our review, we will only consider several
additional syntheses which were developed later and published in 2013–2018.

Taking into account that several syntheses of dysiherbaine, reported earlier, were based on a
known intermediate, obtained through 13 to 16 steps, a formal synthesis of 74 was carried out [74].
In this synthesis, D-mannitol diacetonide, an available initial compound, was converted into the same
compound by a shorter synthetic pathway.

Gilbeston and co-authors [75] from the University of Houston, USA, proposed a new variant of
enantioselective synthesis of 74 which differed in a later design of functionalities in the tetrahydropyran
ring than in other known pathways. The scheme of this synthesis suggested, first, the creation of
tetrahydrofuran derivative and then the formation of tetrahydropyran ring with the use of metathesis
reaction. The following introduction of the necessary substituents and, finally, the attachment of
glutamic acid moiety to the furan fragment completed the synthesis. The furan fragment of 74 was
constructed from methylglycidate 76. This compound was transformed by a series of reactions into
α,β-unsaturated epoxide 77. The palladium catalyzed opening of this epoxide yielded the furan
derivative 78. Then 78 was converted by allylation of free alcohol with allyl bromide and silver oxide
to provide the diene metathesis substrate 79, in which oxymethyl group was introduced by reaction
with LDA and formaldehyde. The derivative 79 was obtained as a mixture of stereoisomers and one
of them, suitable for further transformations, was isolated by column chromatography. Metathesis
of 79 with protection of hydroxy group gave 80, containing the bicyclic core system of dysiherbaine.
The oxidation of the double bond in 80 with OSO4 and N-oxide of methylmorpholine (MMO) led
to diol 81. On the following stages of introduction of mesyl and azide groups in the pyrane cycle
was carried out to obtain 82. The treatment of 82 with PPh3 and N,N-diisopropylethylamine (DIPEA)
successfully provided aziridine 83, protected with Boc. The consequent reaction with copper (II)
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triflate, methylation, and deprotection of oxymethyl group provided the rearranged production of
84. Further steps were the transformation into aldehyde 85, introduction of glutamic acid residue to
obtain 86. Asymmetric hydrogenation with rhodium DuPhos (DuPhos is a class of organophosphorus
compounds that are used as ligands for asymmetric syntheses), followed by deprotection of amino
group and alkaline hydrolysis gave the target compound 74 (Scheme 10).

Scheme 10. Enanthioselective synthesis of (–)-dysiherbaine.

A total synthesis of neodysiherbaine A (75) based on 1,3-dipolar cycloaddition of a chiral nitrone
to sugar-derived product, containing tetrahydropyran moiety, has also been reported recently [76].
The pyran allylic alcohol was obtained from methyl-α-D-mannopyranoside (87) through conversion
into derivative 88 by the previously known multistep procedure, and, after the Swern oxidation and
Wittig reaction, gave 89. The further hydrogenation and Mannich reaction with Eschenmoser’s salt
yielded aldehyde, which, after DIBAL-H reduction, gave the compound 90. The bipolar addition
of a nitrone, catalyzed by etherate of MgBr2, led to 91. This cycloaddition constructed the C2 and
C4 asymmetric centers in a single step. Further transformations resulting in reductive cleavage of
O-benzyl, N−O, and N-benzyl bond, which occurred simultaneously, led to intermediate 92 which was
converted by multistep transformations into another key product (93). The intramolecular SN2 reaction
in 93 led to the compound 94 containing the required configurations of all six stereogenic centers of
neodysiherbaine A. The multistep substitution and removal of protective groups and formation of
tricyclic intermediate 95, followed by hydrolysis with 6M HCl, completed this synthesis (Scheme 11).

4.3. Probable Origin in Sponges

The cellular origin of 74 and 75 has remained a mystery for a long time, since excitatory
acids are usually present in plants or microorganisms, but not in animals such as sponges.
In 2008, using dysiherbaine antibodies, Japanese scientists from Kitasato University [77] have
found dysiherbaine-to show immunoreactivity in spherical cells harbored in mesohyl of the
sponge Lendenfeldia chondrodes. These spherical cells were identified as Synechocystis cyanobacteria
by a combination of ribosomal RNA gene sequencing and cell morphology analysis. Therefore,
these excitatory amino acids are probably formed in symbiotic cyanobacteria inhabiting some sponges.
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Scheme 11. Synthesis of neodysiherbaine A from methyl-α-D-mannopyranoside.

5. Conclusions

Excitatory amino acids, found in marine organisms a few dozen years ago, continue to attract
increasing attention by their unusual properties. Some of them, such as domoic acid and its
analogues, are potent excitotoxicants harmful for humans and different marine mammals and birds.
These substances may cause significant damage to both natural ecosystems and aquaculture farms.
Kainic acid and some similar compounds, being specific agonists of kainate receptors, are used
in experimental pharmacology to model epilepsy and other neurodegenerative diseases in animals.
Application of these compounds have become an important approach to understanding of the biological
roles, classification and modes of action of synaptic receptors. Other excitatory amino acids isolated
from some sponges exert even more potent action on neurons of animals and humans than kainic and
domoic acids do. The promising pharmacological properties of marine excitatory amino acids were an
incentive for developing numerous syntheses of these natural products and their analogs.

The most interesting results of very recent research concerns the biosynthesis of kainic acid and
chemico-enzymatic procedure, providing a more efficient obtaining of this compound than chemical
syntheses. Another important discovery is the decoding of biosynthesis processes leading to domoic
acid and isolation of a number of new natural derivatives of this excitant, so-called dainic acids. In the
recent decade, the chiral organic synthesis allowed obtaining of kainic acid by short and effective
pathways using different synthetic strategies. New hypotheses have been proposed that explain the
biological origin of dysiherbaine and neodysiherbaine A in sponges from symbiotic cyanobacteria and
the biological significance of kainic acid in algae producing this excitatory amino acid for their defense
against grazers.
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Abstract: Four new polyhydroxylated steroids 1–4 were isolated along with two previously known
related steroids 5 and 6 from the methanolic extract of the starfish Anthenoides laevigatus collected
off the coastal waters of Vietnam. Structures of new compounds were substantially elucidated
by one-dimensional (1D) and two-dimensional (2D) NMR spectroscopy and HRESIMS techniques.
Heptaol 1 and hexaol 2 contain the common 5α-cholestane skeleton, while hexaol 3 and heptaol 4

have the rare among starfish steroid compounds 5β-cholestane skeleton. Compounds 1, 5, and 6

do not show cytotoxic effects against normal JB6 Cl41 and cancer HT-29 and MDA-MB-231 cells,
however they inhibit cell proliferation and colony formation of cancer HT-29 and MDA-MB-231 cells.

Keywords: polyhydroxylated steroids; NMR spectra; starfish; Anthenoides laevigatus; cytotoxicity;
soft agar assay

1. Introduction

Polyhydroxylated steroids have been found in diverse marine species of ophiuroids, gorgonians,
sponges, and other marine invertebrates. However, the class Asteroidea (also known as starfish or
sea stars) is the richest source of these kind of steroids [1–7]. These substances generally contain
from four to nine hydroxyl groups in the steroid nucleus and side chains and are characterized by
a wide variety of chemical structures. Polyhydroxylated steroids are present in starfish in both free,
sulfated, or glycosylated by one to three monosaccharide residues forms. These compounds usually
occur in very complicated mixtures that are often difficult to separate into individual components by
chromatographic methods. In addition to the original chemical structure, polyhydroxylated steroids
attract attention with a wide diversity of biological effects including neuritogenic, neuroprotective,
antiviral, anti-inflammatory, immunomodulatory, and other activities [7,8]. Recently, new knowledge
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about the cancer preventive activity and toxicity against different human tumor cell lines and molecular
mechanisms of action of some starfish steroid compounds has been acquired [9]. Moreover, for the first
time, it has been shown that starfish polyhydroxylated compounds demonstrated the radio sensitizing
activity that was realized through apoptosis induction by the regulation of anti- and pro-apoptotic
protein expression followed by activation of caspases and DNA degradation [10]. On the basis of the
data obtained, we assume that the study of polyhydroxylated steroids from the starfish could lead to
new promising results on their biological activities.

The search for new metabolites from starfish is a long-term direction of the studies of G.B. Elyakov
Pacific Institute of Bioorganic Chemistry which celebrated its 55th anniversary in 2019. Continuing our
research on biologically active steroid metabolites from the starfish species inhabiting the Vietnamese
sea waters [11–15], herein, we describe the results of our investigation of steroid constituents from
the methanolic extract of the starfish Anthenoides laevigatus Liao & A.M. Clark, 1989 (order Valvatida,
family Goniasteridae), collected off the coastal waters of the Qui Nhon Province, Vietnam. We have
isolated and structurally studied four new polyhydroxylated steroids 1−4, along with two previously
known related steroids 5 and 6. Additionally, the action of compounds 1, 5, and 6 on cell viability
and proliferation of normal and cancer cells, as well as colony formation of cancer cells in a soft agar
clonogenic assay in vitro, have been investigated.

2. Results and Discussion

2.1. Structure Elucidation of Compounds 1−6

The concentrated methanol extract of A. laevigatus was subjected to sequential separation by
column chromatography using Amberlite XAD-2 silica gel followed by reversed-phase HPLC on
Discovery C18 and YMC-Pack Pro C18 columns to yield four new polyhydroxylated steroids
(1−4), along with two known compounds 5 and 6 (Figure 1). The known polyhydroxylated
steroids were identified by analysis of their 1H-, 13C-NMR, and ESIMS spectra and comparison
with those reported earlier for (24S)-5α-cholestane-3β,5,6β,15α,24-pentaol (5) and related sulfated
compounds previously isolated from the starfish Luidia clathrata and Henricia leviuscula [16,17],
and (25S)-5α-cholestane-3β,5,6β,15α,16β,26-hexaol (6) from the starfish L. clathrata [18].

Figure 1. Structures of compounds 1−6 isolated from A. laevigatus.

The molecular formula of compound 1 was established to be of C27H48O7 from the [M + Na]+

sodium adduct ion peak at m/z 507.3292 in the (+)HRESIMS spectrum and the [M – H]– deprotonated
ion peak at m/z 483.3321 in the (–)HRESIMS spectrum (Figure S1). The 1H- and 13C-NMR spectroscopic
data of 1 displayed the proton and carbon chemical shifts of two angular methyl groups CH3-18
(δH 1.00 s and δC 16.5) and CH3-19 (δH 1.17 s and δC 17.3), one oxygenated methylene CH2-26 (δH
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3.42 dd (J = 10.5, 5.7), 3.30 m and δC 68.4), four oxygenated methines CH-3 (δH 4.00 m and δC 68.3),
CH-6 (δH 3.49 t (J = 3.0) and δC 76.5), CH-15 (δH 3.86 d (J = 3.3) and δC 85.6), and CH-16 (δH 3.96
dd (J = 8.1, 3.3) and δC 82.1), and two oxygenated tertiary carbons C-5 (δC 76.6) and C-14 (δC 82.7)
(Tables 1 and 2, Figures S2 and S3). These signals were similar to the corresponding resonances in
the NMR spectra of co-occuring compound 6, except for the proton and carbon resonances of C-14
and CH-15. Therefore, the doublet of doublets of H-15 at δH 3.73 (J = 10.4, 2.4) in the 1H-NMR
spectrum of 6 became doublet at δH 3.86 d (J = 3.3) in the 1H-NMR spectrum of 1 suggesting the
presence of an additional hydroxyl group at C-14 in the steroid nucleus of 1 as compared with 6.
In addition, the value of the J16,17 = 8.1 Hz and the existence of the ROESY cross-peak H-16/H-17
indicated the α-orientation of the proton H-16 and, accordingly, 3β,5,6β,14,15α,16β,26-heptahydroxy
substitution in 1. An analysis of the COSY, HSQC, HMBC, and ROESY spectra ascertained all the
proton and carbon signals in 1 (Tables 1 and 2, Figures S4). The COSY and HSQC experiments led to
the assignment of the proton atom sequences at C-1 to C-4, C-6 to C-12 through C-11, C-15 to C-17,
C-17 to C-21 through C-20, C-20 to the end of the side chain. The key HMBC correlations H-4/C-2;
H-6/C-8, C-10; H-8/C-7, C-9, C-14; H-16/C-17; H3-18/C-12, C-13, C-14, C-17; H3-19/C-1, C-5, C-9, C-10;
H3-21/C-17, C-20, C-22; H2-24/C-23, C-25, C-26; and H3-27/C-24, C-25, C-26 confirmed the total structure
of the molecule of 1 (Figure 2). The signal shape and coupling constants of protons H-3, H-6, H-15,
and H-16 and the presence of the key ROESY cross-peaks Hα-4/H-6; H-8/H-15; H-16/H-17; H-17/H3-21;
H3-18/H-8, H-15; and H3-19/Hβ-2, Hβ-4, H-8 confirmed the 3β,6β,15α,16β relative configurations of
the oxygenated carbons and common 5α-cholestane skeleton in 1 (Figure 2). The 20R-configuration
was assigned based on the ROESY correlations of H3-18/H-20 and H-16/H-22 and the downfield
chemical shift of H3-21 at δH 0.90 [19]. The absolute configuration of the asymmetric center C-25 was
defined by examination of 1H-NMR spectra of (R)- and (S)-MTPA derivatives obtained by reaction of 1

with S-(+)- and R-(−)-MTPA chlorides, respectively. The 1H-NMR spectrum of 3,15,26-tri-(R)-MTPA
ester of 1 showed H2-26 signals as two close double doublets at δH 4.15 and 4.18, while that of
3,6,15,26-tetra-(S)-MTPA ester of 1 displayed two well-separated double doublets at δH 4.08 and 4.24
(Figure S8). These values were comparable with those of (R)- and (S)-MTPA derivatives obtained from
other (25S)-26-hydroxy steroids [20]. Thus, the structure of compound 1 was determined to be the
(25S)-5α-cholestane-3β,5,6β,14,15α,16β,26-heptaol.

Figure 2. (A) COSY and key HMBC correlations for compound 1; (B) Key ROESY correlations for compound
1. Colors reveal the atoms of hydrogen (blue), oxygen (red) and carbon (grey) and their bonds.
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Table 1. 1H-NMR data of compounds 1−4 (CD3OD, δ in ppm, J in Hz) a.

Position 1 2 3 4

1 1.62, m
1.32, m

1.63, m
0.98, m

1.45, m
1.39, m

1.47, m

2 1.75, m
1.47, m

1.73, m
1.40, m

1.56, m
1.44, m

1.88, m
1.32, m

3 4.00, m 3.53, m 3.99, br. q (2.7) 3.70, br. q (3.7)
4 2.04, dd (13.0, 11.3)

1.53, m
1.72, m
1.53, m

1.66, m
1.38, m

3.66, t (3.7)

5 - 1.09, dt (13.0, 2.6) 1.83, m 1.69, t (3.3)
6 3.49, t (3.0) 3.77, q (2.6) 3.66, q (2.7) 4.00, q (3.3)
7 1.69, ddd (14.2, 3.9, 2.6)

2.03, m
1.94, m
1.50, m

1.74, m
1.66, m

2.19, m
1.74, m

8 2.22, td (12.4, 4.0) 2.22, td (12.4, 3.5) 2.25, td (11.7, 4.0) 2.21, m
9 1.91, m 1.28, m 1.98, m 2.11, m
10 - - - -
11 1.33, m 1.44, m 1.35, m 1.37, m
12 1.81, m 1.78, m

1.60, m
1.80, m
1.61, m

1.77, m
1.59, m

13 - - - -
14 - - - -
15 3.86, d (3.3) 3.89, d (3.3) 3.89, d (3.2) 3.87, d (3.2)
16 3.96, dd (8.1, 3.3) 3.96, dd (7.9, 3.3) 3.97, dd (8.0, 3.2) 3.96, dd (8.0, 3.2)
17 1.96, dd (11.3, 8.1) 1.96, t (10.9) 1.96, m 1.95, dd (11.0, 8.0)
18 1.00, s 1.01, s 1.00, s 1.00, s
19 1.17, s 1.04, s 1.13, s 1.10, s
20 1.80, m 1.80, m 1.80, m 1.79, m
21 0.90, d (6.7) 0.90, d (6.7) 0.90, d (6.8) 0.90, d (6.5)
22 1.58, m

1.02, m
1.58, m
1.02, m

1.58, m
1.02, m

1.58, m
1.01, m

23 1.47, m
1.22, m

1.47, m
1.21, m

1.48, m
1.22, m

1.47, m
1.21, m

24 1.41, m
1.04, m

1.41, m
1.04, m

1.42, m
1.05, m

1.41, m
1.05, m

25 1.56, m 1.57, m 1.56, m 1.56 m
26 3.42, dd (10.5, 5.7)

3.30, m
3.42, dd (10.9, 6.0)

3.30, m
3.42, dd (10.7, 5.8)

3.30, m
3.41, dd (10.5, 6.0)

3.30, m
27 0.90, d (6.6) 0.90, d (6.7) 0.90, d (6.8) 0.90, d (6.7)

a Assignments from 700 MHz COSY, HSQC, HMBC (8 Hz), and ROESY (250 ms) data.

The molecular formula of compound 2 was established to be of C27H48O6 from the [M + Na]+

sodium adduct ion peak at m/z 491.3337 in the (+)HRESIMS spectrum and the [M –H]– deprotonated
ion peak at m/z 467.3379 in the (–)HRESIMS spectrum (Figure S9). Along with mass-spectra, the 1H-,
13C-, and DEPT NMR spectra revealed the presence of a hexahydroxy substitution in 2. Similarity of
the corresponding proton and carbon signals, as well as coupling constants in the NMR spectra of 2

and 1, indicated that compound 2 has the same 14,15α,16β-trihydroxy substitution in the steroid C/D
rings and 26-hydroxy cholestane side chain (Tables 1 and 2, Figures S10 and S11).

Table 2. 13C-NMR data of compounds 1−4 (CD3OD).

Position 1 2 3 4

1 33.7 40.0 31.5 31.3
2 31.7 32.2 28.1 24.4
3 68.3 72.4 67.1 72.2
4 41.4 36.4 34.4 75.3

28



Molecules 2020, 25, 1440

Table 2. Cont.

Position 1 2 3 4

5 76.6 48.7 44.0 48.4
6 76.5 72.8 74.3 73.3
7 30.3 35.6 29.9 33.3
8 34.6 34.7 35.0 34.8
9 39.1 47.8 33.4 37.1
10 39.5 36.7 36.0 36.5
11 21.1 20.9 20.7 21.3
12 33.7 33.5 33.6 33.6
13 48.2 48.2 48.2 48.1
14 82.7 82.7 82.8 82.8
15 85.6 85.6 85.5 85.8
16 82.1 82.1 82.2 82.1
17 54.4 54.5 54.5 54.5
18 16.5 16.4 16.4 16.4
19 17.3 16.1 26.3 25.6
20 31.0 31.0 31.0 31.0
21 18.7 18.7 18.7 18.7
22 37.9 37.9 37.9 37.9
23 25.1 25.1 25.1 25.1
24 34.9 34.9 34.9 34.9
25 37.0 37.0 37.0 37.0
26 68.4 68.4 68.4 68.4
27 17.3 17.3 17.3 17.3

However, most of the proton and carbon chemical shifts of steroid A/B rings in the NMR spectra
of 2 were quite different from those of 1. The characteristic proton and carbon resonances of angular
methyl group CH3-19 (δH 1.04 s and δC 16.1), an oxygenated methine CH-3 (δH 3.53 m and δC 72.4),
and an oxygenated methine CH-6 (δH 3.77 q (J = 2.6) and δC 72.8) observed in the NMR spectra of 2

testified to the 3β,6β-dihydroxy substitution in 5α-cholestane nucleus in 2 [21]. The COSY and HSQC
spectroscopic data ascertained the proton sequences at C-1 to C-8, C-8 to C-12 through C-11, C-15 to C-17,
C-17 to C-21 through C-20, and C-20 to the end of the side chain (Figures S12 and S13). The key HMBC
cross-peaks H-6/C-8, C-10; H-16/C-13, C-15; H3-18/C-12, C-13, C-14, C-17; H3-19/C-1, C-5, C-9, C-10 and
the key ROESY cross-peaks Hα-4/H-6; H-5/H-3, Hα-7, H-9; H-16/H-17, H-22; H-17/H3-21; H3-18/H-8,
H-11β, H-15, H-20; and H3-19/Hβ-1, Hβ-2, Hβ-4, H-8 confirmed the 3β,6β,15α,16β-tetrahydroxy
pattern in 5α/9α/10β/13β steroid nucleus in 2 (Figures S14 and S15). The configuration at C-25 was
determined as (S) by analogy with co-occurring compound 1 and similarity of the proton and carbon
chemical shifts of the both side chains in the NMR spectra. Therefore, the structure of steroid 2 was
established as the (25S)-5α-cholestane-3β,6β,14,15α,16β,26-hexaol.

According to the presence of the [M + Na]+ sodium adduct ion peak at m/z 491.3341 in the
(+)HRESIMS spectrum and the [M – H]– deprotonated ion peak at m/z 467.3380 in the (–)HRESIMS
spectrum, the molecular formula C27H48O6 of compound 3 has been found to be identical to that of 2

(Figure S16). The detailed comparison of the 1H- and 13C-NMR spectra of compounds 3 and 2 has
revealed that the proton and carbon resonances belonging to the steroid C/D rings and side chain of 3

are close to those of 2 indicating the 14,15α,16β,26-tetrahydroxy substitution in 3, while the proton
and carbon signals of the steroid A/B rings of 3 substantially differed from those of 2 (Tables 1 and 2,
Figures S17 and S18). The proton and carbon signals in the NMR spectroscopic data attributable to the
A/B rings of 3 showed the presence of angular methyl group CH3-19 (δH 1.13 s and δC 26.3) and two
oxygenated methines CH-3 (δH 3.99 br. q (J = 2.7) and δC 67.1) and CH-6 (δH 3.66 q (J = 2.7) and δC 74.3).
The signal of CH3-19 in the 13C-NMR spectrum of 3 was shifted from δC 16.1 to 26.3 in comparison with
that of 2. This fact strongly testified to cis-A/B ring fusion in 3 [16,20]. The coupling constant J = 2.7 of
the broad quartet of H-3 corresponded well to the 3β-hydroxyl group in 5β-cholestane nucleus, and the
coupling constant J = 2.7 of the quartet of H-6 indicated the 6β-hydroxyl group in 3 [16]. All the proton
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and carbon signals associated with the steroid nucleus and side chain were assigned by 2D experiments
(Tables 1 and 2, Figure 3, Figures S19). Proton and carbon chemical shifts of the steroid A/B rings of 3

were similar to the corresponding data of (25S)-5β-cholestane-3β,6β,15α,16β,26-pentaol isolated from
the starfish L. clathrata [16]. The key ROESY cross-peaks H3-19/Hβ-1, H-5, H-8; H3-18/H-8, H-15, H-20;
Hα-4/H-6, Hα-7; Hβ-4/H-6; H-8/H-15; H-16/H-17; and H-17/H3-21 and proton coupling constants
confirmed the 3β,6β,15α,16β relative configurations of the oxygenated carbons and the 5β-cholestane
skeleton of 3 (Figure 3). As a result, steroid 3 was proved to be the cis-A/B ring fusion isomer of steroid
2 and its structure was established as (25S)-5β-cholestane-3β,6β,14,15α,16β,26-hexaol.

Figure 3. (A) COSY and key HMBC correlations for compound 3; (B) Key ROESY correlations
for compound 3. Colors reveal the atoms of hydrogen (blue), oxygen (red) and carbon (grey) and
their bonds.

The molecular formula of compound 4 was established to be of C27H48O7 from the [M + Na]+

sodium adduct ion peak at m/z 507.3290 in the (+)HRESIMS spectrum and the [M – H]– deprotonated
ion peak at m/z 483.3327 in the (–)HRESIMS spectrum (Figure S23). Data of the mass-spectra and
the 1H- and 13C-NMR spectra showed the presence of seven hydroxyl groups in 4. The examination
of the 1H-, 13C-, and 2D NMR spectra of steroids 4 and 3 revealed that both compounds have the
identical 14,15α,16β-trihydroxy substitution and 26-hydroxy cholestane side chain, but the proton and
carbon resonances of the steroid A/B rings of 4 differed from those of 3 (Tables 1 and 2, Figures S24).
The deshielded shift of the signal of CH3-19 at δC 25.6 in the 13C-NMR spectrum and the existence
of the ROESY cross-peak H3-19/H-5 immediately showed a 5β-cholestane skeleton in 4. The proton
connectivities from C-1 to C-9 in A/B rings were ascertained using the COSY and HSQC experiments.
The 1H- and 13C-NMR spectroscopic data, referred to the steroid A/B rings of 4, revealed the proton
and carbon chemical shifts of three oxygenated methines, including CH-3 (δH 3.70 br. q (J = 3.7) and δC

72.2), CH-4 (δH 3.66 t (J = 3.7) and δC 75.3), and CH-6 (δH 4.00 q (J =3.3) and δC 73.3). The irradiation
of the proton H-5 in the 1D TOCSY experiment gave an enhancing signal of the neighboring proton
H-4, that confirmed the presence of an additional hydroxyl group at C-4 in 4 as compared with 3

(Figure S30). Small values of the coupling constants of the protons H-3, H-4, and H-6 showed the
absence of their axially axial interaction with neighboring protons. As a result, the 3β,4α,6β-trihydroxy
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pattern and the cis-A/B ring fusion were determined. Accordingly, the structure of 4 was established as
(25S)-5β-cholestane-3β,4α,6β,14,15α,16β,26-heptaol.

Compounds 3 and 4 have the 5β-cholestane skeleton, which are rare among starfish steroids. Previously,
only two steroid compounds with the cis-A/B ring junction, (25S)-5β-cholestane-3β,6β,15α,16β,26-pentaol
from the starfish L. clathrata [17] and (25S)-5β-cholestane-3α,6β,15α,16β,26- pentaol from the starfish
Tremaster novaecaledoniae [20], were found.

2.2. Biological Evaluation

2.2.1. The Effect of Compounds 1, 5, and 6 on Cancer Cells’ Viability and Proliferation of Normal
and Cancer Cells

In the first step of bioactivity investigations, the cytotoxicity of compounds 1, 5, and 6 was
determined by measuring the metabolic activity of normal mouse epidermal JB6 Cl41, human colorectal
carcinoma HT-29, and breast cancer MDA-MB-231 cells using MTS reagent. None of the tested
compounds inhibited the viability of JB6 Cl41, HT-29, and MDA-MB-231 cells by 50% at concentrations
up to 100 μM. The compounds 1, 5, and 6 decreased the cell viability by less than 20% at 100 μM (data
not shown).

Next we determined the ability of the investigated compounds to affect cell proliferation of the
tested cell lines. JB6 Cl41, HT-29, and MDA-MB-231 cells were treated with compounds 1, 5, and 6 at
a non-toxic concentration of 20 μM for 24, 48, and 72 h. All tested compounds inhibited cell growth to
a comparable degree (Figure 4). Compounds 1, 5, and 6 decreased proliferation of JB6 Cl41 cells by
20%, 22%, and 24%, respectively; HT-29 cells by 20%, 22%, and 26%, respectively; and MDA-MB-231
cells by 24%, 27%, and 29%, respectively, after 72 h of treatment.

Figure 4. The effect of compounds 1, 5, and 6 on cell proliferation. (A) JB6 Cl41; (B) HT-29;
or (C) MDA-MB-231 cells were treated with compounds 1, 5, and 6 at concentration of 20 μM
for 24 h, 48 h, and 72 h. Cell viability was estimated using the MTS assay. Data are represented as the
mean ± SD as determined from triplicate experiments. A Student’s t-test was used to evaluate the data
with the following significance levels: *p < 0.05, **p < 0.01, ***p < 0.001.

2.2.2. The Effect of Compounds 1, 5, and 6 on Colony Formation of Cancer Cells

The effect of compounds 1, 5, and 6 on the colony formation of human cancer HT-29 and
MDA-MB-231 cells was investigated using the soft agar assay. Compounds 1, 5, and 6 (20 μM)
were demonstrated to possess comparable inhibiting activity on colony formation of cancer cells and
the decrease in the colony number of HT-29 cells was by 18%, 12%, and 18%, respectively, while
MDA-MB-231 cells was by 35%, 30%, and 31%, respectively as compared with non-treated cells (control)
(Figure 5). In the present study it was demonstrated that triple negative human breast cancer cells
MDA-MB-231 were more sensitive to the treatment of compounds 1, 5, and 6 than colorectal carcinoma
cells HT-29.
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Figure 5. The effect of compounds 1, 5, and 6 on colony formation in human cancer cells. (A) HT-29;
or (B) MDA-MB-231 cells (2.4 × 104) with or without investigated compounds (20 μM) treatment
were subcultured onto 0.3% Basal Medium Eagle (BME) agar containing 10% FBS, 2 mM L-glutamine,
and 25 μg/mL gentamicin. After 14 days of incubation, the number of colonies was evaluated under
a microscope with the aid of the ImageJ software program. Results are expressed as the mean ±
standard deviation (SD). The asterisk (*) indicates a significant decrease in colony number of cancer
cells treated by compounds as compared with the control (*p < 0.05, **p < 0.01, ***p < 0.001).

In summary, compounds 1, 5, and 6 are non-cytototoxic against normal JB6 Cl41 and cancer HT-29
and MDA-MB-231 cell lines at concentrations up to 100 μM, however, they are able to suppress cell
proliferation and colony formation of cancer HT-29 and MDA-MB-231 cells.

3. Experimental Section

3.1. General Procedures

The 1H- and 13C- NMR spectra were recorded on a Bruker Avance III 500 HD (Bruker, Germany)
spectrometer at 500.13 and 125.76 MHz and a Bruker Avance III 700 spectrometer (Bruker, Germany)
at 700.13 and 176.04 MHz, respectively. Chemical shifts (ppm) were internally referenced to the
corresponding residual solvent signals δH 3.30/δC 49.0 for CD3OD. HRESIMS mass spectra were
recorded on a Bruker Impact II Q-TOF mass spectrometer (Bruker, Bremen, Germany); the samples
were dissolved in MeOH (c 0.001 mg/mL). Optical rotation was measured using the Perkin Elmer 343
polarimeter (Waltham, MA, USA). IR spectra were recorded on a Bruker OPUS Vector-22 infrared
spectrophotometer. HPLC separations were carried out on an Agilent 1100 Series chromatograph
(Agilent Technologies, Santa Clara,.CA, USA) equipped with a differential refractometer; Discovery
C18 (5 μm, 250 × 10 mm, Supelco, Bellefonte, PA, USA) and YMC-Pack Pro C18 (5 μm, 250 × 4.6 mm,
YMC CO., LTD, Kyoto, Japan) columns were used. Low pressure column liquid chromatography
was performed using Amberlite XAD-2 (20 to 60 mesh, Supelco, Bellefonte, PA., USA), and silica gel
KSK (50 to 160 μm, Sorbpolimer, Krasnodar, Russia). Sorbfil silica gel plates (4.5 × 6.0 cm, 5 to 17 μm,
Sorbpolimer, Krasnodar, Russia) were used for thin-layer chromatography.

3.2. Animal Material

Specimens of Anthenoides laevigatus Liao & A.M. Clark, 1989 (order Valvatida, family Goniasteridae)
were collected in January 2018 from the coastal waters of the Qui Nhon Province (Vietnam), at a depth
of 20 to 30 m, and were identified by Dr. Do Cong Thung, the Institute of Marine Resources and
Environment, VAST, Hai Phong, Vietnam. A voucher specimen (no. SBAL 01-2018 (was deposited at
the Institute of Natural Products Chemistry, VAST, Vietnam.
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3.3. Extraction and Isolation

The fresh animals (2.2 kg) were chopped into small pieces and extracted four times by MeOH
with heating. The MeOH extract was evaporated in vacuo, and the residue (37 g) was dissolved in H2O
(1.3 L). The H2O-soluble fraction was passed in two portions through an Amberlite XAD-2 column
(7.5 × 28 cm) and eluted with distilled H2O until a negative chloride ion reaction was obtained, followed
by elution with EtOH. The combined EtOH eluate was evaporated to give a brownish material (4.4 g).
The resulting total fraction was chromatographed on a Si gel column (6.5× 15 cm) using CH3Cl-EtOH
(stepwise gradient, 3:1→1:2, v/v), EtOH, and EtOH-H2O (stepwise gradient, 20:1→9:1, v/v) to give ten
main fractions (1−10). Fractions 4 and 5 mainly contained the mixtures of polyhydroxylated steroids
based on TLC data on Si gel plates in the eluent system toluene-EtOH (9:5, v/v). HPLC separation
of fraction 4 (110 mg) on a Discovery C18 column with 55% aq. EtOH (1.5 mL/min) as an eluent
system yielded pure 5 (4.1 mg, tR 48.8 min) and subfraction 4.1 and 4.2 that were further purified on
a YMC-Pack Pro C18 column with 78% aq. MeOH (0.9 mL/min) as an eluent system to give pure 2

(0.9 mg, tR 15.3 min), 3 (0.9 mg, tR 14.1 min), and 4 (1.1 mg, tR 10.4 min). HPLC separation of fraction 5
(182 mg) on a Discovery C18 column with 55% aq. EtOH (1.5 mL/min) as an eluent system gave pure 1

(49.6 mg, tR 21.0 min) and 6 (23.6 mg, tR 26.1 min).

3.4. Compound Characterization Data

(25S)-5α-cholestane-3β,5,6β,14,15α,16β,26-heptaol (1): Colorless amorphous powder; [α]25
D + 9.5

(c 0.8, MeOH); IR (KBr) νmax 3401, 2943, 2870, 1385, 1048, 1017, 964 cm−1; (+)HRESIMS m/z 507.3292 [M
+ Na]+ (calcd for C27H48O7Na, 507.3292); (−)HRESIMS m/z 483.3321 [M – H]– (calcd for C27H47O7,
483.3327); 1H-NMR data, see Table 1; 13C-NMR data, see Table 2.

(25S)-5α-cholestane-3β,6β,14,15α,16β,26-hexaol (2): Colorless amorphous powder; [α]25
D + 14.4 (c

0.1, MeOH); (+)HRESIMS m/z 491.3337 [M + Na]+ (calcd for C27H48O6Na, 491.3343); (−)HRESIMS
m/z 467.3379 [M – H]– (calcd for C27H47O6, 467.3378); 1H-NMR data, see Table 1; 13C-NMR data,
see Table 2.

(25S)-5β-cholestane-3β,6β,14,15α,16β,26-hexaol (3): Colorless amorphous powder; [α]25
D + 13.3

(c 0.1, MeOH); (+)HRESIMS m/z 491.3341 [M +Na]+ (calcd for C27H48O6Na 491.3343); (−)HRESIMS
m/z 467.3380 [M – H]– (calcd for C27H47O6, 467.3378); 1H-NMR data, see Table 1; 13C-NMR data,
see Table 2.

(25S)-5β-cholestane-3β,4α,6β,14,15α,16β,26-heptaol (4): Colorless amorphous powder; [α]25
D +

15.5 (c 0.1, MeOH); (+)HRESIMS m/z 507.3290 [M+Na]+ (calcd for C27H48O7Na, 507.3292); (−)HRESIMS
m/z 483.3327 [M – H]– (calcd for C27H47O7, 483.3327); 1H-NMR data, see Table 1; 13C-NMR data,
see Table 2.

3.5. Preparation of the MTPA Esters of Compound 1

Aliquots (0.7 mg each) of compound 1 were treated with S-(+)- and R-(–)-α-methoxy-
α-(trifluoromethyl)-phenylacetyl (MTPA) chloride (0.7 μL) in dry pyridine (180 μL) for 3 h at room
temperature. After removal of the solvent, the products were purified on a Si gel column (0.8 × 5 cm)
using CHCl3-EtOH (50:1, v/v) to obtain the corresponding (R)- and (S)-MTPA esters of 1.

3,15,26-tri-(R)-MTPA ester of 1: Selected 1H-NMR (500.13 MHz, CD3OD): δH 0.75 (1H, m, H-7),
0.87 (3H, d, J = 6.7 Hz, H3-21), 0.91 (3H, d, J = 6.8 Hz, H3-27), 1.07 (3H, s, H3-18), 1.12 (3H, s, H3-19),
1.49 (1H, m, H′-7), 1.83 (1H, m, H-25), 2.10 (1H, m, H-17), 3.05 (1H, dd, J = 3.6, 2.5 Hz, H-6), 4.15 (1H, m,
H-16), 4.15 (1H, dd, J = 10.7, 5.7 Hz, H-26), 4.17 (1H, dd, J = 10.7, 6.0 Hz, H′-26), 5.03 (1H, d, J = 3.1 Hz,
H-15), 5.39 (1H, m, H-3).

3,6,15,26-tetra-(S)-MTPA ester of 1: Selected 1H-NMR (500.13 MHz, CD3OD): δH 0.62 (3H, s,
H3-19), 0.87 (3H, d, J = 6.7 Hz, H3-21), 0.90 (3H, d, J = 6.8 Hz, H3-27), 1.02 (3H, s, H3-18), 1.33 (1H, m,
H-7), 1.82 (1H, m, H-25), 2.02 (1H, dd, J = 11.2, 8.2 Hz, H-17), 2.09 (1H, m, H′-7), 4.08 (2H, m, H-16,
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H-26), 4.09 (1H, m, H-16), 4.24 (1H, dd, J = 10.7, 5.5 Hz, H′-26), 4.83 (1H, t, J = 3.0 Hz, H-6), 5.19 (1H, d,
J = 3.4 Hz, H-15), 5.32 (1H, m, H-3).

3.6. Bioactivity Assay

3.6.1. Reagents

Phosphate buffered saline (PBS), L-glutamine, penicillin-streptomycin solution (10,000 U/mL, 10 μg/mL)
were from Sigma-Aldrich company (St. Louis, MO, USA). MTS reagent (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was purchased from Promega (Madison,
Wisconsin, USA). The Basal Medium Eagle (BME), Dulbecco’s modified Eagle’s medium (DMEM),
and McCoy’s 5A modified medium (McCoy’s 5A), trypsin, fetal bovine serum (FBS), and agar were
purchased from ThermoFisher Scientific (Waltham, MA, USA).

3.6.2. Cell Lines and Culture Conditions

Mouse epidermal cells JB6 Cl41 (ATCC® no. CRL-2010™), human colorectal carcinoma HT-29
(ATCC® no. HTB-38™), and human breast adenocarcinoma MDA-MB-231 (ATCC® HTB-26™) cells
were obtained from the American Type Culture Collection (Manassas, VA, USA).

JB6 Cl41 cells grown in MEM supplemented with 5% fetal bovine serum (FBS), HT-29 cells were
cultured in McCoy’s 5A with 10% FBS, and MDA-MB-231 cells were grown in DMEM with 10% FBS.
The cell cultures were maintained at 37 ◦C in humidified atmosphere containing 5% CO2.

3.6.3. MTS Assay

To determine the cytotoxic activity of compounds 1, 5, and 6, JB6 Cl41, HT-29, and MDA-MB-231
cells were seeded at a density of 1.0 × 104cells/200 μL of complete MEM/5% FBS, McCoy’s 5A/10%
FBS, and DMEM/10% FBS media, respectively, in 96-well plates. After incubation for 24 h, the cells
were treated with tested compounds in the range of concentration 5–100 μM, while the control was
treated with the complete medium only. Cells were cultured for additional 24 h at 37 ◦C in 5% CO2

atmosphere. Subsequently, MTS reagent (20 μL) was added to each well, and the cells were incubated
for an additional 3 h at 37 ◦C in 5% CO2. Absorbance was measured at 490/630 nm by a Power Wave
XS microplate reader (BioTek, Winooski, VT, USA). All tested samples were carried out in triplicates.
Compound’s concentration causing 50% of cell viability inhibition (IC50) were calculated.

To analyze the anti-proliferative activity of compounds 1, 5, and 6, the cells (1.0 × 104cells/200 μL)
were treated with tested compounds at concentration of 20 μM and incubated for an additional 24, 48,
and 72 h at 37 ◦C in 5% CO2. MTS reagent (20 μL) was added to each well, and the cells were incubated
for an additional 3 h at 37 ◦C in 5% CO2. Absorbance was measured at 490/630 nm using a microplate
reader. All tested samples were analyzed in triplicates.

3.6.4. Soft Agar Assay

Cells (2.4 × 104/mL) were grown in 1 mL of 0.3% Basal Medium Eagle’s agar containing 10%
FBS. The cells were treated by compounds 1, 5, and 6 at non-toxic concentration of 5, 10, and 20 μM.
The cultures were maintained at 37 ◦C in 5% CO2 incubator for 2 weeks and the number and size of
the colonies were determined using a Motic microscope AE 20 (XiangAn, Xiamen, China) and ImageJ
software bundled with 64-bit Java 1.8.0_112 (NIH, Bethesda, Maryland, USA).

3.6.5. Statistical Analysis

Results are expressed as the mean ± standard deviation (SD). Student’s T test was used to evaluate
the data with the following significance levels: *p < 0.05, **p < 0.01, ***p < 0.001. All assays were
performed in at least three independent experiments.
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4. Conclusions

Four new polyhydroxylated steroids were isolated along with two previously known related
steroids from the Vietnamese starfish A. laevigatus and their chemical structures were elucidated.
Two new compounds have the common 5α-cholestane skeleton, while the other two new compounds
have the 5β-cholestane skeleton, which are rare among starfish steroids. Previously, only two steroid
compounds with the cis-A/B ring junction were known from two species of the starfish L. clathrata
and T. novaecaledoniae. Three of the substances that were isolated from A. laevigatus did not show
cytotoxic effects against normal JB6 Cl41 and human colorectal cancer HT-29 and breast cancer
MDA-MB-231 cells, however they suppressed cell proliferation and colony formation of cancer HT-29
and MDA-MB-231 cells.

Supplementary Materials: The following are available online. Copies HRESIMS (Figures S1, S9, S16, and S23),
1H-NMR (Figures S2, S10, S17, and S24), 13C-NMR (Figures S3, S11, S18, and S25), COSY (Figures S4, S12, S19,
and S26), HSQC (Figures S5, S13, 20, and S27), HMBC (Figures S6, S14, S21, and S28), and ROESY (Figures S7,
S15, S22, and S29) spectra of compounds 1, 2, 3, and 4, respectively. Copies 1H-NMR (Figure S8) spectra of (R)-
and (S)-MTPA esters of 1, 1D TOCSY (Figure S30) spectrum of 4.
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Abstract: In continuation of our studies on a Vietnamese collection of a Stelletta sp., sponge we
have isolated two new isomalabaricane triterpenoids, stellettins Q and R (1 and 2), and four new
isomalabaricane-derived nor-terpenoids, stellettins S-V 3–6, along with previously known globostel-
letin N. Among them, compound 3 contains an acetylenic fragment, unprecedented in the isomal-
abaricane family and extremely rare in other marine sponge terpenoids. The structures and absolute
configurations of all new compounds were established by extensive NMR, MS, and ECD analyses
together with quantum-chemical modeling. Additionally, according to obtained new data we re-
port the correction in stereochemistry of two asymmetric centers in the structures of two known
isomalabaricanes, 15R,23S for globostelletin M and 15S,23R for globostelletin N.

Keywords: isomalabaricanes; Stelletta sp.; marine sponge; terpenoid; structure elucidation

1. Introduction

Malabaricanes are rather a small group of tricarbocyclic triterpenoids found in dif-
ferent tropical flowering terrestrial plants [1–3]. Isomalabaricanes, which differ from
malabaricanes in the configuration of C-8 asymmetric center and have an α-oriented CH3-
30, are known as metabolites of four genera of marine sponges—Stelletta, Jaspis, Geodia
and Rhabdastrella—belonging to the class Demospongiae. Some of them are highly cyto-
toxic against tumor cells [4]. Since the first isolation of three yellow highly conjugated
isomalabaricane-type triterpenoids from the marine sponge Jaspis stellifera in 1981 [5]
more than 130 isomalabaricanes and related natural products have been reported from
the abovementioned sponge genera. It was noticed that Stelletta metabolites are quite
different depending on the collection. Indeed, isomalabaricane triterpenoids were mainly
found as very complex mixtures in tropical sponge samples, while boreal and cold-water
sponges contain mostly alkaloids and lipids. From a chemo-ecological point of view, this
indicates that studied sponges are able to produce different types of secondary metabolites
in order to adapt to the various living conditions [6]. In confirmation, our attempt to find
isomalabaricanes in a cold-water Stelletta spp., collected in 2019 in the Sea of Okhotsk,
was unsuccessful, as the characteristic yellow pigments were not detected by thin layer
chromatography in the extracts of these sponges.

Additionally, in result of the chemical investigation of the sponge Stelletta tenuis, Li
et al. identified two naturally occurring α-pyrones, namely gibepyrones C and F, along
with three isomalabaricane-type triterpenoids [7]. These α-pyrones were supposed to be
the oxidation products of the co-occurring stellettins [6]. Gibepyrone F had previously
been isolated from the fungal plant pathogen Gibberella fujikuroi [8], as well as from the
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sponge Jaspis stellifera [9]. These findings allow to presume that symbiotic microorganisms
in the corresponding sponges are involved in the generation of some metabolites.

Diverse isomalabaricane-type nor-terpenoids, containing less than 30 carbon atoms in
their skeleton systems, have been found together with isomalabaricanes several
times [10–12]. Their presence could be explained either by oxidative degradation of
C30 metabolites or by precursor role of nor-terpenoids in the biosynthesis of these com-
pounds [12,13]. However, the biogenesis of isomalabaricane compounds in sponges re-
mains to be mysterious so far.

Recently, we have reported the isolation of two isomalabaricane-type nor-terpenoids,
cyclobutastellettolides A and B, and series of known isomalabaricanes from a Stelletta
sp. [14] We suppose that new data on structural variety of isomalabaricane derivatives
supported with strong evidence on stereochemistry could someday shed light on their
origin.

In the present work, an investigation of the chemical components of a Stelletta sp.
from Vietnamese waters was continued. Herein, we report the isolation and structural
elucidation of six new compounds 1–6 and known globostelletin N [15].

2. Results and Discussion

The frozen sample of a marine sponge Stelletta sp. was finely chopped and extracted
with EtOH, then the extract was concentrated under reduced pressure and subjected to
Sephadex LH-20 and silica gel column chromatography followed by normal- and reversed-
phase HPLC procedures (Figure S73) to afford new stellettins Q-V 1–6 together with known
globostelletin N [15] (Figure 1).

 
Figure 1. Structures of compounds 1–6 and globostelletins K, M, and N.

Stellettin Q (1) was isolated as a yellow oil with molecular formula C32H44O6 de-
duced by HRESIMS (Figure S3). The NMR data of 1 (Table 1; Figures S4 and S5) were
closely related to the spectral characteristics of isomalabaricane globostelletin K (Figure 1,
Figures S55 and S56) initially found in the marine sponge Rabdastrella globostellata [15] and
also co-isolated from the studied Stelletta sp. [14].
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Table 1. 1H and 13C NMR data of 1 (700 and 176 MHz) and 2 (500 and 126 MHz) in CDCl3.

No. 1
1 2

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

1α 1.57, td (13.0, 3.9)
33.1

1.57, m
32.91β 1.38, m 1.36, m

2α 1.82, m
25.1

1.81, m
25.12β 1.71, m 1.68, m

3α 4.54, dd (11.7, 5.2) 80.8 4.53, dd (11.6, 5.2) 80.7
4 38.2 38.2

5α 1.73, m 46.5 1.75, m 46.4
6α 1.70, m

18.2
1.68, m

18.26β 1.48, m 1.48, m
7α 1.99, m

37.7
2.06, m

38.57β 2.00, m 1.93, m
8 44.2 43.8

9β 1.75, m 50.3 1.77, m 50.3
10 35.4 35.4

11α 2.13, m
36.4

2.15, m
36.411β 2.13, m 2.15, m

12 206.6 206.9
13 146.8 146.0
14 147.9 147.5
15 4.75, m 45.0 2 3.22, dt (9.2, 6.0) 48.0

16α 2.27, m
37.9

2.52, m
38.416β 3.02, ddt (19.4, 9.3, 2.5) 2,89, ddt (19.4, 9.2, 2.7)

17 6.80, br s 144.6 6.78, dd (4.3, 2.5) 143.6
18 1.79, s 16.2 2 2.06, s 15.7
19 1.02, s 22.4 1.01, s 22.4
20 195.6 195.1
21 2.29, s 26.9 2.30, s 27.0
22 146.6 146.7
23 3.86, br t (8.3) 47.5 3.95, m 48.0
24 6.57, br d (10.2) 145.9 6.59, dd (10.6, 1.5) 144.6
25 126.3 127.3
26 171.0 170.7
27 1.88, br s 12.6 1.86, d (1.3) 12.5
28 0.91, s 29.0 0.90, s 29.0
29 0.89, s 16.9 0.88, s 17.0
30 1.29, s 24.1 1.23, s 26.4

OAc 2.06, s 171.021.2 2.05, s 170.921.2
1 Assignments were made with the aid of HSQC, HMBC and ROESY data. 2 The values were found from HSQC
experiment.

The detailed analysis of 2D spectra (COSY, HSQC, HMBC etc.) of 1 supported the
main structure (Figure 2 and Figures S6–S9). The signals of methyl group at δH 2.06, s; δC
21.2 and acetate carbonyl at δC 171.0, together with the HMBC correlation of axial proton
H-3 at δH 4.54, dd (11.7, 5.2) to that carbonyl, revealed the O-acetyl substitution at C-3 in
the ring A. Moreover, the signal of C-3 at δC 80.8 instead of ketone signal at δC 219.2 in
13C NMR spectrum of globostelletin K also demonstrated the 3-acetoxy-tricyclic core in 1,
while the 3β-orientation of acetoxy group was confirmed by strong correlations of H-3/H-5
and CH3-28 observed in the ROESY spectrum. The 13Z geometry in 1 was in agreement
with the signal of CH3-18 at δH 1.79, s and its ROESY correlation with CH3-30. As well as
E configuration of 24(25)-double bond was found from the W-path COSY correlation of
protons H-24/CH3-27.
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Figure 2. Selected COSY ( ), HMBC ( ) and ROESY ( ) correlations of 1 and 2.

The 1H- and 13C-NMR signals of the side chain of 1 as well as the form of ECD curve
(Figure S10) were analogous to those of globostelletin K [15] (Figure S57) suggesting the
same stereochemistry of the side chain. This assignment was in a good agreement with
the computational ECD results performed using density functional theory (DFT) with the
nonlocal exchange-correlation functional B3LYP [16], the polarization continuum model
(PCM) [17] and split-valence basis sets 6-31G(d), implemented in the Gaussian 16 package
of programs [18] (Figure S66). The 15R,23S absolute configuration, providing 13Z,24E
geometry and trans−syn−trans-fused tricyclic moiety with 3β-oriented acetoxy group fully
satisfies the similarity of the experimental and theoretical ECD spectra of 1 (Figure 3).
In detailes, statistically avereged curve (Figure 3) follows the shape of the experimental
one, although even more close coincidence was indicated for theoretically less probable
conformer (Figure S67). In addition, we could conclude that the presence of 3-acetoxy or
3-oxo functions in the structures of the corresponding compounds insignificantly affects
the shape of their ECD curves. According to obtained new data we pose the same 15R,23S
stereochemistry for globostelletin K (Figure S69).

 
Figure 3. Comparison of experimental and theoretical ECD spectra of stellettin Q (1).

Stellettin R (2) has a molecular formula of C32H44O6 as it was established on the basis
of HRESIMS (Figure S11). Spectral data (Table 1, Figure 2, Figures S12 and S13) were
consistent with known globostelletin M [15] (Figure 1, Figures S59 and S60) possessing
an isomalabaricane core connected with 13E double bond (CH3-18: δH 2.06, s). However,
like stellettin Q, it contains 3β–acetoxy group (δH 4.53, dd (11.6, 5.2); δC 80.7; δH 2.05, s;
δC 170.9; 21.2). Concerning to the relative configuration of the cyclopentene unit in the
side chain of 2, the ROESY cross-peaks between H-15/H-24 and H-23/CH3-18 ascertained
a trans-relationship of the vicinal protons H-15 and H-23. Careful examination of the
chemical shifts for CH-15 (δH 3.22, dt (9.2, 6.0); δC 48.0) and CH-23 (δH 3.95, m; δC 48.0)
showed the values similar to those of globostelletin M and differed from globostelletin N
(Figure 1, Figures S63 and S64) isolated by Li et al. [15] and co-isolated by us. Moreover,
the ECD spectrum of 2 (Figure S18) displayed the same curve and peaks as those published
for globostelletin M (Figure S61).
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However, structure modeling as well as calculation of ECD spectra for possible
stereoisomers of 2 demonstrated a good agreement between experimental and theoretical
spectra for 15R,23S absolute configuration (Figure 4) quite differ from 15S,23S reported
for globostelletin M [15]. This inconsistence encouraged us to re-investigate the stereo-
chemistry of co-isolated globostelletins M and N. We have obtained NMR and ECD spectra
of the both compounds (Figures S59–S65) and they were identical to those provided as
supplementary data by Li et al. [15]. At the same time, our computational results suggested
globostelletin M to possess the same 15R,23S absolute configuration (Figure S70) of cy-
clopentene unit as 2, while globostelletin N has 15S,23R stereochemistry (Figure S71). Based
on the data we believe that previously published research comprises some inaccuracies
and the stereochemistry of these centres in corresponding isomalabaricanes should be re-
vised. It was noted that the isomalabaricane-type terpenoids undergo a photoisomerization
of the side chain 13-double bond during the isolation and storage [19,20]. We consider
compounds 1 and 2 to be the 13Z/E pair of the same 15R,23S isomer.

Figure 4. Comparison of experimental and theoretical ECD spectra of stellettin R (2).

The molecular formula C19H28O3 of stellettin S (3) calculated from HRESIMS data
(Figure S19) showed 3 to be a rather smaller molecule then classical C30-isomalabaricanes,
intriguing due to the lack of a significant part in the molecule, when compared with the
majority of known isomalabaricanes and their derivatives. The 13C- and DEPT NMR
spectra (Table 2; Figures S21 and S22) exhibited 19 resonances, including those of car-
bonyl carbon at δC 216.5 (C-3) and carboxyl carbon at δC 178.8 (C-12) as well as two
down-shifted quaternary carbons at δC 88.1 (C-13), 77.8 (C-14). 1H- and 13C-NMR spectra
(Figures S20 and S21) revealed five methyls, two methylene, two methine groups and seven
quaternary carbons, suggesting an isoprenoid nature. In the HSQC spectrum (Figure S23)
four methyl singlets (δH 1.06, 1.08, 1.25, and 1.62) correlated with carbon signals at δC 21.6
(CH3-29), 25.9 (CH3-28), 30.8 (CH3-30) and 23.3 (CH3-19), respectively, while singlet of one
more methyl group at δH 1.80 gave a cross-peak with high field signal at δC 3.7 (CH3-18).
The further inspection of 2D spectra (Figure 5 and Figures S23–S26) revealed the bicyclic
framework resembling the core of globostelletin A (Figure 5), isolated from the sponge
Rhabdastrella globostellata [13].

This was confirmed by the key long-range HMBC correlations from gem-dimethyl
group (CH3-28 and 29) to C-3, C-4 and C-5; from H-5 to C-1, C-4, C-6, C-9 and C-10; from
methyl CH3-19 to C-1, C-9 and C-10; from methyl CH3-30 to C-7, C-8 and C-9 as well
as from the methylene of carboxymethyl group (CH2-11) to C-8, C-9, C-10 and carboxyl
carbon C-12 (Figure 5 and Figure S24). The empirical formula, besides bicyclic system and
two carbonyls, required two additional degrees of unsaturation which were accounted for
an acetylenic bond in a short side chain. The NMR signals of two quaternary carbons at
δC 88.1 (C-13), 77.8 (C-14) and methyl (CH3-18) at δH 1.80, δC 3.7 were finally attributed
to the methylacetylenic substituent at C-8, that was confirmed by HMBC correlations
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from CH3-30 to C-8 and C-13, along with that from CH3-18 to C-7, C-8, C-9, C-13, C-14
and CH3-30. Analogous methylacetylenic substituent was characterized previously with
similar chemical shifts in a series of synthetic alkynes [21].

Figure 5. Selected COSY ( ) and HMBC ( ) correlations of 3 and 4 and structure of known
globostelletin A.

Interestingly, the NMR signal of CH3-19 (δH 1.62, s) was notably downfield shifted in
comparison with that in a number of isomalabaricanes and their derivatives spectra. We
explained it by the joint influence of the methylacetylene and carboxymethyl groups. The
quantum chemical calculations (Figure S66) of the chemical shifts for structure 3 confirmed
the down-shifted position of the proton signal of CH3-19 and afforded its theoretical
chemical shift value of δH 1.69 ppm.

The relative stereochemistry of 3 was determined by ROESY experiment (Figure 6
and Figure S26). A trans-fusion of the bicyclic system was shown by key NOE interactions.
The correlations between CH3-19/CH3-29, CH3-28/H-5, H-5/Ha-11, CH3-19/H-9, and
CH3-30/Hb-11 showed the β-orientations of CH3-19 and H-9, whereas H-5, CH2-11, and
CH3-30 were α-oriented. The chair conformation of the ring B with equatorial positions of
H-9 and CH3-30 corresponded to the long-range COSY correlation between H-9 and Hβ-7
(Figure 5 and Figure S25) together with ROESY correlations H-5/Ha-11 and Hα-7/Hb-11.
Taking into consideration the relative stereochemistry of the compound 3 along with above
mentioned absolute stereochemistry of the C30 congeners 1 and 2 as well as the fact of
co-isolation of cyclobutastellettolides A and B [14] with the same absolute configurations
we suggested the 5S, 8R, 9R, 10R absolute stereochemistry of stellettin S (3).

 

Figure 6. Selected ROESY ( ) correlations of 3.
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Stellettin T (4) with the molecular formula C20H32O5 seemed to be another
isomalabaricane-type derivative. The ispection of NMR data (Table 2; Figure 5 and
Figures S29–S33) revealed the same type of 9-carboxymethyl substituted bicyclic core
as was deduced for compound 3. It contains 3β-acetoxy group, confirmed with the signals
of CH-3 (δH 4.44, dd (11.2, 5.1); δC 80.3), methyl of acetate group (δH 2.05, s; δC 21.2) and
acetate carbon (δC 170.9). According to the 13C NMR spectrum and molecular formula,
compound 4 has one carbonyl less side chain then known globostelletin A [13]. Based
on this data and HMBC correlations from CH3-14 (δH 2.12, s) and CH3-30 (δH 1.31, s) to
C-13 (δC 213.0), the acetyl was connected with C-8 (δC 52.5). The key ROESY correlations
H-3/H-5, H-5/Ha-11, H-14/CH3-19, H-9/CH3-19 and H-9/CH3-29 (Figure S34) suggested
configurations at C-5, C-8, C-9 and C-10 identical to those of co-isolated isomalabaricanes.

The structures of stellettins U (5) and V (6) corresponded to the same C19H30O5
molecular formula deduced from HRESIMS (Figures S36 and S45). In comparison with
co-isolated metabolites, the spectral data of compounds 5 and 6 revealed bicyclic core with
keto group at C-3, gem-dimethyl group at C-4 and two angular methyls at C-8 and C-10
(Table 2). Additionally, 1H- and 13C-NMR spectra of compound 5 (Figures S37 and S38)
demonstrated signals of two carbonyls (δC 173.7 and 183.8) and one ethoxy group (δH 4.15,
q (7.1); δC 60.8 and δH 1.26, t (7.1); δC 14.1). HMBC experiment (Figure 7 and Figure S41)
allowed to place the carboxy group at C-8 and ethyl ester at C-11 on the basis of congruous
correlations from methylenes –CH2-CH3 (δH 4.15, q (7.1), 2H) and CH2-11 (δH 2.41, dd
(17.7, 5.3) and 2.30, m) to carboxyl C-12 (δC. 173.7) and also from methyl CH3-30 (δH 1.17,
s) to carboxyl C-13 (δC 183.8). The relative stereochemistry of 5 was determined by ROESY
spectral analysis (Figure S43). Correlation between H-9 (δH 2.78, br t (5.0)) and CH3-19 (δH
1.24, s) indicated their β-orientation. Meanwhile, a ROESY correlation between H-5 (δH
1.40, dd (12.6, 3.0))/Ha-11 (δH 2.41, dd (17.7, 5.3)) and Hb-11 (δH 2.30, m)/CH3-30 (δH 1.17,
s) confirmed the α-orientation of H-5, -CH2-COOEt and CH3-30. The above-mentioned
results were in agreement with the spatial structure of isomalabaricane derivatives.

Figure 7. Selected COSY ( ) and HMBC ( ) correlations of 5 and 6.

Compound 6 was an isomer of compound 5, differed by the NMR signals (Figures S46
and S47) of carboxylic carbons (δC 177.6 and 178.0), methyl C-19 (δH 1.14, s), methylene
CH2-11 (δH 2.48, dd (18.1, 5.4) and 2.38, dd (18.1, 4.8)) and ethoxy group (δH 4.23, dq (10.9,
7.1); 4.13, dq (10.9, 7.1) and 1.31, t (7.1)). The key HMBC correlations (Figure 7) satisfied
the proposed structure of 6. However, since the values of carboxyl carbons shifts for 6 are
close, distinguishing their correlations and direct ester positioning without data for isomer
5 brought some uncertainty. To avoid future difficulties with structurally related esters we
calculated carbon chemical shift values for two isomers 5 and 6 (Figure S66). It was shown,
that theoretical δC C-13 (5) = 192.7 and δC C-12 (5) = 182.4 gave the ΔδC(13-12) = 10.3 ppm
close to experimental value ΔδC(13-12) = 10.1 ppm, while theoretical and experimental
ΔδC(13-12) for compound 6 were of 0.4 ppm (clcd δC C-13 (6) = 183.2, δC C-12 (6) = 182.8).

ROESY correlations of 6 supported the relative stereochemistry similarly to that of
compound 5. In fact, we detected expected NOE interactions H-9 (δH 2.74, br t (4.6))/CH3-
19 (δH 1.14, s); H-5 (δH 1.39, dd (12.7; 3.0))/Ha-11 (δH 2.48, dd (18.1, 5.4)) and Hb-11 (δH
2.38, dd (18.1, 4.8))/CH3-30 (δH 1.12, s). Therefore, derivatives 5 and 6 possess the same
stereochemistry as other co-isolated isomalabaricanes. Although compounds 5 and 6 are
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rather artificial products derived during EtOH extraction, the isolated pair of esters allowed
to reliably establish the position of the ether group based on the chemical shifts of C-12
and C-13.

Both compounds were supposed to be the half-ester derivatives of the hypothetical
dicarboxylic acid. The anhydrous form of the acid was reported by Ravi et al. [5] as a
product of ozonolysis of isomalabaricane precursor [22,23]. Moreover, Ravi et al. obtained
dimethyl and monomethyl esters of the acid and did not point the place of esterification in
the case of the latter.

Among isolated new compounds 1–6, we find stellettin S (3) the most intriguing, since
occurrences of acetylene-containing isoprenoids are rare and not so far reported in the
isomalabaricane series. To date, several biosynthetic pathways leading to the alkyne forma-
tion in natural products has been supported with identified and characterized gene clusters.
In the first case, acetylenases, a special family of desaturases, catalyze the dehydrogena-
tion of olefinic bonds in unsaturated fatty acids to afford acetylenic functionalities [24,25].
Next, acetylenases are also used to form the terminal alkyne in polyketides [26]. One
more biosynthetic route results in a terminal alkyne formation in acetylenic amino acids
and involves consequent transformations by halogenase BesD, oxidase BesC and lyase
BesB [27]. Finally, two recent papers describe the molecular basis for the formation of
alkyne moiety in acetylenic prenyl chains occurring in a number of meroterpenoids [28,29].
The abovementioned reports highlight hot trends in a scientific search for enzymatic ma-
chineries leading to the biologically significant and synthetically applicable acetylene bond
in natural compounds. We believe that isolation of the new terpenoidal alkyne 3 could
inspire further investigations of the Stelletta spp. sponges and associated microorganisms
through genome mining.

According to obtained new data we also report the correction in stereochemistry of
two asymmetric centers in globostelletins M (Figure S70) and N (Figure S71). Really, their
ECD and NMR spectra in comparison with those of globostelletin K and stellettins Q and
R (Figures S59–S71) clearly show rather 15R,23S configuration for globostelletin M instead
of previously reported 15S,23S [15] as well as 15S,23R stereochemistry for globostelletin N
instead of 15R,23R [15].

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured on Perkin-Elmer 343 digital polarimeter (Perkin
Elmer, Waltham, MA, USA). UV-spectra were registered on a Shimadzu UV-1601PC spec-
trophotometer (Shimadzu Corporation, Kyoto, Japan). ECD spectra were obtained on
a Chirascan plus instrument (Applied Photophysics Ltd., Leatherhead, UK). 1H-NMR
(500.13 MHz, 700.13 MHz) and 13C-NMR (125.75 MHz, 176.04 MHz) spectra were recorded
in CDCl3 on Bruker Avance III HD 500 and Bruker Avance III 700 spectrometers (Bruker
BioSpin, Bremen, Germany). The 1H- and 13C-NMR chemical shifts were referenced to the
solvent peaks at δH 7.26 and δC 77.0 for CDCl3. HRESIMS analyses were performed using a
Bruker Impact II Q-TOF mass spectrometer (Bruker). The operating parameters for ESI were
as follows: a capillary voltage of 3.5 kV, nebulization witH-Nitrogen at 0.8 bar, dry gas flow
of 7 L/min at a temperature of 200 ◦C. The mass spectra were recorded within m/z mass
range of 100–1500. The instrument was operated using the otofControl (ver. 4.1, Bruker
Daltonics) and data were analyzed using the DataAnalysis Software (ver. 4.4, Bruker
Daltonics). Column chromatography was performed on Sephadex LH-20 (25–100 μm,
Pharmacia Fine Chemicals AB, Uppsala, Sweden), silica gel (KSK, 50–160 mesh, Sorbfil,
Krasnodar, Russia) and YMC ODS-A (12 nm, S-75 um, YMC Co., Ishikawa, Japan). HPLC
were carried out using an Agilent 1100 Series chromatograph equipped with a differential
refractometer (Agilent Technologies, Santa Clara, CA, USA). The reversed-phase columns
YMC-Pack ODS-A (YMC Co., Ishikawa, Japan, 10 mm × 250 mm, 5 μm and 4.6 mm ×
250 mm, 5 μm) and Discovery HS F5-5 (SUPELCO Analytical, Bellfonte, PA, USA, 10 mm
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× 250 mm, 5 μm) were used for HPLC. Yields are based on dry weight (212.1 g) of the
sponge sample.

3.2. Animal Material

The Stelletta sp. sponge sample (wet weight 1.3 kg) was collected by SCUBA diving
at the depth of 7–12 m near Cham Island (15◦54.3′ N, 108◦31.9′ E) in the Vietnamese
waters of the South China Sea during the 038-th cruise of R/V “Academik Oparin” in
May 2010. The species was identified and described [14] by Dr. Boris B. Grebnev from
G. B. Elyakov Pacific Institute of Bioorganic Chemistry, FEB RAS (PIBOC, Vladivostok,
Russia). A voucher specimen (PIBOC O38-301) has been deposited at the collection of
marine invertebrates in PIBOC.

3.3. Extraction and Isolation

The frozen sponge was chopped and extracted with EtOH (1.7 L × 3) (Figure S73).
The EtOH soluble materials (52.5 g) were concentrated, dissolved in distilled H2O (100 mL)
and partitioned in turn with EtOAc (100 mL × 3). The EtOAc extracts were concen-
trated to a dark brown gum (15.7 g) that was further separated on a Sephadex LH-20
column (2 × 95 cm, CHCl3/EtOH, 1:1) to yield three fractions. Fraction 2 (10.2 g) was sepa-
rated into nine subfractions using step-wise gradient silica gel column chromatography
(4 × 15 cm, CHCl3→EtOH). Subfraction 2.4 (3.4 g) eluted with CHCl3/EtOH (80:1–10:1)
was subjected to a silica gel column (4 × 15 cm, CHCl3/EtOH, 100:1→10:1) to obtain four
subfractions. The fourth subfraction 2.4.4 (255.5 mg) was subjected to reversed-phase
HPLC (YMC-Pack ODS-A, 70% EtOH) to give four subsubfractions (2.4.4.1-4) that were
subjected to rechromatography. The HPLC fractionation of 2.4.4.1 (YMC-Pack ODS-A,
60% EtOH) gave cyclobutastellettolide A (7.7 mg, 0.004%), mixtures of globostelletins E+F
(~2:1; 4.0 mg, 0.002%), K (3.4 mg, 0.002%), and M (1.7 mg, 0.002%), that were purified
by HPLC procedures (Discovery HS F5-5, 60% EtOH), as it was reported previously [14].
One more component of this subsubfraction was purified (Discovery HS F5-5, 60% EtOH)
to yield stellettin V (6, 2.6 mg, 0.001%). The subsubfraction 2.4.4.2, subjected to HPLC
(Discovery HS F5-5, 70% EtOH) gave cyclobutastellettolide B [14] (1.6 mg, 0.004%) and
stellettin T (4, 1.2 mg, 0.0006%), purified by HPLC (Discovery HS F5-5, 70% EtOH). The
subsubfraction 2.4.4.3 contained cyclobutastellettolide B (1.4 mg) and stellettin Q (1, 0.9 mg,
0.0008%) isolated using reversed-phase HPLC (Discovery HS F5-5, 70% EtOH). The third
subfraction 2.4.3 (641.5 mg) was divided four times (~160 mg × 4) using reversed-phase
column chromatography (1 × 5 cm, YMC-Pack ODS-A, 50% EtOH and 100% EtOH) to
yeild two subsubfractions. The subsubfraction eluted with 50% EtOH was separated by
HPLC (YMC-Pack ODS-A, 70% EtOH) to afford a number of compounds and mixes for
further purification. Then, stellettin U (5, 10.3 mg, 0.005%) as well as globostelletins N
(9.2 mg, 0.004%) and M (1.5 mg) were isolated by HPLC (Discovery HS F5-5) in 80% MeOH.
The HPLC procedures (Discovery HS F5-5) in 80% EtOH were used to obtain individual
stellettins R (2, 2.1 mg, 0.001%), S (3, 6.9 mg, 0.003%) and portion of stellettin Q (1, 0.9 mg)
that was purified by HPLC (Discovery HS F5-5) rechromatography in 65% CH3CN. Finally,
one more portion of cyclobutastellettolide B (5.0 mg) was obtained from the subfraction by
HPLC (Discovery HS F5-5) in 85% MeOH.

3.4. Compound Characteristics

Stellettin Q (1): Yellow oil; [α]D
25–65.0 (c 0.1, CHCl3); ECD (c 8.6 × 10−4 M, EtOH)

λmax (Δε) 195 (4.15), 229 (−27.92), 262 (12.78), 355 (−1.75) nm; 1H- and 13C-NMR data
(CDCl3), Table 1; HRESIMS m/z 523.3065 [M–H]− (calcd for C32H43O6 523.3065).

Stellettin R (2): Yellow oil; [α]D
25–24.0 (c 0.2, CHCl3); ECD (c 1.3 × 10−3 M, EtOH)

λmax (Δε) 195 (4.06), 229 (−5.33), 252 (1.46), 273 (−0.48), 295 (0.47), 353 (−1.20) nm; 1H-
and 13C- NMR data (CDCl3), Table 1; HRESIMS m/z 523.3068 [M–H]− (calcd for C32H43O6
523.3065).
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Stellettin S (3): Slightly yellow oil; [α]D
25 + 31.5 (c 0.2, CHCl3); ECD (c 5.3 × 10−3

M, EtOH) λmax (Δε) 289 (0.34), 321 (−0.14) nm; 1H- and 13C-NMR data (CDCl3), Table 2;
HRESIMS m/z 303.1966 [M–H]− (calcd for C19H27O3 303.1966).

Stellettin T (4): Slightly yellow oil; [α]D
25–22.0 (c 0.1, CHCl3); ECD (c 3.4 × 10−3 M,

EtOH) λmax (Δε) 208 (−0.98), 249 (0.58), 280 (−0.27), 321 (−0.29) nm; 1H- and 13C-NMR
data (CDCl3), Table 2; HRESIMS m/z 351.2176 [M–H]− (calcd for C20H31O5 351.2177).

Stellettin U (5): Slightly yellow oil; [α]D
25 0.0 (c 0.2, CHCl3); ECD (c 5.7 × 10−3 M,

EtOH) λmax (Δε) 197 (−0.73), 232 (0.27), 261 (0.45), 295 (0.01), 321 (−0.34) nm; 1H- and
13C-NMR data (CDCl3), Table 2; HRESIMS m/z 337.2022 [M–H]− (calcd for C19H29O5
337.2020).

Stellettin V (6): Slightly yellow oil; [α]D
25 + 32.9 (c 0.17, CHCl3); ECD (c 7.7 × 10−3

M, EtOH) λmax (Δε) 210 (−0.04), 220 (0.08), 238 (−0.23), 269 (0.38), 291 (0.26), 330 (0.13),
357 (−0.09) nm; 1H- and 13C-NMR data (CDCl3), Table 2; HRESIMS m/z 337.2025 [M–H]−
(calcd for C19H29O5 337.2020).

Globostelletin N (Figure 1): Slightly yellow oil; [α]D
25 + 17.8 (c 0.23, MeOH); ECD (c 1.2

× 10−3 M, EtOH) λmax (Δε) 196 (−4.18), 228 (9.44), 256 (−1.72), 289 (0.97), 340 (−1.97) nm;
1H- and 13C-NMR spectra (CDCl3) corresponded to previously reported data [15] (Figures
S62–S64); HRESIMS m/z 479.2808 [M–H]− (calcd for C30H39O5 479.2803).

4. Conclusions

To summarize, the present report describes the isolation and structural elucidation of
six metabolites 1–6 from a tropical marine sponge belonging the genus Stelletta. A com-
bination of NMR methods, supported with computational quantum-chemical modeling
allowed us to establish the structures and absolute stereochemistry of two isomalabari-
canes 1 and 2, while the structures and configurations of four isomalabaricane-derived
terpenoids 3–6 were suggested on the basis of spectral data and biogenetic considerations.
Stellettin S (3) represents the first acetylene-containing isomalabaricane-related compound.
Additionally, according to new data the absolute stereochemistry of the C-15 and C-23
asymmetric centers of known globostelletins M and N were corrected.

Supplementary Materials: The following are available online. Figure S1: article title, authors
affiliations and contact information, Figure S2: contents of Supplementary Materials, Figures S3–S10:
HRESIMS, 1H- and 13C-NMR, HSQC, HMBC, COSY, ROESY spectra (CDCl3, 700 MHz) and ECD
spectrum (EtOH) of stellettin Q (1), respectively, Figures S11–S18: HRESIMS, 1H- and 13C-NMR,
HSQC, HMBC, COSY, ROESY spectra (CDCl3, 500 MHz) and ECD spectrum (EtOH) of stellettin R (2),
respectively, Figures S19–S27: HRESIMS, 1H- and 13C-NMR, DEPT, HSQC, HMBC, COSY, ROESY
spectra (CDCl3, 700 MHz) and ECD spectrum (EtOH) of stellettin S (3), respectively, Figures S28–S35:
HRESIMS, 1H- and 13C-NMR, HSQC, HMBC, COSY, ROESY spectra (CDCl3, 700 MHz) and ECD
spectrum (EtOH) of stellettin T (4), respectively, Figures S36–S44: HRESIMS, 1H- and 13C-NMR, DEPT,
HSQC, HMBC, COSY, ROESY spectra (CDCl3, 700 MHz) and ECD spectrum (EtOH) of stellettin
U (5), respectively, Figures S45–S53: HRESIMS, 1H- and 13C-NMR, DEPT, HSQC, HMBC, COSY,
ROESY spectra (CDCl3, 700 MHz) and ECD spectrum (EtOH) of stellettin V (6), respectively, Figures
S54–S57: HRESIMS, 1H- and 13C-NMR spectra (CDCl3) and ECD spectrum (EtOH) of globostelletin
K, respectively, Figures S58–S61: HRESIMS, 1H- and 13C-NMR spectra (CDCl3) and ECD spectrum
(EtOH) of globostelletin M, Figures S62–S65: HRESIMS, 1H and 13C NMR spectra (CDCl3) and ECD
spectrum (EtOH) of globostelletin N, respectively, Figure S66: theoretical modeling details, Figures
S67 and S68: optimized geometries and statistical weights of main and minor conformations of
stellettin Q (1) and stellettin R (2), respectively, Figures S69–S71: the computational ECD results for
globostelletins K, M and N, respectively. Figure S72: the computational ECD results calculated for all
possible 15,23-stereoisomers of studied globostelletins K, M, N, and new stellettins Q (1) and R (2),
Figure S73: the isolation scheme.
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Abstract: The structural elucidation of primary and secondary peroxidation products, formed from
complex lipids, is a challenge in lipid analysis. In the present study, rare minor oxidized cerebrosides,
isolated from the extract of a far eastern deep-sea glass sponge, Aulosaccus sp., were analyzed
as constituents of a multi-component RP-HPLC (high-performance liquid chromatography
on reversed-phase column) fraction using NMR (nuclear magnetic resonance) spectroscopy,
mass spectrometry, GC (gas chromatography), and chemical transformations (including hydrogenation
or derivatization with dimethyl disulfide before hydrolysis). Eighteen previously unknown
β-D-glucopyranosyl-(1→1)-ceramides (1a–a//, 1b–b//, 2a–a//, 2b–b//, 3c–c//, 3d–d//) were shown
to contain phytosphingosine-type backbones (2S,3S,4R,11Z)-2-aminoeicos-11-ene-1,3,4-triol (in 1),
(2S,3S,4R,13Z)-2-aminoeicos-13-ene-1,3,4-triol (in 2), and (13S*,14R*)-2-amino-13,14-methylene-
eicosane-1,3,4-triol (in 3). These backbones were N-acylated with straight-chain monoenoic
(2R)-2-hydroxy acids that had allylic hydroperoxy/hydroxy/keto groups on C-17/ in the 15/E-23:1
chain (a–a//), C-16/ in the 17/E-23:1 (b–b//) and 14/E-22:1 (c–c//) chains, and C-15/ in the 16/E-22:1 chain
(d–d//). Utilizing complementary instrumental and chemical methods allowed for the first detailed
structural analysis of a complex mixture of glycosphingolipids, containing allylically oxygenated
monoenoic acyl chains.

Keywords: glycosphingolipids; cerebrosides; peroxidation products; structure elucidation; allylic
thioether; NMR; ESI-MS; GC-MS; mass spectra; glass sponge

1. Introduction

Lipid hydroperoxides are labile compounds derived from lipids containing carbon-carbon double
bonds. The formation of these primary peroxidation products occurs in enzymatic and non-enzymatic
(autooxidation, photo-oxidation) reactions [1]. Lipid hydroperoxides, formed in biological systems,
have not only multiple damaging effects on cellular macromolecules, but are also important regulators
of many cellular processes [2]. In some pathological situations, lipid hydroperoxides are generated
at higher than normal rates. Such overproduction is implicated in several human diseases and
exposures including atherosclerosis, cancer, diabetes, acute lung injury, chronic alcohol exposure,
and neurodegenerative disorders. The complex nature of lipid peroxidation and its potential biological
significance have attracted the attention of scientists across many disciplinary fields, ranging from
chemistry and biochemistry to biology and clinical science (see review [3] and references cited herein).
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Recent progress in the characterization and quantification of oxygenated fatty acids (FAs) has
facilitated a better understanding of lipid oxidation, but the methods currently available still suffer
from unresolved sensitivity and selectivity problems [4]. The main reason for these problems is the
complexity of the product profile formed by oxidation from a single lipid molecular species. In particular,
peroxidation of any unsaturated fatty acyl group may generate a mixture of allylic hydroperoxides with
different double bond positions and/or configurations. These hydroperoxides are easily decomposed
or go through further reactions to form different secondary peroxidation products including epoxides,
allylic alcohols, α,β-unsaturated ketones (enones), and chain-cleavage products [1]. The constituents
of these mixtures are difficult to separate, isolate, and identify. Additionally, natural extracts are
characterized, as a rule, by extremely low levels of oxidized lipids, causing further difficulties in their
isolation and analysis [3,4]. Undoubtedly, structural elucidation of primary and secondary peroxidation
products, formed from complex lipids, remains a challenge for lipid analysts.

Monoenes are much less prone to undergo oxidation than polyenes. Respectively, direct
addition of peroxyl radicals to monounsaturated lipids is not generally observed with the
exceptions of cholesterol [3] and related sterols. In particular, sphingolipids, containing mainly
saturated or monounsaturated hydrocarbon chains, are poor substrates for peroxidation. We found
only one report on the isolation of peroxidized sphingolipids from a natural source, but these
compounds formed due to oxidation of unique sphingoid base moiety with conjugated double
bonds. Namely, some stereoisomeric glycosphingolipids, containing endoperoxide and allylic
hydroperoxide functions in their dienoic sphingoid base moieties, were isolated from the extract of
the sponge Axinella corrugate [5]. The locations of the double bonds and peroxide-containing groups
were determined by 1H,1H-COSY (proton-proton correlation spectroscopy), НМBC (heteronuclear
multiple-bond correlation spectroscopy), and ROESY (rotating-frame nuclear Overhauser effect
spectroscopy) experiments due to the proximity of the previously mentioned functionalities to the
polar portion of the sphingolipids. Methanolysis (MeOH/HCl) of the peroxidized glycosphingolipids
was used to release methyl esters of saturated FAs, but oxidized dienoic sphingoid bases were not
obtained, apparently, due to rapid decomposition under acidic conditions.

In mass spectrometric (MS) studies of oxidative stress markers (disease biomarkers), oxidation of some
standard glycosphingolipids, containing monoenoic FAs, was induced by a Fenton reaction (H2O2/FeCl2)
or UVA (ultraviolet A) irradiation [6,7]. In particular, Couto et al. obtained galactosylceramides with
allylic hydroperoxy, hydroxy, or keto groups in FA chains. These cerebrosides were characterized
using ESI-MS (electrospray ionization mass spectrometry) and HPLC-MS (high-performance liquid
chromatography-mass spectrometry) methods (including tandem mass spectrometry (MS/MS)) [6].
In our continued study on lipids from far eastern marine sponges [8], similar oxidized cerebrosides
(Figure 1), presumably derived from glucosylceramides with monounsaturated fatty acyl groups,
were found in the extract of a deep-sea glass sponge, Aulosaccus sp. As seen in Figure 1, the depicted
compounds contain an allylic hydroperoxy, hydroxy, or keto group in each acyl chain, but their
monoenoic sphingoid base moieties are not oxidized. A fraction of these minor cerebrosides,
along with fractions of non-oxidized cerebrosides [8], was isolated from the sponge extract using
high-performance liquid chromatography on reversed-phase column (RP-HPLC). The present study
presents structural elucidation of rare oxidized glycosphingolipids using mass spectrometry (ESI-MS
and gas-chromatography-mass spectrometry (GC-MS)), 1Н-, 13C-NMR (nuclear magnetic resonance)
spectroscopy, GC, chemical transformations, and optical rotation measurement.

A classical approach to the analysis of any complex lipid includes methanolysis or hydrolysis,
which is followed by analyses of liberated derivatized simple lipids and sugar. However, prolonged
high temperatures and treatments with acidic or alkaline solutions, required for solvolysis of N-acyl
lipids, presents significant problems with respect to the potentially labile allylic oxygen-containing
groups of the acyl chains. To solve these problems, we used catalytic hydrogenation to fix the starting
positions of the oxygenated groups prior to chemical degradation of the oxidized glycosphingolipids.
In addition, attempts were made to fix the double bonds of allylic substructures by reacting with
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dimethyl disulfide (DMDS) because, in our preliminary research, the DMDS adduct of methyl oleate
did not lose S-methyl groups during hydrolysis with HCl in MeCN-H2O. To minimize possible allylic
rearrangements (1,3-isomerizations) and other alterations, we avoided elevated temperatures and
strong acid/base conditions in the derivatization reactions before hydrolysis. Thus, our attention was
mainly focused on procedures suitable for an initial detailed structural analysis of a complex mixture
of glycosphingolipids, containing an allylic hydroperoxy, hydroxy, or keto group in the monoenoic
acyl chain.

 

Figure 1. Oxidized cerebrosides from the extract of a sponge Aulosaccus sp.

2. Results and Discussion

Isomeric allylic hydroperoxides 1a, 1b, 2a, 2b, 3c, 3d, related isomeric allylic alcohols 1a/, 1b/, 2a/,
2b/, 3c/, 3d/, and isomeric enones 1a//, 1b//, 2a//, 2b//, 3c//, 3d// (Figure 1) were constituents of a single
RP-HPLC fraction. In the beginning of this study, the fraction contained 46% allylic hydroperoxides,
43% allylic alcohols, and 11% enones, calculated using relative intensities of the characteristic, isolated
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1Н-NMR signals of trans-olefinic protons (see below). The final results of this study yielded 25%, 54%,
and 21% of these allylically oxygenated compounds, respectively. Therefore, further transformation of
allylic hydroperoxides to allylic alcohols and enones occurred upon analysis (registrations of NMR
and MS spectra, preparation of samples, storage, etc.).

In UPLC-MS (ultra-performance liquid chromatography–mass spectrometry) analysis of oxidized
cerebrosides, base peak chromatogram, and extracted-ion chromatograms provided limited information
because many components eluted simultaneously. In particular, peaks for major isomeric allylic
hydroperoxides 1a and 1b were not well-resolved (Supplementary Materials, Figure S1a,b).

2.1. Positive and Negative Ion Mode ESI-MS/MS Analyses of Oxidized Cerebrosides

The molecular formulae, C49H93NO12 for allylic hydroperoxides (1a, 1b, 2a, 2b, 3c, 3d),
C49H93NO11 for allylic alcohols (1a/, 1b/, 2a/, 2b/, 3c/, 3d/), and C49H91NO11 for enones (1a//,
1b//, 2a//, 2b//, 3c//, 3d//), were determined by HR-ESI-MS (high resolution ESI-MS) analyses in
positive-((+)ESI-MS) and negative-((–)ESI-MS) ion modes. Complementary (+)ESI- and (–)ESI-MS/MS
analyses of these glucosylceramides, containing 2-hydroxy acyl chains and phytosphingosine-type
backbones, resulted in a series of fragment ions, as shown in Scheme 1.

 
Scheme 1. Designations of the fragment ions observed in the ESI-MS/MS spectra of (a) [M + Na]+ and
(b) [M −H]− ions of the cerebrosides reported here. These designations are consistent with the ones
proposed by Ann and Adams [9]. In addition, [Z0/Q − C3H5N (55 Da)] ions (not shown) were observed
in the MS/MS spectra of the [M −H]– ions. The fragment Z0/Q was also referred to as a Z0/K ion [10].

Many of the fragment ions, shown in Scheme 1, have also been detected in our ESI-MS/MS
studies of non-oxidized cerebrosides isolated from Aulosaccus sp. Namely, (+)ESI-MS/MS spectra of
sodium adducts from non-oxidized glycosphingolipids have been characterized by prominent peaks,
corresponding to [M + Na]+ (base peak), Y0, Z0, O, and C1 ions, and by small peaks, representing
[M + Na − H2O]+, E, and B1 ions. However, the (+)ESI-MS/MS spectrum of the [M + Na]+ ion of
isomeric hydroperoxy cerebrosides (Figure 2) showed other relative abundances for a variety of these
ions. In particular, the O ions of m/z 528.35, representing isomeric monoglucosylated monounsaturated
C20 sphingoid base backbones 1 and 2, constituted the base peak of this spectrum. The spectrum
also exhibited a homologous, less abundant O/ ion (m/z 542.36), containing a monoglucosylated
cyclopropane C21 sphingoid base backbone 3. A relatively low intensity pseudo-molecular ion peak
(m/z 910.65, [M + Na]+) and very small peaks, corresponding to Y0 (m/z 748.60) and Z0 (m/z 730.58)
ions (not shown), were observed. The presence of the [M + Na − Н]+ peak, comparable with the
pseudo-molecular ion peak of the hydroperoxides, was explained by hydrogen atom abstraction,
followed by electronic delocalization in the resulting radical, which might yield rearranged products.
At the same time, the (+)ESI-MS/MS spectrum revealed more abundant [M + Na − 102]+ (m/z 808.55),
[M + Na − 88]+ (m/z 822.56), [Y0 − 102] (m/z 646.505), [Y0 − 88] (m/z 660.52), [Z0 − 102] (m/z 628.49),
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and [Z0 − 88] (m/z 642.50) ions. These fragments and fragment [W− 102] (m/z 275.20), each with a terminal
α,β-unsaturated aldehyde, were thought to arise from specific α-cleavages of lipid hydroperoxides
(Figure 2). Related fragment ions, formed by CnH2n+2O losses from [M + Na]+ ions, were also found
in the MS/MS studies of some monoenoic [6] and polyenoic [11–13] FA moieties or free FAs, in which
an allylic hydroperoxy group was between double bond(s) and a terminal methyl group. In general,
the [M + Na − CnH2n+2O]+ ions were also more abundant in MS/MS spectra of those compounds
compared to their [M + Na]+ ions.

Ions, possibly formed by Hock cleavage [14,15], were insignificant in our (+)ESI-MS/MS analysis
of allylic hydroperoxides. These fragments included m/z 796.55 (for 1b, 2b, and 3d) and 782.54 (for the
allylic isomers of 1a, 2a, and 3c) ions, as illustrated in Scheme S1 (Supplementary Materials) and
Figure 2 (allylic rearrangements for acyl chains a and c are not shown). In contrast, the relatively
abundant ions, presumably formed by analogous cleavage from hemiacetal derivatives, were reported
for MS/MS fragmentations of [M + Na]+ precursors of some free polyenoic FAs in which an allylic
hydroperoxy group was between the double bond system and C-1 [12,13].

Favorable cleavage of the isomers, formed by allylic rearrangements of acyl chains b and d

(Figure 2), occurred, losing an 88 Da fragment. At the same time, compounds with parent acyl chains
b and d underwent other favorable fragmentations, yielding a distinct group of homologous ions
(from m/z 668.44 to 738.50), containing the most significant fragment of m/z 724.49. We suggest that
the occurrence of these ions may be connected with homolysis of a weak RO-/-OH bond, formation
of an alkoxyl radical, and subsequent formation of a radical centered on a remote and non-activated
carbon atom of a saturated hydrocarbon chain. This may lead to fast cyclization that, in turn, leads to
MS fragmentations of the resulting cyclic ethers, shown in Scheme 2. The proposed cyclization
reaction is reminiscent of the formation of cyclic (mainly, five-membered) ethers from acyclic saturated
monohydroxy alcohols, occurring via radical (primarily alkoxyl) intermediates under appropriate
chemical and thermal conditions (for reviews, see References [16,17]). In this process, secondary
aliphatic alcohols yielded 2,5-dialkyltetrahydrofurans [18]. A possible mechanism for the formation of
such products includes 1,5-transposition of the radical center from the oxygen atom of the alkoxyl radical
to δ-carbon atom, involving a 1,5-hydrogen transfer through a chair-like six-membered transition state.
For a linear hydrocarbon chain with an initial alkoxyl radical, the 1,5-hydrogen atom transfer may be
considered the most common reaction, even though intramolecular abstractions of the hydrogen atom
from other positions (1,4-migrations, 1,6-migrations, and 1,7-migrations, etc.) may be observed [17].
Similar processes may have occurred in our MS/MS experiment because alkyl hydroperoxides are
known to form alkoxyl radicals by thermal or photolytic decomposition [17,19]. Apparently, the ability
to undergo favorable cyclic transition states affected the fragmentation process, leading to the formation
of major homologous ions, as illustrated in Scheme 2.

Ion intensity profiles, obtained for cerebrosides with allylic hydroxy or keto groups, were, in general,
similar to those of non-oxidized cerebrosides found in Aulosaccus sp. In particular, the MS/MS spectra
of sodiated molecular ions of allylic alcohols (Figure 3a: m/z 894.66 [M + Na]+) and enones (Figure 3b:
m/z 892.64 [M + Na]+) showed predominant peaks of pseudo-molecular ions, along with peaks of
lower intensities, which represented [M +Na −H2O]+, Y0, Z0, and O ions. However, unlike [M +Na]+

ions of non-oxidized cerebrosides, the sodium adducts of allylic alcohols and enones fragmented to
give discernible ions of W-type and minor U and T ions. Additionally, the acyl-containing ions of
allylic alcohols had a tendency to lose one, or even two, hydrogen atoms. In this case, a trend was
observed toward the increased loss of hydrogen atoms with decreasing ion masses. For example,
a significant difference was noted between the relative intensities of [M + Na]+ and [M + Na − H]+

peaks ([M + Na − 2H]+ ions were not even detected), but the intensities of W, [W − H], and [W − 2H]
peaks were comparable (Figure 3a).
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Scheme 2. Possible formation of the homologous ions of m/z 738.50, 724.49, and 710.48.

Figure 3. (+)ESI-MS/MS spectra of [M + Na]+ ions of isomeric (a) allylic alcohols 1a/, 1b/, 2a/, 2b/, 3c/,
3d/ and (b) enones 1a//, 1b//, 2a//, 2b//, 3c//, 3d//.

In (−)ESI-MS/MS experiments with [M − H]− and [M + Cl]− ions (Figure 4a–c), allylic
hydroperoxides again produced more fragments than allylic alcohols and enones. The main feature of
(−)ESI-MS/MS fragmentation of [M − H]−, Y0, Z0, Z0/Q, T, W, and other precursor ions, containing an
allylic hydroperoxy group, was the loss of water to produce fragments with enone functionality in
acyl chains, as described for [M −H]− ions of hydroperoxy-eicosatetraenoic acids [20]. In particular,
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the homologous ions of m/z 436.4 ([Z0/Q −H2O]) and 422.4 ([Z0
//Q −H2O]), containing acyl C23 and C22

chains, respectively (Figure 4a), were also observed in (−)ESI-MS/MS spectrum of enones (Figure 4c).
Then, relatively low-intensity pseudo-molecular ion peaks ([M + Cl]− and [M −H]−) and very small
peaks, corresponding to Y0 and Z0 ions (not shown), were seen in the (−)ESI-MS/MS spectrum of
allylic hydroperoxides. A discernible [M − 2H] peak was comparable with a pseudo-molecular [M − H]
peak. This spectrum also exhibited [M + Cl − 102]−, [M + Cl − 88]−, [M −H − 102]−, [M − H − 88]−,
and [Z0/Q − 102] ions, interpreted as α-cleavage ions with a terminal α,β-unsaturated aldehyde.
Additionally, the two minor ions of m/z 743.6 and 729.55 could be formed by α-cleavages of compounds
in which an allylic hydroperoxy group was between a double bond and C-1/. In particular, the m/z 743.6
ions could be fragments of isomeric compounds 1b, 2b (C-15/−C-16/ bond fission), and 3d (C-14/−C-15/

bond fission), while the less abundant m/z 729.55 ions could be fragments of the allylic isomers of
compounds 1a, 2a (C-14/−C-15/ bond fission), and 3c (C-13/−C-14/ bond fission).

 

Figure 4. Cont.
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Figure 4. (−)ESI-MS/MS spectra of [M + Cl]− and [M − H]− ions of isomeric (a) allylic hydroperoxides
1a, 1b, 2a, 2b, 3c, 3d, (b) allylic alcohols 1a/, 1b/, 2a/, 2b/, 3c/, 3d/, and (c) enones 1a//, 1b//, 2a//, 2b//,
3c//, 3d//.

Like the (−)ESI-MS/MS spectra of the non-oxidized cerebrosides of Aulosaccus sp., those of allylic
alcohols (Figure 4b) and enones (Figure 4c) exhibited significant peaks corresponding to [M − H]− and
Z0/Q ions, with lower intensity peaks representing [M + Cl]−, Y0, Z0, [Z0/Q − C3H5N], and W ions.
The negatively charged acyl-containing ions of allylic alcohols (Figure 4b), like their positively charged
acyl-containing counterparts (Figure 3a), tended to lose hydrogen atoms in the MS/MS experiment.

2.2. NMR Characterization of Oxidized Cerebrosides

The 1Н-NMR and 13C-NMR spectra (CD3OD) of oxidized cerebrosides (Table 1, Figures S2
and S3), as well as the corresponding spectra of the non-oxidized cerebrosides of Aulosaccus sp. [8],
showed signals of β-glucopyranosyl-(1→1)-ceramides that had monoenoic or cyclopropane-containing
phytosphingosine-type backbones, N-acylated with 2-hydroxy FAs. In particular, H-2 (δН 4.25, m)
of the sphingoid base moieties displayed a characteristic cross signal with N-acyl C-1/ (δC 177.7),
as demonstrated by an НMBC experiment with sphingolipids 1–3. 1Н,1Н-COSY diagram indicated that
several protons, starting from −O−CH2− (δН 3.80 and 4.045, dd, CH2-1) and ending with alkyl −CH2−
(δН 1.31 and 1.55, m, CH2-6), formed a linear spin system of phytosphingosine-type moieties of 1–3.
Another spin system consisted of CH-2/ (δН 4.01, dd), CH2-3/ (δН 1.60 and 1.74, m), and CH2-4/ (δН
1.42, m) protons of 2-hydroxy acyl chains. The signals of a β-glucopyranoside moiety were sequentially
assigned by 1Н,1Н-COSY, HSQC (heteronuclear single-quantum correlation spectroscopy), and НМBC
experiments, starting from the signal of anomeric CH-1// (δН 4.28, d, J = 7.8 Hz; δC 105.3). Accordingly,
cross signals CН2-1/C-1// and CН-1///C-1 were observed in the НМBC diagram of glycosides 1–3.
Then, the 1Н-and 13C-NMR spectra of these sphingolipids showed signals of long hydrocarbon
chains (−(CH2)n−, δН 1.22–1.42, m, δC 30.6–32.0) and terminal methyl groups (δН 0.89–0.90, several
overlapping triplets, δC 15.0–15.05, broad signal). The δ values of allylic CH2 (δC 28.7–28.85, δН
2.02, m) and olefinic CH (δН 5.34, m) were used to characterize cis-double bonds of backbones 1

and 2. These data were in good agreement with 1Н-NMR and 13C-NMR (CD3OD) data on some
cerebrosides [21] and FA standards [22] with isolated cis-double bonds (cis-isomers: δC 28.7–28.9, δН
2.02–2.03 m, allylic CH2, and δH 5.335–5.34 m, olefinic CH, trans-isomers: δC 34.15–34.2, δН 1.97–1.975
m, allylic CH2, and δН 5.37–5.38 m, olefinic CH). A cis-cyclopropane ring in backbone 3 caused three
upfield shifted signals at δН −0.33 (dt, J = 4.1, 5.3 Hz, H-21a), 0.58 (ddd, J = 4.1, 8.3, 8.3 Hz, H-21b),
and 0.67 (m, H-13, H-14).
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Table 1. 1Н-(500 MHz) and 13C-(125 MHz) NMR data (CD3OD) 1 for the RP-HPLC fraction, containing
compounds 1a–a//, 1b–b//, 2a–a//, 2b–b//, 3c–c//, and 3d–d//.

Position δH (mult., J Hz) δC

Sphingoid base moieties
1 3.80 (dd, 3.9, 10.5), 4.045 (dd, 6.2, 10.5) 70.6
2 4.25 (m) 52.3
3 3.60 (t, 6.0) 76.1
4 3.51 (m) 73.6
5 1.39 (m), 1.64 (m) 33.7
6 1.31 (m), 1.55 (m) 27.6
CН2-pool 1.22−1.42 (m) 30.6–32.0
Allylic CН2 of 1 and 2 2.02 (m) 28.7–28.85
Olefinic CНof 1 and 2 5.34 (m) 131.4–131.5
12, 15 of 3 1.17 (m), 1.37 (m) 30.5
13, 14 of 3 0.67 (m) 17.5
21 of 3 –0.33 (dt, 4.1, 5.3), 0.58 (ddd, 4.1, 8.3, 8.3) 12.2
18 1.28 (m) 33.5
19 1.31 (m) 24.3
20 of 1 and 2
20 of 3

0.895 (t, 6.9)
0.899 (t, 7.0) 2

15.0
15.0

N-Acyl moieties (some general features 3)
1/ − 177.7
2/ 4.01 (dd, 4.0, 7.7) 73.6
3/ 1.60 (m), 1.74 (m) 36.4
4/ 1.42 (m) 26.7
CН2-pool 1.22−1.42 (m) 30.6–32.0
(n−2) CH2 1.28 (m) 33.7
(n−1) CH2 1.32 (m) 24.2
CH3 0.893 and 0.897 (t, 7.0) 2 15.05
β-Glucopyranoside moiety
1// 4.28 (d, 7.8) 105.3
2// 3.17 (dd, 7.8, 9.1) 75.6
3// 3.35 (m) 78.5
4// 3.27 (m) 72.2
5// 3.27 (m) 78.6
6// 3.66 (m), 3.865 (dd, 1.1, 11.9) 63.3

1 All signals were assigned based on data of 1Н−1НCOSY, HSQC, and НМBC experiments. 2 The two resolved
triplets were observed in 700-MHz spectra. 3 δH and δC values for acyl fragments with allylic –OOН/–OН/=O are
given separately (Figure 5).

Apart from the previously mentioned NMR resonances, the signals of trans-monoenoic acyl
moieties with an allylic hydroperoxy, hydroxy, or keto group (Figure 5a–c) were observed in the NMR
spectra of the RP-HPLC fraction, containing oxidized cerebrosides. The δH values (CD3OD) of the
signals for –HC(OOH)– (4.16, dt), –HC(OH)– (3.94, q), and −CH=CH–CO– (6.105, d) were close to
δH values (CDCl3) of signals of corresponding protons in the trans-monoenoic allylic hydroperoxides
(4.2, q), allylic alcohols (4.0, q), and enones (6.1, d), respectively, prepared from oleic acid [23].
Deviations of δH values (this study) from those in other experiments [23] arose from solvent effects.
According to 1Н,1Н-COSY correlations, a spin system, assigned to acyl chains a–d (Figure 5a), included
protons of allylic hydroperoxide, especially two olefinic CH (δН 5.35 and 5.665, m) and allylic CH
(δН 4.16, dt, J = 6.6, 7.0 Hz), bearing −OOH. Allylic CH (δН 3.94, q, J = 6.8 Hz), bearing –OH,
and two olefinic CH (δН 5.395 and 5.59, m) groups, belonging to allylic alcohol, were part of a spin
system within acyl chains a/–d/ (Figure 5b). In experiments, involving selective irradiation of allylic
protons, the coupling constants J = 15.6 Hz and J = 15.4 Hz for the trans-olefinic protons of the allylic
hydroperoxides and allylic alcohols, respectively, were detected. The characteristic NMR resonances of
two trans-alkenyl CH (δН 6.105, d, J = 15.9 Hz, and 6.91, dt, J = 7.0, 15.9 Hz), conjugated C=O (δC 204.3),
and α-CH2 (δН 2.565, t, J = 7.4 Hz) groups were used for determining substructures of enones in acyl
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chains a//–d// (Figure 5c). The structures of the allylic hydroperoxides, allylic alcohols, and enones were
confirmed by HMBC correlations, as depicted in Figure 5.

 
Figure 5. The δH (500 MHz) and δC (125 MHz) values and key HMBC correlations for acyl fragments
with allylic (a) hydroperoxy (acyl chains a–d), (b) hydroxy (acyl chains a/–d/), and (c) keto (acyl chains
a//–d//) groups (solvent: CD3OD).

Some very weak signals in the 1Н-NMR, 1Н,1Н-COSY, and HSQC spectra of oxidized cerebrosides
found in the present study were attributed to cis-double bonds of allylic hydroperoxides and allylic
alcohols (Appendix A, Figure A1). The complete structures of these compounds could not be elucidated
due to their trace amounts.

2.3. Analyses of FAs, Sphingoid Bases, and Sugar Obtained from Oxidized Cerebrosides

The RP-HPLC oxidized cerebroside fraction was divided into two parts (parts 1 and 2),
which were treated using different chemical procedures before hydrolysis. Then, we applied MeCN/HCl
hydrolysis [24] for chemical degradation of cerebrosides. In our experience [8], this procedure causes
less disruption of spingoid bases than methanolysis (MeOН/HCl), which is most widely used in studies
of complex lipids.

Analysis of FAs from Part 1. Part 1 of the oxidized cerebrosides was subjected to hydrogenation
(with Adams’ catalyst) to fix the positions of allylic oxygen-containing groups before hydrolysis.
Upon hydrolysis, liberated FAs were acetylated and methylated. The 1Н-NMR spectrum (CDCl3) of
FA derivatives showed proton signals of mid-chain substructures, including −H2C−CO−CH2− at
δН 2.38 (t, J = 7.4 Hz) and −CН(OAс)– at δH 4.855 (m). GC-MS analysis (electron impact ionization)
of these derivatives revealed methyl esters of 2-acetyloxy C23 and C22 acids, containing an isolated
keto or acetyloxy group or no additional oxygenated group. Similar products, namely keto, hydroxy,
and non-oxygenated acid derivatives, have been previously reported for the hydrogenation (in EtOH
over Adams’ catalyst) of allylic 9-hydroperoxides and 10-hydroperoxides, obtained from methyl
oleate [25].

In the present report, mass spectra exhibited base peaks at m/z 339 and 325 ([M − MeOCO −
CH2CO]+) for methyl esters of 2-acetyloxy keto C23 (440 [M]+) and C22 (426 [M]+) acids, respectively
(Figures S4–S7). Ions produced by cleavage β to a keto group and ions formed from the methyl end
of the molecules by cleavage α to the keto group were prominent in the mass spectra, as described
for MS fragmentations of several methyl esters of oxo (keto) FAs [26]. In particular, mass spectra of
methyl esters of C23 and C22 acids displayed homologous pairs of m/z 127/142 and 113/128 fragments,
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containing methyl ends of the molecules with keto groups on the (n–8) or (n–7) carbon, respectively.
These keto group positions were confirmed by a number of ions containing the polar end of the FA
esters that also produced daughter ions due to loss of AcOH, CH2CO, or MeOH (Figures S4–S7).

Hydrogenation of part 1, followed by hydrolysis, acetylation, and methylation, also yielded the
methyl esters of 2-acetyloxy C23 and C22 acids, containing an additional isolated acetyloxy group.
Expectedly, [M]+ peaks were absent in the mass spectra of the methyl esters of these diacetylated acids,
but [M − CH3CO]+ and [M − AcOH]+ ions were observed in high mass regions (Figures S8–S11).
Additionally, these compounds, as derivatives of 2-acetyloxy FAs, fragmented to give abundant
[M −MeOCO − AcOH]+ ions of m/z 365 and 351 for methyl esters of C23 and C22 acids, respectively.
Isomers, containing an isolated acetyloxy group in different positions, were discerned based on the
presence of diagnostic α-cleavage ions and more abundant product ions, formed by elimination of
CH2CO or AcOH from α-fragments, as described for acetates of secondary alcohols [27]. In particular,
the α-fragments included the ions of m/z 385 and 399 (Figures S8 and S9) for the derivatives of 2,16-,
and 2,17-diacetyloxy C23 acids, respectively, and the ions of m/z 371 and 385 (Figures S10 and S11) for
the 2,15- and 2,16-diacetyloxy C22 acid derivatives, respectively. Moreover, some homologous ions,
which arose from C-1–⁄–C-2 bond fission and cleavage α to an isolated acetyloxy group, were specific for
the different positions of this group in acyl chains. For example, the abundant ions of m/z 283 and 297
(Figures S8 and S9), which were detected in the mass spectra of the methyl esters of isomeric 2-acetyloxy
C23 acids, confirmed the presence of second acetyloxy groups on C-16 and C-17, respectively. Similarly,
m/z 269 and 283 ions in the mass spectra of the methyl esters of 2-acetyloxy C22 acids (Figures S10 and
S11) indicated a second acetoxy group on C-15 and C-16, respectively. Additionally, α-fragmentation
of isomers with an acetyloxy group in the (n–8) or (n–7) positions and subsequent loss of AcOH gave
rise to m/z 111 and 97 ions, respectively, containing the methyl end of acyl chains.

As a result of the FA analyses, hydrogenated minor derivatives of allylically oxygenated
FAs were also detected. While the major derivatives formed from fatty acyl groups containing
hydroperoxy/hydroxy/keto groups in the (n–8) or (n–7) positions, the minor derivatives were rearranged
products of these FA moieties (Appendix B, Figures S12–S20).

Analysis of FAs from Part 2. In this investigation, we tried to use S-methyl groups as markers for
oxidized cerebroside double bonds. However, enones with polarized double bonds that did not react
with DMDS under mild conditions, and labile allylic hydroperoxides were not suitable for this purpose.
Therefore, enones and allylic hydroperoxides were converted into allylic alcohols that were expected
to add to DMDS.

The oxidized cerebrosides from part 2 were acetylated to increase solubility of these relatively
polar compounds in DMDS and other low-polarity or non-polar organic solvents. In this process,
allylic hydroperoxides were transformed into enones (Scheme 3), as reported by Porter and Wujek [23].
The mixture obtained after acetylation was treated with NaBH4/CeCl3 [28] to convert enones into allylic
alcohols. The resulting derivatives, containing an allylic hydroxy or acetyloxy group, were treated with
DMDS, and the products of this reaction were hydrolyzed in MeCN/HCl. Liberated 2-hydroxy FAs were
acetylated, methylated, and analyzed by a GC-MS method that revealed major mono(methylthio) and
minor tris(methylthio) derivatives (Schemes 3 and 4). The mono(methylthio) compounds, containing
an allylic methylthio group, were characterized by 1H-NMR resonances (CDCl3) of two trans-olefinic
CH (δН 5.175 dd, J = 9.0, 15.2 Hz, and 5.40 dt, J = 6.9, 15.2 Hz) and one CH (δН 2.99 m), bearing a
–SMe group (δH 1.97 s). The presence of the mid-chain allylic substructure was confirmed by a TOCSY
(total correlation spectroscopy) experiment.
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Scheme 3. Transformations of acyl substructures, containing allylic hydroperoxy/hydroxy/keto groups,
into methylthio derivatives.

Cleavage patterns for methyl esters of 2-acetyloxy C23 (470 [M]+) and C22 (456 [M]+) acids,
containing an allylic methylthio group, are depicted in Scheme 4. The positional isomers of these
allylic thioethers were only partially GC-separated. The mass spectra of isomeric allylic thioethers
(Figures S21–S28) were characterized by diagnostic peaks, corresponding to ions produced by
α-cleavage. The fragments, formed by cleavage α to the carbon carrying an allylic methylthio
group on the side remote from the carboxyl group included m/z 385 and 399 ions for the methyl esters
of 2-acetyloxy C23 acids with –SMe group in the (n–7) and (n–6) positions, respectively (Figures S22
and S24). The peaks at m/z 371 and 385, observed in the mass spectra of methyl esters of homologous
2-acetyloxy C22 acids, represented fragments of the same origin (Figures S26 and S28). α-fragmentation
of other mono(methylthio) derivatives gave rise to the ions at m/z 171 and 157, containing the methyl
end of isomers with an allylic –SMe group in the (n–9) and (n–8) positions, respectively (Figures S21,
S23, S25, and S27). Relative abundances of α-fragments in average mass spectrum were used to quantify
isomer distribution, and approximately equal amounts of the four isomeric allylic thioethers were
found. This finding may reflect the fact that these S-methyl derivatives were possibly products of
allylic rearrangements, occurring prior to GC-MS analysis.

The minor tris(methylthio) derivatives of the methyl esters of 2-acetyloxy C23 (564 [M]+) or
C22 (550 [M]+) acids produced more diagnostic fragments than the previously mentioned major
mono(methylthio) derivatives. Expectedly, the cleavages of minor S-methylated compounds occurred
between methylthio-carrying carbons to yield substantial fragment ions, as illustrated in Scheme 4 and
Figures S29–S32. A cluster of four GC peaks for isomeric tris(methylthio) derivatives was observed.
According to fragmentation patterns, there were two peaks representing positional isomers and two
peaks that represented stereoisomers of these regioisomers on the chromatogram.

The results of the transformations of allylic alcohols and their acetates into methylthio derivatives
(Scheme 3) were confirmed by experiments with model compounds, methyl esters of 11-hydroxy and
8-acetyloxy elaidic acids (prepared from methyl oleate, Appendix C, Scheme A1, Figures S33–S37).
Under the conditions used here, the allylic alcohol acetates reacted with DMDS to give major allylic
thioethers and minor tris(methylthio) derivatives. Allylic alcohols reacted with DMDS to give major
DMDS adducts and minor allylic thioethers and tris(methylthio) derivatives. However, in contrast to
the DMDS adducts of monoenes with an isolated double bond, the bis(methilthio) derivatives of allylic
alcohols were destroyed during MeCN/HCl hydrolysis.
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Scheme 4. GC-MS cleavage patterns for the methyl esters of 2-acetyloxy C23 and C22 acids, containing
an allylic methylthio group or three methylthio groups.

Previously, the synthesis of allylic thioethers from allylic alcohols and thiols was reported
by Zhang et al. ([29]: iodine-catalyzed process) and Tabarelli et al. ([30]: catalyst-free approach).
Regio-isomeric mixtures of allylic thioethers were produced when the allylic alcohol contained two
different substituents. To explain the presence of regio-isomer products of 1,3-isomerization, the allylic
cation, formed by water loss from the allylic alcohol, was proposed to be an intermediate in the reaction
pathway [30]. The existence of a similar mechanism explains the formation of regio-isomeric allylic
thioethers and their tris(methilthio) derivatives in the iodine-catalyzed reaction of allylic alcohols
and their acetates with DMDS reported here. Additionally, allylic thioethers, which could undergo
1,3-isomerization under acidic conditions, were possibly formed from the bis-DMDS adducts of
allylic alcohols during MeCN/HCl hydrolysis. As a result of these rearrangements, the FA methylthio
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derivatives, obtained from oxidized cerebrosides, gave characteristic mass spectra, permitting locations
of three-carbon allylically oxygenated substructures, rather than double bonds in the starting acyl chains.

We clarified the acyl structures (Figure 1) using a logical approach. The GC-MS analyses of the
methyl esters of 2-acetyloxy methylthio FAs (Scheme 4) revealed that the three-carbon allylically
functionalized substructures of oxidized cerebrosides included C-15/–C-16/–C-17/ and C-16/–C-17/–C-18/

fragments for 2-hydroxy C23 acyl chains and C-14/–C-15/–C-16/ and C-15/–C-16/–C-17/ fragments for
2-hydroxy C22 acyl chains. According to the GC-MS analyses of the hydrogenated FA derivatives,
the amide-linked FAs of oxidized cerebrosides contained hydroperoxy, hydroxy, or keto groups in
the (n–8) or (n–7) positions, more specifically in the 16/ and 17/ positions of 2-hydroxy C23 acyl
chains and the 15/ and 16/ positions of 2-hydroxy C22 acyl chains. A priori, an allylic hydroperoxy,
hydroxy, or keto group should be located in the terminal points of the previously mentioned
three-carbon substructures. Consequently, the C-15/–C-16/–C-17/ fragments of the C23 acyl chains
(a–a//) contained such groups in position C-17/ and the double bond between C-15/ and C-16/, while the
C-16/–C-17/–C-18/ fragments of the other C23 acyl chains (b–b//) had 16/-hydroperoxy/hydroxy/oxo
groups and 17/,18/-double bonds. Similarly, the C-14/–C-15/–C-16/ fragments of the C22 acyl chains (c–c//)
contained 16/-hydroperoxy/hydroxy/oxo groups and 14/,15/-double bonds, while the C-15/–C-16/–C-17/

fragments of the other C22 acyl chains (d–d//) had 15/-hydroperoxy/hydroxy/oxo groups and double
bonds between C-16/ and C-17/.

The mono(methylthio) and tris(methylthio) derivatives of allylically oxygenated FAs were also
used to explain other structural peculiarities of the starting material. Upon hydrogenation, all the
methylthio derivatives lost S-methyl groups, giving saturated hydrocarbon chains. In particular,
the transformations, shown in Scheme 3, with subsequent hydrodesulfurization allowed us to convert
–CH=CH–CH(OOH/OH)– and –CH=CH–CO– substructures to –CН2–CН2–CН2– chains without
reducing other oxygen-containing groups in the molecules. As a result, the unbranched structures
of the parent amide-linked FAs were clarified using retention times of the 2-acetyloxy tricosanoic
and docosanoic acid methyl esters, obtained from the methylthio derivatives. Then, these methyl
esters were converted into (2S)-oct-2-yl esters of 2-hydroxy acids. The resulting (2S)-oct-2-yl esters of
2-hydroxy tricosanoic and docosanoic acids coeluted in GC analyses with the reference (2S)-oct-2-yl
ester of (2R)-2-hydroxy tricosanoic or docosanoic acids, respectively, indicating (2R)-configurations of
2-hydroxy acids liberated from oxidized cerebrosides.

Thus, we used two complementary approaches for determining oxidized acyl chain structures in
glycosphingolipids. Analysis of the FA derivatives from part 1 indicated the allylic oxygen-containing
group positions, but hydrogenation resulted in the loss of information regarding the positions of
double bonds in the starting material (approach 1). In the analysis of part 2 (approach 2), the data
on the locations of three-carbon allylically oxygenated substructures in the FA derivatives and the
information on their straight-chain structures and (2R)-configurations were obtained. Although there
was no direct information about the position of the double bond in the FA esters, the combined data of
approaches 1 and 2 allowed for determination of the double bond and allylic hydroperoxy, hydroxy,
or keto group locations in each acyl chain.

Analyses of Sphingoid Bases and Sugar from Parts 1 and 2. The sphingoid bases, liberated by hydrolysis
of oxidized cerebrosides, were obtained as acetylated derivatives. The 1Н-NМR data (δН values of
CH2-1–CH-4; CDCl3) and optical rotation value ([α]25

D =+ 27.9, CHCl3) of the hydrogenated sphingoid
base acetates, isolated from the hydrolysate of part 1, indicated their (2S,3S,4R)-configuration [31].
The 1Н-NМR spectrum of these compounds also showed signals of the terminal methyl groups
of dominant normal-chain (δН 0.88, t, J = 6.9 Hz) and minor cyclopropane-containing (δН 0.89, t,
J = 6.9 Hz) constituents. Under our conditions of hydrogenation, ring opening was not the dominant
process for the minor constituent, so the signals of cis-cyclopropane protons at δН −0.33 (dt, J = 4.2,
5.5 Hz), 0.56 (ddd, J = 4.2, 8.3, 8.3 Hz), and 0.645 (m) [32] were observed. The hydrolysis of derivatized
oxidized cerebrosides from part 2 with subsequent acetylation of products gave three sphingoid base
derivatives. Two spingoid base derivatives were the DMDS adducts of acetylated isomeric monoenoic
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C20 compounds. The mass spectrum of the DMDS adduct of major acetylated C20 monoene exhibited
significant peaks at m/z 432 [M − H3CSC9H18]+, 372 [M − H3CSC9H18 − AcOH]+ (base peak), and 173
[H3CSC9H18]+, indicating 11,12-double bond in backbone 1. Key peaks in the mass spectrum of the
DMDS adduct of isomeric minor acetylated C20 monoene, which have a longer retention time in
GC-MS, were observed at m/z 460 [M −H3CSC7H14]+, 400 [M −H3CSC7H14 − AcOH]+ (base peak),
and 145 [H3CSC7H14]+, indicating Δ13 unsaturation in backbone 2. A third acetylated sphingoid base,
derived from cyclopropane-containing backbone 3, did not give a DMDS adduct. In the mass spectrum
of this compound, an [M − AcOH]+ ion fragmented to give discernible peaks at m/z 380 [M − AcOH −
(CH2)6CH3]+ (α cleavage to a cyclopropane ring, at the C-14–C-15 position) and 394 [M − AcOH −
(CH2)5CH3]+ (β-cleavage, at the C-15–C-16 position) that was characteristic of the peracetate of the
C21 sphingoid base containing a ring between C-13 and C-14.

Methylthiolation of cis-monoenes and trans-monoenes with DMDS, as an anti-addition,
leads to the threo-adducts and erythro-adducts, respectively [33,34]. The threo-diastereomers and
erythro-diastereomers can be easily distinguished by NMR shifts of protons and carbons in and close
to the 1,2-bis(alkylthio) moiety [35]. In addition to the data presented in the NMR study of Knothe
and Steidley [35], we used δН values of the DMDS adducts of two standards, methyl palmitoleate
(Figure 6a) and its trans-isomer (Figure 6b), to confirm the configurations of double bonds in the
monoenoic sphingoid base moieties of the starting oxidized cerebrosides. The δH values for CH2,
α to the –CH(SMe)–CH(SMe)– moiety, were obtained through correlations in 1Н,1Н-COSY diagrams.
The 1Н-NМR and 1Н,1Н-COSY spectra (CDCl3) of the DMDS derivatives of acetylated sphingoid
bases, derived from backbones 1 and 2, showed superimposed resonances of two vicinal CH groups
(δН 2.685, m), linked to –SMe (δH 2.10, s), and two α-CH2 groups (δН 1.84, m; 1.32, m), characteristic of
threo-diastereomers. Consequently, cis-monoenes (1 and 2) were precursors of these compounds.

 
Figure 6. Some δH values (700 MHz, CDCl3) for the S-methylated substructures of (a) methyl
threo-9,10-bis(methylthio)hexadecanoate and (b) methyl erythro-9,10-bis(methylthio)hexadecanoate.
Unlike the signals of the methylthio groups of the threo-isomer, the signals of –SMe groups of the
erythro-isomer were two partially resolved singlets at δH 2.121 and 2.119.

GC analyses of peracetylated (2R)- and (2S)-oct-2-yl glucosides showed a D-configuration of
glucose, released from parts 1 and 2 [36].

2.4. Oxidized Cerebrosides from the Extract of Aulosaccus sp.: Structures and Possible Origins

As a result of our study, structures of 18 previously unknown compounds, found in the
complex mixture of the oxidized cerebrosides from the extract of Aulosaccus sp., were elucidated.
These β-D-glucopyranosyl-(1→1)-ceramides (1a–a//, 1b–b//, 2a–a//, 2b–b//, 3c–c//, 3d–d//) were
shown to contain phytosphingosine-type backbones, (2S,3S,4R,11Z)-2-aminoeicos-11-ene-1,3,4-triol
(in 1), (2S,3S,4R,13Z)-2-aminoeicos-13-ene-1,3,4-triol (in 2), and (13S*,14R*)-2-amino-13,14-methylene-
eicosane-1,3,4-triol (in 3). These backbones were N-acylated with straight-chain monoenoic
(2R)-2-hydroxy acids that had allylic hydroperoxy/hydroxy/keto groups on C-17/ in the 15/E-23:1
chain (a–a//), C-16/ in the 17/E-23:1 (b–b//) and 14/E-22:1 (c–c//) chains, and C-15/ in the 16/E-22:1 chain
(d–d//). Cerebrosides, having backbones 1, 2, and 3, comprised, respectively, 60%, 20%, and 20% of the
mixture. The percentages were calculated from the integration of signals of a cyclopropane ring in the
1H-NMR spectra of this mixture (backbone 3) and from relative intensities of GC peaks, represented by
DMDS derivatives of two acetylated isomeric monoenoic sphingoid bases (backbones 1 and 2, Δ11:Δ13
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≈ 3:1). The GC-MS analysis of the hydrogenation products of amide-linked FAs indicated that the
a:b, c:d, a/:b/, c/:d/, a//:b//, and c//:d// isomer ratios were approximately 1:1.Therefore, the employed
complementary instrumental and chemical methods clarified structures of oxidized cerebrosides in a
complex mixture, without requiring isolation or complete separation.

Previously, the possible precursors of the oxidized cerebrosides were found in the major RP-HPLC
fraction of glycosphingolipids, isolated from the extract of Aulosaccus sp. These potential precursors
were β-d-glucopyranosyl-(1→1)-ceramides that contained backbones 1 (60% in the fraction) and 2

(20%), N-acylated with (2R,16Z)-2-hydroxytricos-16-enoic acid, and backbone 3 (20%), N-acylated with
(2R,15Z)-2-hydroxydocos-15-enoic acid [8]. Perhaps, peroxidation of the amide-linked FAs occurred
symmetrically about the cis-(n–7) double bond, so a hydroperoxy, hydroxy, or keto group, found in the
major trans-monoenoic peroxidation products, was located at each of the carbon atoms, which originally
formed the double bond (namely, in the (n–8) and (n–7) positions, ≈1:1). In particular, structures a–a//

and b–b// could be formed from C23Δ16Z acyl chain while structures c–c// and d–d// could be formed
from the C22Δ15Z acyl chain.

According to the product composition, photo-oxidation and autooxidation [1] are possible
mechanisms involved in the formation of the oxidized cerebrosides from the extract of Aulosaccus
sp. However, we would like to point to another possible origin of the oxidized cerebrosides in
Aulosaccus sp., taking into account the relationship between these oxidation products and other
compounds isolated from the same sponge sample. In particular, some bacterial branched-chain,
cyclopropane-containing FAs, and their monoenoic precursors were present in significant amounts in
Aulosaccus sp. [32], and an overwhelming number of the sterols (stanols, Δ5-, Δ7-, and Δ8(14)-sterols)
of this sponge were oxidized to the corresponding 3-ketosteroids [37]. The occurrence of these FAs
and steroids in Aulosaccus sp. suggested this sponge was associated with actinobacteria, known as
sponge-specific microorganisms [38] and sterol degraders [39]. Cholesterol oxidase, produced by a
variety of actinobacteria [40], could catalyze the transformations of the previously mentioned sterols
into 3-ketosteroids [41] with the generation of H2O2. We suggest that H2O2 production in the enzymatic
oxidation of Aulosaccus sp. sterols led to oxidative transformations of a certain part of cerebrosides,
located in the membranes of eukaryotic cells together with sterols.

3. Materials and Methods

3.1. General Procedures

1H-, 13C-NMR, 1Н,1Н-COSY, HSQC, HMBC, NOESY (Nuclear Overhauser Effect Spectroscopy),
and TOCSY spectra (in CD3OD or CDCl3) were recorded on Bruker Avance III HD 500 and Bruker
Avance III 700 spectrometers (Bruker BioSpin, Bremen, Germany) at 125 MHz (13C), 500 (1H), and 700
(1H) MHz. Chemical shifts (ppm) were internally referenced to the corresponding residual solvent
signals δH 3.306/ δC 49.6 for CD3OD. For the spectra of compounds in CDCl3, TMS was used as
an internal standard. ESI mass spectra were recorded on a Q-TOF 6510 mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA). GC-MS analyses were carried out on a Hewlett Packard HP6890
GC System (Hewlett-Packard Company, Palo Alto, CA, USA) with an HP-5MS (J&W Scientific,
Folsom, CA, USA) capillary column (30.0 m × 0.25 mm), helium as the carrier gas, and 70 eV
ionizing potential. GC analyses were done on an Agilent 6850 Series GC System chromatograph
(Agilent Technologies, Santa Clara, CA, USA) equipped with an HP-1 (Agilent technology, Santa Clara,
CA, USA) capillary column (30 m × 0.32 mm), the carrier gas was helium (flow rate 1.7 mL/min),
and the detector temperature was 300 ◦C (or 280 ◦C for per-acetylated (2R)-oct-2-yl glucosides).
The GC-MS analyses of FA esters and per-acetylated sphingoid bases were done using the injector
temperature of 270 ◦C and the temperature program 100 ◦C (1 min)–10 ◦C/min–280 ◦C (30 min).
The GC analyses of per-acetylated (2R)-oct-2-yl derivatives of D-Glc and L-Glc were carried out using
the injector temperature of 150 ◦C and the temperature program 100 ◦C (0.5 min)–5 ◦C/min–250 ◦C
(10 min). Optical rotation was measured on a Perkin–Elmer polarimeter, model 343 (Perkin-Elmer

67



Molecules 2020, 25, 6047

GmbH, Überlingen, Germany). Column chromatography was performed using silica gel (50/100 μm,
Sorbpolimer, Krasnodar, Russia). RP-HPLC separations were performed using a Du Pont Series 8800
Instrument (DuPont, Wilmington, DE, USA) with an RIDK-102 refractometer (Laboratorni pristroje,
Praha, Czechoslovakia). Two columns (Agilent Technologies, Santa Clara, CA, USA), Agilent ZORBAX
Eclipse XDB-C8 (4 × 150 mm), and Agilent ZORBAX SB-C18 (4.6 × 250 mm), were used for the HPLC.

3.2. Animal Material

The sample of the genus Aulosaccus (phylum Porifera, class Hexactinellida, order Lyssacinosida,
family Rossellidae), 930 g (wet weight), was collected in July 2011 by dredging (with small Sigsbi trail)
from a 505-m depth near Iturup Island (Kuril Islands, 45◦01.05/N, 147◦00.03/E) during a cruise onboard
the r/v “Academik Oparin”. The species was identified by Dr A.L. Drozdov (A.V. Zhirmunskii Institute
of Marine Biology, Far Eastern Branch of RAS, Vladivostok, Russia). The collected sponge was stored
at −15 ◦C.

3.3. Extraction and Isolation

The isolation of total cerebroside sum (238 mg) from the EtOH extract of Aulosaccus sp. was
described in our previous article [8]. This sum was separated by RP-HPLC (Agilent ZORBAX Eclipse
XDB-C8 column, EtOH-H2O, 85:15, v/v). A mixture of the most polar minor cerebrosides (22.4 mg)
was re-chromatographed (EtOH-H2O-CHCl3, 75:25:5, v/v) to give a major fraction (4.4 mg) containing
oxidized cerebrosides: (+)HR-ESI-MS: 910.6606 ([M + Na]+ of isomeric allylic hydroperoxides,
C49H93NO12Na+; calc. 910.6590), 894.6649 ([M +Na]+ of isomeric allylic alcohols, C49H93NO11Na+;
calc. 894.6641), and 892.6534 ([M + Na]+ of isomeric enones, C49H91NO11Na+; calc. 892.6484);
(−)HR-ESI-MS: 922.6387 ([M + Cl]− of isomeric allylic hydroperoxides, C49H93NO12Cl−; calc. 922.6386),
906.6425 ([M+Cl]− of isomeric allylic alcohols, C49H93NO11Cl−; calc. 906.6437), and 904.6353 ([M+Cl]−
of isomeric enones, C49H91NO11Cl−; calc. 904.6281); 1H- and 13C-NMR (CD3OD): see Table 1 and
Figures S2 and S3. This fraction was divided into two parts. The constituents of parts 1 and 2 were
analyzed using different chemical procedures.

3.4. Analyses of FAs, Sphingoid Bases, and Sugar from Oxidized Cerebrosides (Parts 1 and 2)

The constituents of part 1 (3.0 mg) were hydrogenated in EtOH over Adams’ catalyst at room
temperature (10 h). The resulting hydrogenation product was hydrolyzed in MeCN (0.45 mL) and 5 N
HCl (0.05 mL) for 4 h at 75 ◦C in a capped vial. Hydrolysate was concentrated in vacuo, partitioned
between CHCl3 (1.0 mL) and H2O (3 × 1.0 mL). The H2O extract was evaporated to dryness to give
sugar-containing subfraction. The CHCl3 layer was concentrated in vacuo, and a dry residue was
acetylated with Ac2O (0.2 mL) in pyridine (0.2 mL), overnight. The acetylated material was subjected
to chromatography over silica gel column (3.0 cm × 1.2 cm), using hexane-ethylacetate (5:1→2:1→1:1,
v/v) system, and then CHCl3-EtOH (1:1, v/v) system. Elution with 60 mL of hexane-ethylacetate
(2:1, v/v) gave a subfraction of per-acetylated sphingoid bases (0.8 mg). 2-Acetyloxy FA (0.7 mg)
was eluted with 20 mL of CHCl3-EtOH (1:1, v/v) system. The subfraction of the acetates of
sphingoid bases was re-purified by column chromatography (SiO2, 3.5 cm × 1.2 cm) eluting
with 60 mL of hexane-ethyl acetate (2:1, v/v). The eluate was evaporated in vacuo yielding a
mixture (0.5 mg) of (2S,3S,4R)-2-aminoeicosane-1,3,4-triol (n-t20:0, using shorthand nomenclature [42])
and (2S,3S,4R,13S*,14R*)-2-amino-13,14-methylene-eicosane-1,3,4-triol (cis-13,14-methylene-t21:0):
[α]25

D = +27.9 (c = 0.03, CHCl3), 1H-NMR (500 MHz, CDCl3): 5.94 (d, J = 9.4 Hz, NH), 5.10
(dd, J = 3.0, 8.1 Hz, H-3), 4.94 (dt, J = 3.0, 9.9 Hz, H-4), 4.475 (m, H-2), 4.29 (dd, J = 4.8, 11.6 Hz, H-1b),
4.01 (dd, J = 3.0, 11.6 Hz, H-1a), 2.08 (s, −OCOCH3 at C-3), 2.05 (two s, −OCOCH3 at C-4 and at C-1),
2.025 (s, −NHCOCH3), 1.64 (m, H2C-5), 1.45−1.05 (m, –(CH2)n–), 0.88 (t, J = 6.9 Hz, H3C-20 of n-t20:0),
0.89 (t, J = 6.9 Hz, H3C-20 of cis-13,14-methylene-t21:0), 0.65 (m, H-13, H-14 of cis-13,14-methylene-t21:0),
0.565 (ddd, J = 4.1, 8.3, 8.3 Hz, H-21b of cis-13,14-methylene-t21:0), −0.33 (dt, J = 4.1, 5.5 Hz, H-21a
of cis-13,14-methylene-t21:0); (2S,3S,4R)-2-aminoeicosane-1,3,4-triol MS, m/z (relative intensity, %):
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452/453/454 [M − AcOH − H/M − AcOH/M − AcNH2]+ (1.0/0.3/0.9), 380 [M − AcOCH2 − AcOH]+

(15), 338 [M − AcOCH2 − AcOH − CH2CO]+ (14), 333 [M − 3AcOH]+ (19), 320 [M − AcOCH2

− 2AcOH]+ (23),144 [AcOCH2CH(NHAc)]+ (90), 102 [AcOCH2CH(NHAc) − CН2CO]+ (45), 84
[AcOCH2CH(NHAc) − AсOН]+ (100); (13S*,14R*)-2-amino-13,14-methylene-eicosane-1,3,4-triol MS,
m/z (relative intensity, %): 525 [M]+ (2), 465 [M − AcOH]+ (21), 406 [M − AcOH − AcNH2]+ (9), 394 (6),
380 (5), 332 [M − AcOCH2 − 2AcOH]+ (12), 144 [AcO-CH2CH(NHAc)]+ (52), 102 [AcOCH2CH(NHAc)
− CН2CO]+ (52), 84 [AcOCH2CH(NHAc) − AсOН]+ (100). The components of the subfraction of
2-acetyloxy FAs were methylated by a standard method with N-nitroso-N-methylurea. The resulting
compounds were purified by column chromatography (SiO2, 3.5 cm × 1.2 cm) eluting with 44 mL of
hexane-ethyl acetate (10:1, v/v). The elution gave a mixture of the methyl esters of 2-acetyloxy FAs
(0.5 mg): 1H-NMR (CDCl3, 700 MHz): 4.99 (dd, J = 6.6, 6.9 Hz, H-2), 4.855 (m, mid-chain –CН(OAс)–
of diacetyloxy acids), 3.74 (s, H3CO– at C-1), 2.38 (t, J = 7.4 Hz, mid-chain –H2C–CO–CH2– of keto
acids), 2.135 (s, −OCOCH3 at C-2), 1.82 (m, H2C-3), 1.45–1.15 (m, –(CH2)n–), 0.88 (a series of triplets
about this point, J ≈ 7.0 Hz), the methyl esters of keto C23 and C22 acids MS: Figures S4–S7, S12–S16;
the methyl esters of diacetyloxy C23 and C22 acids MS: Figures S8–S11, S17–S20, the methyl ester of
saturated 2-acetyloxy C23 acid MS: 426 [M]+ (0.04%), 384 [M − CH2CO]+ (100%), 352 [M − CH2CO −
MeOH]+ (34%), and the methyl ester of saturated 2-acetyloxy C22 acid MS: 412 [M]+ (0.04%), 370 [M −
CH2CO]+ (100%), 338 [M − CH2CO −MeOH]+ (35%).

Components of part 2 (1.4 mg) were acetylated with Ac2O (0.2 mL) in pyridine (0.2 mL),
overnight. After vacuum drying, CHCl3 (two drops) and CeCl3·7H2O (18.6 mg) were added to the
acetylated material, and the mixture was dissolved in MeOH (0.125 mL). NaBH4 (5 mg, excess) was
slowly added with stirring. After 5 min, the reaction was quenched by the addition of NH4Cl water
solution (5.4 mg in 0.2 mL H2O). A dry residue was obtained after complete evaporation of the
reaction mixture. It was extracted with CHCl3 to remove most inorganic admixtures. After vacuum
drying of the CHCl3 extract, the resulting dry material was dissolved in DMDS (0.1 mL), and a
solution (0.025 mL) of iodine in diethyl ether (60 mg/mL) was added. The mixture was kept
for 4 days at room temperature. Then the reaction was stopped by adding aqueous solution of
Na2S2O3 (5%, 0.2 mL), and the mixture was extracted with hexane (5 × 0.5 mL). The hexane extract
was evaporated to dryness, and the resulting compounds were hydrolyzed in MeCN/HCl. Then,
subfractions, containing sugar, peracetylated sphingoid bases (0.4 mg), and 2-acetyloxy FAs (0.3 mg),
were obtained, as described above. The subfraction of peracetylated sphingoid bases consisted
of peracetylated (13S*,14R*)-2-amino-13,14-methylene-eicosane-1,3,4-triol and DMDS derivatives
of peracetylated (11Z)-2-aminoeicos-11-ene-1,3,4-triol and (13Z)-2-aminoeicos-13-ene-1,3,4-triol:
1H-NMR (500 MHz, CDCl3): 5.93 (d, J = 9.5 Hz, NH), 5.095 (dd, J = 3.1, 8.3 Hz, H-3), 4.94 (dt, J = 3.1,
9.9 Hz, H-4), 4.47 (m, H-2), 4.29 (dd, J = 4.8, 11.8 Hz, H-1b), 4.00 (dd, J = 3.1, 11.8 Hz, H-1a), 2.685 (m,
–CH(SCH3)–CH(SCH3)–), 2.10 (s, –CH(SCH3)–CH(SCH3)–), 2.08 (s, −OCOCH3 at C-3), 2.05 (two s,
−OCOCH3 at C-4 and at C-1), 2.025 (s, −NHCOCH3), 1.84 (m; H-b, –H2CCH(SCH3)–CH(SCH3)CH2–),
1.64 (m, H2C-5), 1.42−1.18 (m, –(CH2)n–), 1.32 (m, H-a, –H2CCH(SCH3)–CH(SCH3)CH2–), 0.88
(t, J = 6.9 Hz, H3C-20 of n-t20:0), 0.89 (t, J = 6.9 Hz, H3C-20 of cis-13,14-methylene-t21:0), 0.645 (m, H-13,
H-14 of cis-13,14-methylene-t21:0), 0.56 (ddd, J = 4.2, 8.2, 8.2 Hz, H-21b of cis-13,14-methylene-t21:0),
−0.33 (dt, J = 4.2, 5.4 Hz, H-21a of cis-13,14-methylene-t21:0). The DMDS derivative of per-acetylated
(11Z)-2-aminoeicos-11-ene-1,3,4-triol MS, m/z (relative intensity, %): 557 [M − HSMe]+ (1.4),
432 [M − H3CSC9H18]+ (24), 372 [M − H3CSC9H18 − CH3COOH]+ (100), 330 (11), 312 (6),
173 [H3CSC9H18]+ (30), 102 [AcOCH2CH(NHAc) − CН2CO]+ (25), 84 [AcOCH2CH(NHAc) −
AсOН]+ (45). The DMDS derivative of per-acetylated (13Z)-2-aminoeicos-13-ene-1,3,4-triol MS, m/z
(relative intensity, %): 557 [M − HSMe]+ (2), 460 [M − H3CSC7H14]+ (24), 400 [M − H3CSC7H14

− CH3COOH]+ (100), 358 (10), 340 (11), 145 [H3CSC7H14]+ (36), 102 [AcOCH2CH(NHAc) −
CН2CO]+ (36), 84 [AcOCH2CH(NHAc) − AсOН]+ (55). The 2-acetyloxy acids from FA subfraction
were methylated using N-nitroso-N-methylurea. The resulting methyl esters were purified by
column chromatography (SiO2, 3.5 cm × 1.2 cm), eluting with 44 mL of hexane-ethyl acetate (10:1,
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v/v). The elution gave a mixture, containing the methyl esters of major mono(methylthio) and
minor tris(methylthio) derivatives of 2-acetyloxy FAs (0.2 mg): 1H-NMR (CDCl3, 700 MHz): 5.40
(dt, J = 6.9, 15.2 Hz, –HC=CH–CH(SCH3)–), 5.175 (dd, J = 9.0, 15.2 Hz, –HC=CH–CH(SCH3)–),
4.99 (dd, J = 6.2, 6.9 Hz, H-2), 3.74 (s, H3CO– at C-1), 2.99 (m, –HC=CH–CH(SCH3)–), 2.135
(s, −OCOCH3 at C-2), 2.04 (m, allylic CH2), 1.965 (s, –HC=CH–CH(SCH3)–), 1.82 (m, H2C-3),
1.45–1.15 (m, –(CH2)n–), 0.88–0.89 (a series of triplets, J ≈ 7.0 Hz), the methyl esters of the
mono(methylthio) derivatives of 2-acetyloxy C23 acid MS: Figures S21–S24, the methyl esters of
the mono(methylthio) derivatives of 2-acetyloxy C22 acid MS: Figures S25–S28, the methyl esters
of the tris(methylthio) derivatives of 2-acetyloxy C23 acid MS: Figures S29 and S30, the methyl
esters of the tris(methylthio) derivatives of 2-acetyloxy C22 acid MS: Figures S31 and S32. For the
methyl esters of 2-acetyloxy C23 acids containing an allylic –SMe group, the order of elution
was 15-methylthio-16-ene→17-methylthio-15-ene→16-methylthio-17-ene→18-methylthio-16-ene.
The elution order for the methyl esters of 2-acetyloxy C22 acids containing an allylic –SMe group
was 14-methylthio-15-ene→16-methylthio-14-ene→15-methylthio-16-ene→17-methylthio-15-ene.
The mixture of these methylthio derivatives was hydrogenated over Adams’ catalyst in AcOH at
room temperature (12 h). The hydrogenation gave methyl 2-(acetyloxy)tricosanoate and methyl
2-(acetyloxy)docosanoate. The straight-chain structures of these compounds were clarified, using the
GC-MS data on the methyl esters of straight-chain 2-acetyloxy tricosanoic and docosanoic acids,
released from the non-oxidized cerebrosides of Aulosaccus sp. Then, methyl 2-(acetyloxy)tricosanoate
and methyl 2-(acetyloxy)docosanoate, obtained by hydrodesulfurization, were de-esterified in MeCN
(0.45 mL) and 5N HCl (0.05 mL) for 4 h at 73−75 ◦C to give free FAs. These FAs were converted into
(2S)-oct-2-yl esters of 2-hydroxy FAs by treatment with 2% H2SO4 in (2S)-octan-2-ol (0.2 mL) for 4 h at
75 ◦C in a capped vial [8]. In GC analyses, the retention times of the resulting (2S)-oct-2-yl ester of
2-hydroxy tricosanoic and docosanoic acids were identical with those of the standard (2S)-oct-2-yl
esters of (2R)-2-hydroxy tricosanoic and docosanoic acids, respectively.

The absolute configuration of glucose, released from oxidized cerebrosides, was determined by the
GC analyses of per-acetylated (2R)-oct-2-yl glycosides according to the method of Leontein et al. [41].
The sugar (1.2 mg), (2R)-octan-2-ol (0.4 mL), and one drop of trifluoroacetic acid in a capped vial
were kept for 7 h at 120 ◦C with stirring. Then, the mixture was concentrated in vacuo and acetylated
with Ac2O (0.4 mL) in pyridine (0.4 mL), overnight. The acetylated material was purified by column
chromatography (SiO2, 3.0 cm × 1.2 cm), eluting with a mixture of hexane/ethylacetate (5:1, v/v).
The eluate was evaporated, yielding per-acetylated (2R)-oct-2-yl glucoside. Standards, D-Glc (1.0 mg)
and L-Glc (1.0 mg), were treated and derivatized under the same conditions that were applied to the
sugar subfractions, liberated from parts 1 and 2. The GC profiles (the retention times and intensities
of GC peaks) of the derivatives of D-Glc and sugar, obtained from cerebrosides, were proven to
be identical.

Supplementary Materials: The following are available online. Figure S1a: Base peak chromatogram from
UPLC-MS analysis of oxidized cerebrosides (positive ion mode). Figure S1b: Extracted-ion chromatograms
from UPLC-MS analysis of oxidized cerebrosides. Scheme S1: Hock fragmentation of some isomeric allylic
hydroperoxides found in the present study. Figures S2, S2a–S2c: 1Н-NMR spectra (CD3OD, 500 MHz) of the
RP-HPLC fraction, containing oxidized cerebrosides. Figure S3 13C-NMR spectrum (CD3OD, 125 MHz) of the
RP-HPLC fraction containing oxidized cerebrosides. Figures S4–S7: Mass spectra of samples, enriched in the
methyl esters of 2-acetyloxy C23 and C22 acids with a keto group in the (n–8) or (n–7) positions. Figures S8–S11:
Mass spectra of samples, enriched in the methyl esters of 2-acetyloxy C23 and C22 acids with an additional
acetyloxy group in the (n–8) or (n–7) positions. Figures S12, S13: Mass spectra of samples, enriched in the methyl
esters of 2-acetyloxy C23 acids with a keto group in the (n–9) or (n–6) positions. Figure S14: Averaged mass
spectrum for the four methyl ester of isomeric 2-acetyloxy keto C23 acids. Figures S15, S16: Mass spectra of
samples, enriched in the methyl esters of 2-acetyloxy C22 acids with a keto group in the (n–9) or (n–6) positions.
Figures S17–S20: Mass spectra of samples, enriched in the methyl esters of 2-acetyloxy C23 and C22 acids
with an additional acetyloxy group in the (n–9) or (n–6) positions. Figures S21–S28: Mass spectra of samples,
enriched in the methyl esters of 2-acetyloxy C23 and C22 acids with an allylic methylthio group. Figures S29–S32:
Mass spectra of the methyl esters of 2-acetyloxy tris(methylthio) C23 and C22 acids. Figure S33: Mass spectrum of
the bis(methylthio) adduct of methyl 11-hydroxy elaidate. Figure S34: Superimposed mass spectra of overlapping
methyl 9-(methylthio)octadec-10-enoate and 11-(methylthio)octadec-9-enoate. Figure S35: Mass spectrum of
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methyl 9,10,11-tris(methylthio)octadecanoate. Figure S36: Superimposed mass spectra of overlapping methyl
10-(methylthio)octadec-8-enoate and 8-(methylthio)octadec-9-enoate. Figure S37: Mass spectrum of methyl
8,9,10-tris(methylthio)octadecanoate. A section before Figures S33–S37 provide experimental details, concerning
allylic monohydroxylation of methyl oleate and methylthiolation of allylic hydroxy/acetyloxy elaidates.
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Appendix A

The differences in δC (CD3OD, Figure 5a,b and Figure A1a,b) of allylic –НC(OOH)– (ΔδC = δC

trans − δC cis = 88.2 − 82.5 = 5.7) and –НC(OH)– (ΔδC = δC trans − δC cis = 74.4 − 68.7 = 5.7) were close
to the corresponding values (CDCl3) of trans-monoenoic and cis-monoenoic allylic hydroperoxides
(ΔδC = 86.9 − 81.1 = 5.8) and allylic alcohols (ΔδC = 73.1 − 67.5 = 5.6), calculated in accordance
with data in the literature [43]. Additionally, the signals of –НC(OH)– of trans-monoenoic allylic
alcohols (δН 3.94, Figure 5b) were shifted upfield (by 0.42 ppm) compared to their cis-isomers
(δН 4.36, Figure A1b), as described for cis/trans-isomeric methyl 12-hydroxyoctadec-10-enoate and
9-hydroxyoctadec-10-enoate in CDCl3 ([44]: ΔδH = δH cis − δH trans = 4.4 − 4.0 = 0.4). Similarly,
the signals of –НC(OOH)– of trans-monoenoic hydroperoxides (δН 4.16, Figure 5a) were shifted upfield
(by 0.46 ppm) compared to their cis-isomers (δН 4.62, Figure A1a), as observed earlier ([45]: ΔδH = δH

cis − δH trans = 4.68 − 4.22 = 0.46 for cis/trans-isomeric hydroperoxides of methyl oleate in CDCl3).

Figure A1. Some δH (500 MHz) and δC (125 MHz) values for trace cis-monoenes with allylic (a)
hydroperoxy or (b) hydroxy groups (solvent: CD3OD).

Appendix B

Although a single peak in the GC chromatogram represented overlapping esters of four isomeric
keto acids, the mass spectra, obtained from different points in the GC peak, exhibited fragmentations of
samples, enriched in the isomers with keto groups in the (n–9)→(n–8)→(n–7)→(n–6) positions (in this
order of elution). Mass spectra of methyl esters of minor keto C23 and C22 acids displayed homologous
pairs of m/z 141/156 and 99/114 fragments, containing methyl ends of the molecules with keto groups
on the (n–9) or (n–6) carbon, respectively (Figures S12, S13, S15, and S16). The total mass spectra,
obtained by averaging the spectra over the selected GC peaks, showed significant differences between
relative abundances of several ions, characteristic of different isomers. For the overlapping esters of
15-keto, 16-keto, 17-keto, and 18-keto C23 acids, the abundance ratio of the characteristic ions of m/z
342, 356, 370, and 384 were about 1:3:3:1 (Figure S14). Accordingly, the mixture of C23 acid derivatives
contained significant amounts of isomers with a keto group in the (n–8) and (n–7) positions and minor
amounts of isomers with a keto group located at the (n–9) and (n–6) positions. The overlapping methyl
esters of homologous keto C22 acids exhibited similar fragmentation and elution behavior.
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GC-MS analysis also revealed the presence of clusters of closely overlapping chromatographic
peaks for derivatives of regio-isomeric diacetyloxy C23 and C22 acids, including minor components.
In particular, the α-fragments included the ions of m/z 371 and 413 (Figures S17 and S18) for the
derivatives of 2,15-diacetyloxy and 2,18-diacetyloxy C23 acids, respectively, and the ions of m/z 357
and 399 (Figures S19 and S20) for the 2,14-diacetyloxy and 2,17-diacetyloxy C22 acid derivatives,
respectively. The abundant ions of m/z 269 and 311 (Figures S17 and S18), which were detected in the
mass spectra of the methyl esters of isomeric minor 2-acetyloxy C23 acids, confirmed the presence of
second acetyloxy groups on C-15 and C-18, respectively. Similarly, m/z 255 and 297 ions in the mass
spectra of the methyl esters of minor 2-acetyloxy C22 acids (Figures S19 and S20) indicated a second
acetoxy group on C-14 and C-17, respectively. α-Fragmentation of isomers with an acetyloxy group in
the (n–9), (n–8), (n–7), or (n–6) positions (in this order of elution) and subsequent loss of AcOH gave
rise to m/z 125, 111, 97, and 83 ions, respectively, containing the methyl end of acyl chains. Among
these α-fragments, the largest fragment of m/z 125 was much less abundant than the related ions.
Unfortunately, the percentages of all the methyl esters of isomeric diacetylated FAs, which were only
partially separated by GC, could not be accurately evaluated on the basis of mass spectral data because
the presence of diagnostic α-fragments, formed from isomers with an acetyloxy group in the (n–9)
positions, were masked by other peaks in averaged mass spectrum. However, for diacetyloxy C23 acid
derivatives with an isolated acetyloxy group in the (n–8), (n–7), or (n–6) positions, the abundance ratio
of the diagnostic α-fragments of m/z 385, 399, and 413, respectively, were about 3:3:1. The abundance
ratio of homologous α-fragments (m/z 371, 385, and 399) were nearly the same for the derivatives of
diacetyloxy C22 acids. Accordingly, the spectra, recorded at the top of the most intense overlapping
GC peaks, exhibited fragmentation patterns of major isomers with an acetyloxy group in the (n–8) or
(n–7) positions, while the mass spectra, recorded at lower points, belonged to minor isomers with an
acetyloxy group on the (n–9) or (n–6) carbons.

We assumed that the abundance ratio of components with oxygen-containing groups on the
(n–9), (n–8), (n–7), or (n–6) carbons (about 1:3:3:1, respectively) were nearly the same for isomeric
hydrogenated products and initial hydroperoxy FA moieties. This suggestion was supported by
(–)ESI-MS/MS study of isomeric allylic hydroperoxides (Figure 4a), showing two pairs of characteristic
peaks with a 3:1 intensity ratio, including peaks at m/z 743.6/729.55 (fragments, formed from acyl chains
with –OOH in the (n–8)/(n–9) positions) and m/z 784.6/798.6 (fragments, formed from acyl chains with
–OOH in the (n–7)/(n–6) positions). Thus, the previously mentioned minor hydrogenated products were
possibly derived from minor amide-linked FA with allylic hydroperoxy/hydroxy/keto groups in the
(n–9) or (n–6) positions. However, complete structures of the corresponding oxidized cerebrosides could
not be comprehensively elucidated due to their minor amounts. Therefore, only major cerebrosides with
oxygen-containing groups in the (n–8) or (n–7) positions of acyl chains were the focus of our research.

Appendix C

Methyl esters of 11-hydroxy and 8-hydroxy elaidic acids were prepared from methyl oleate
according to the method described by Li et al. [46]. Methyl 11-hydroxy elaidate was treated with
DMDS to give a mixture, consisting of 59.2% of the expected DMDS adduct, 26.8% of isomeric
allylic thioethers (9-(methylthio)octadec-10-enoate and 11-(methylthio)octadec-9-enoate), and 8.0%
of 9,10,11-tris(methylthio)octadecenoate (Scheme A1). Two GC peaks that showed identical major
fragments in GC-MS represented stereoisomeric bis(methylthio) adducts with a nearly 1:1 ratio.
Assuming a specific anti-addition of DMDS [33], these stereoisomeric adducts could be racemic
erythro-9,10-bis(methylthio)octadecanoates, differing in configuration only at the carbon atom linked
to the –OH group. Based on the NOESY experiment, two pairs of singlets at δН 2.14, 2.22 and δН
2.06, 2.185 in the 1H-NMR spectrum (CDCl3) of the mixture were assigned to vicinal –SMe groups of
different racemates. Two GC peaks (major and minor) for mono(methylthio)octadecenoates also had
identical mass spectra. For major trans-allylic thioethers, the 1H,1H-COSY diagram (CDCl3) showed
a spin system, which consisted of the protons of two trans-olefinic CH (δН 5.17, dd, J = 9.2, 15.2 Hz,
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and 5.40, dt, J = 6.8, 15.2 Hz) and CH (δН 2.985, m), bearing an –SMe group (1H-NMR spectrum:
δH 1.965, s). Accordingly, the major GC peak for overlapping 9-(methylthio)octadec-10-enoates and
11-(methylthio)octadec-9-enoates represented isomers with a trans-double bond (23.0%), and the minor
GC peak, observed before the major peak, likely represented their cis-isomers (3.8%). Similarly, two GC
peaks (major and minor) for stereoisomeric 9,10,11-tris(methylthio)octadecanoates were observed.
Upon MeCN/HCl hydrolysis of this methylthio derivative mixture, the stereoisomeric bis(methylthio)
adducts were destroyed, so major allylic thioethers (9/11-(methylthio)octadec-10/9-enoic acids, 59.3%)
and minor tris(methylthio) derivatives (stereoisomeric 9,10,11-tris(methylthio)octadecanoic acids,
12.4%), analogous to that shown in Scheme 3, along with octadecadienoic acid (11.7%), were found in
the hydrolysate. Apparently, the bis(methilthio) adduct of allylic alcohol could lose an –OH group and
one –SMe group during MeCN/HCl hydrolysis, giving rise to an additional amount of allylic thioethers.

 

Scheme A1. Allylic mono-hydroxylation of methyl oleate, followed by transformations of allylic
alcohols into S-methyl derivatives. GC-MS cleavage patterns for the derivatives, obtained from methyl
oleate, are depicted.
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The DMDS adduct of methyl oleate can be de-esterified in MeCN/HCl without detectable
degradation of the –CH(SMe)–CH(SMe)– fragment, in contrast to the DMDS adduct of methyl
11-hydroxy elaidate. This was confirmed by the 1Н-NMR spectra, recorded before and after hydrolysis.
In particular, the 1Н-NМR spectrum (CDCl3) of the product, obtained after hydrolysis of the DMDS
adduct of methyl oleate, showed the superimposed signals of two vicinal CH (δН 2.685, m), linked to
–SMe groups (δH 2.10, s), and α-CH2 (δН 1.845, m; 1.32, m) groups of bis(methylthio) oleic acid.
Analogously, the bis(methylthio) derivatives of monoenoic sphingoid bases were obtained after
MeCN/HCl hydrolysis of derivatized cerebrosides (part 2).

As for the allylic alcohol acetate, methyl 8-acetyloxy elaidate did not react appreciably with
DMDS under the conditions used for methyl 11-hydroxy elaidate (room temperature, 24 h). However,
with longer reaction times (4 days), methyl 8-acetyloxy elaidate reacted with DMDS to give major
allylic ethers, 8-(methylthio)octadec-9-enoate and 10-(methylthio)octadec-8-enoate (61.5%, mainly
trans-forms), and minor 8,9,10-tris(methylthio)octadecanoates (25.4%), formed after deacetylation of
the starting compound. Surprisingly, the expected bis(methylthio)derivative of methyl 8-acetyloxy
elaidate was not detected (Scheme A1). For experimental details and mass spectra (Figures S33–S37),
see the supplementary materials.
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Abstract: Echinochrome A (Ech A, 1) is one of the main pigments of several sea urchin species
and is registered in the Russian pharmacopeia as an active drug substance (Histochrome®),
used in the fields of cardiology and ophthalmology. In this study, Ech A degradation products
formed during oxidation by O2 in air-equilibrated aqueous solutions were identified, isolated,
and structurally characterized. An HPLC method coupled with diode-array detection (DAD)
and mass spectrometry (MS) was developed and validated to monitor the Ech A degradation
process and identify the appearing compounds. Five primary oxidation products were detected
and their structures were proposed on the basis of high-resolution electrospray ionization mass
spectrometry (HR-ESI-MS) as 7-ethyl-2,2,3,3,5,7,8-heptahydroxy-2,3-dihydro-1,4-naphthoquinone
(2), 6-ethyl-5,7,8-trihydroxy-1,2,3,4-tetrahydronaphthalene-1,2,3,4-tetraone (3), 2,3-epoxy-7-ethyl-2,3-
dihydro-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone (4), 2,3,4,5,7-pentahydroxy-6-ethylinden-1-one
(5), and 2,2,4,5,7-pentahydroxy-6-ethylindane-1,3-dione (6). Three novel oxidation products
were isolated, and NMR and HR-ESI-MS methods were used to establish their structures as
4-ethyl-3,5,6-trihydroxy-2-oxalobenzoic acid (7), 4-ethyl-2-formyl-3,5,6-trihydroxybenzoic acid (8),
and 4-ethyl-2,3,5-trihydroxybenzoic acid (9). The known compound 3-ethyl-2,5-dihydroxy-1,4-
benzoquinone (10) was isolated along with products 7–9. Compound 7 turned out to be unstable; its
anhydro derivative 11 was obtained in two crystal forms, the structure of which was elucidated using
X-ray crystallography as 7-ethyl-5,6-dihydroxy-2,3-dioxo-2,3-dihydrobenzofuran-4-carboxylic acid
and named echinolactone. The chemical mechanism of Ech A oxidative degradation is proposed. The
in silico toxicity of Ech A and its degradation products 2 and 7–10 were predicted using the ProTox-II
webserver. The predicted median lethal dose (LD50) value for product 2 was 221 mg/kg, and, for
products 7–10, it appeared to be much lower (≥2000 mg/kg). For Ech A, the predicted toxicity and
mutagenicity differed from our experimental data.

Keywords: histochrome; echinochrome A; oxidative degradation; HPLC–DAD–MS; NMR

1. Introduction

Histochrome® is a solution of the sodium salt of naturally occurring quinone echinochrome
A (7-ethyl-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone) for intravenous injections and infusions,
manufactured in ampoules (Supplementary Materials, Figure S1). Histochrome is registered in
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Russia as an antioxidant drug. It is used in cardiology for the treatment of coronary heart disease and
for restriction of the necrosis zone in myocardial infarction (state registration number P N002363/01),
and in ophthalmology for the treatment of dystrophic diseases of the retina and cornea, macular
degeneration, primary open-angle glaucoma, diabetic retinopathy, hemorrhages to vitreous humor,
retina, and anterior chamber, and discirculatory disorders in the central artery and retinal vein
(state registration number P N002363/02). Histochrome has no known analogues, and it simultaneously
blocks a number of free-radical reactions, neutralizes reactive oxygen species (ROS), nitric oxide,
and peroxide radicals, chelates metal ions, inhibits lipid peroxidation, and regulates antioxidant
enzyme levels [1].

Echinochrome A (Ech A, 1) is one of the main pigments of various sea urchin species [2–4]
(Figure 1). Ech A isolated from the sand dollar Scaphechinus mirabilis (purity >98%) is registered in
the Russian pharmacopeia as an active drug substance under the international non-patented name
pentahydroxyethylnaphthoquinone (state registration number P N002362/01).

 
Figure 1. Chemical structure of echinochrome A (7-ethyl-2,3,5,6,8-pentahydroxy-1,4-naphthoquinone,
Ech A).

Currently, more and more papers focused on elucidating the mechanisms underlying the diverse
biological effects of Ech A are being published. Ech A was found to protect rat cardiomyoblasts
and isolated cardiomyocytes from the effects of cardiotoxic compounds doxorubicin, tert-butyl
hydroperoxide, and sodium nitroprusside, which cause an increase in ROS formation and depolarization
of mitochondrial membranes [5]. In rat cardiomyoblast cells, Ech A dose-dependently increased the
mass of mitochondria and the content of mitochondrial DNA and activated mitochondrial biogenesis,
increasing the expression of the main regulators of the metabolic function of mitochondria [6]. Ech A
was also found to activate mitochondrial biogenesis in skeletal muscle, increasing the endurance of
rats during physical activity by increasing the number of mitochondria [7]. Being an inhibitor of the
sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 2a (SERCA2A) receptor, which is responsible for
pumping calcium ions from the cytosol into the sarcoplasmic reticulum, Ech A prevented ischemic
damage of the myocardium, reducing the area of myocardial infarction [8]. By reducing the level of
intracellular ROS and regulating the expression of pro- and antiapoptotic proteins, Ech A protected
human cardiac progenitor cells against oxidative stress [9]. This may be the basis for a simple and
effective strategy to enhance myocardial regeneration by increasing the survival of transplanted cardiac
cells under oxidative stress induced by ischemic damage. Ech A was found to be an effective agent
for promoting cell proliferation and maintaining the stemness of hematopoietic stem and progenitor
cells [10]. Ech A is also beneficial for human CD34+ progenitor cells from peripheral blood to maintain
their self-renewal potential and function during ex vivo expansion. The efficacy of Ech A in a model of
hemorrhagic and ischemic stroke in rats has been demonstrated [11,12]. It was found that the drug can
cross the blood–brain barrier into the cerebrospinal fluid. Ech A also exhibited an antidiabetic effect
due to antioxidant and hypoglycemic activities [13,14]. A study demonstrated that Ech A inhibits
acetylcholinesterase and exhibits dose-dependent antiradical activity against nitric oxide, which opens
up its possible use in the treatment of neurodegenerative diseases [15]. The therapeutic potential of Ech
A in the treatment of various inflammatory diseases has been demonstrated in numerous studies: in a
model of experimental colitis in mice [16], in an experimental model of bleomycin-induced pneumonia
in immature rats [17], in children aged 7–12 years old with chronic inflammatory lung diseases [18,19],
and in adolescents with erosive gastroduodenitis [20,21].
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Since the search for active compounds and the creation of new drugs is a long, expensive, and risky
process, one of the main modern pharmaceutical strategies is the use of registered drugs for a new
medical application. Considering the above variety of activities possessed by Ech A with an established
mechanism of action, the development of new dosage forms based on this substance seems promising.

To ensure the quality of active pharmaceutical substances and finished drug products, impurities
must be monitored carefully during process development, optimization, and changeover. The isolation,
characterization, and control of impurities in pharmaceutical substances are being reviewed with a
greater focus on national regulatory and international guidelines [22]. According to International
Conference on Harmonization (ICH) guidance Q3A(R2) and Q3B(R2), degradation products are
impurities resulting from a chemical change in the drug substance during manufacture and/or storage
of the drug product due to the effect of light, temperature, pH, water, or reaction with an excipient
and/or the immediate container closure system. Due to the presence of a large number of phenolic
hydroxyls, Ech A readily undergoes oxidative decomposition. The aim of this study was to isolate and
determine the structure of Ech A degradation products formed during the oxidation of its preparation
(Histochrome) by O2 in air-equilibrated aqueous solutions.

2. Results and Discussion

2.1. Isolation and Structure Elucidation of Echinochrome A Oxidative Degradation Products

According to our observations, in dry form and in the absence of oxygen in solution,
the pharmaceutical substance Ech A remains stable for several years. This was confirmed by us after
a 3 year stability study of the Ech A substance and Histochrome preparation in ampoules closed
under inert conditions. In aqueous solutions, the Ech A sodium derivative (Histochrome) readily
hydrolyzes and oxidizes (Figure S2, Supplementary Materials). Therefore, to provide the opportunity
to establish primary oxidation products, we did not use the onerous conditions recommended in the
ICH guidelines for degradation product studies. In this work, we studied the oxidation of Ech A
sodium derivative in air-equilibrated aqueous solutions.

An HPLC method coupled with diode-array detection (DAD) and mass spectrometry (MS) was
developed and validated to monitor the degradation of Ech A and to support the peak identification
procedure. The eluent system consisting of H2O (A)/MeCN (B) with the addition of 0.2% AcOH in a
gradient mode provided acceptable separation of Ech A and its oxidation products. The developed
LC method demonstrated good linearity, and the correlation coefficient for Ech A was found to be
0.9987. The limit of detection (LOD) and limit of quantification (LOQ) of Ech A were found to be
22 and 72 ng/mL, respectively. The analytical area of this method was established by the range of
experimental data satisfying the linear model. For Ech A (1), the corresponding range was determined
to be 72–600 ng/mL. The accuracy and reproducibility of the quantification procedure was evaluated
according to the results obtained for Ech A, shown in Table S1 (Supplementary Materials). The detection
wavelength 254 nm was chosen on the basis of the fact that all target compounds display intense
absorption in the region of 230–270 nm.

A solution of Ech A sodium derivative from an ampoule was diluted approximately 50-fold with
distilled water saturated with atmospheric oxygen, pH 7.2. In this solution, the molar ratio of Ech A to
dissolved O2 was 3:1. HPLC–DAD–MS analysis showed that, after 1 h in the air-equilibrated aqueous
solution, the first oxidation product of Ech A (1) was compound 2, with a retention time of 7.79 min
(Figure 2). The high-resolution electrospray ionization mass spectrum (HR-ESI-MS) of compound
2 presented a peak at m/z [M − H]− 299.0399 (calculated for [C12H11O9]− 299.0409). The increase in
molecular weight of 34 Da compared to Ech A indicates that compound 2 contained two additional
hydroxyl groups in the molecule. In its absorption spectrum, there was no absorption band at 468 nm
that is characteristic of Ech A, and absorption bands at 256, 321, and 391 nm were present, indicating a
decrease in the length of the conjugation chain in the molecule and, therefore, that oxidative changes
affected the quinonoid ring of Ech A. According to NMR data, the structure of compound 2 was
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previously established by us as 7-ethyl-2,2,3,3,5,6,8-heptahydroxy-2,3-dihydro-1,4-naphthoquinone
(Figures S12–S17, Supplementary Materials) [23].

Figure 2. HPLC profiles of Histochrome (Ech A) oxidation products. Unmarked peaks are natural
impurities of the Ech A substance [24].

The presence of four aliphatic hydroxyl groups was confirmed by the preparation of tetramethyl
ether of compound 2 (m/z [M − H]− 355.1035, calculated for C16H19O9

− 355.1029) by methylation
with methyl iodide according to the procedure in [25] (Figure S3, Table S2, Supplementary Materials),
which also confirmed the structure of bis-gem-diol for compound 2.

It is interesting to note that, in the mass spectrum of the chromatographic peak with a retention
time of 7.79 min, along with the main peak at m/z [M − H]− 299, there were low-intensity peaks with
mass values m/z [M − H]− 263, 281, 237, and 253. These peaks were observed in all cases when the
ESI mass spectrum of compound 2 was obtained. On the basis of HR-ESI-MS (Table 1), structures of
compounds 3–6 were predicted (Figure 3).

Table 1. High-resolution electrospray ionization mass spectrometry (HR-ESI-MS) characteristics of the
chromatographic peaks of Ech A oxidation products at retention time 7.79 min.

Compound
Peak Intensity

Relative to 2, (%)
Formula

Measured
m/z [M − H]−

Calculated
m/z [M − H]−

2 100 C12H12O9 299.0399 299.0409
3 3 C12H8O7 263.0192 263.0197
4 6 C12H10O8 281.0294 281.0303
5 2 C11H10O6 237.0397 237.0405
6 3 C11H10O7 253.0356 253.0356

 

Figure 3. Primary oxidation products of Ech A (1); structures 3–6 were proposed on the basis of
HR-ESI-MS data.
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Prior to our studies, according to published data, the first oxidation product of Ech A was attributed
to structures such as the dihydrate of 5,6,8-trihydroxy-7-ethyl-1,2,3,4-tetrahydronaphthalene-1,2,3,4
-tetraone (3) [26] or monohydrate of 2,3-dihydro-2,3,5,6,8-pentahydroxy-2,3-epoxy-7-ethyl-1,4-naph
thoquinone (4) [27]. These compounds were present in combination with compound 2. A compound
with the brutto-formula C12H10O8 can exist both in the form of structure 4 and in the form of
keto-gem-diols 4a and 4b (Figure 4). The presence of those compounds in the mixture of oxidation
products was previously recorded by us using 1H- and 13C-NMR spectroscopy [23].

Figure 4. Structures of Ech A oxidation products with brutto-formula C12H10O8.

For compounds 5 and 6, structures 2,3,4,5,7-pentahydroxy-6-ethylinden-1-one and 2,2,4,5,7-
pentahydroxy-6-ethylindane-1,3-dione were predicted, respectively. It is known that di- and
polycarbonyl vicinal compounds are prone to hydration; therefore, they are often isolated in the form
of gem-diols, and, in our case, compound 2 was predominant.

Additionally, structures of compounds 3–6 were confirmed by obtaining their methyl derivatives
by methylation with both methyl iodide and diazomethane, the MS data for which are provided in
Tables S2 and S3 (Supplementary Materials).

Compounds 3–6 were extremely reactive, as their formation was accompanied by the formation of
an intermediate ene-diol radical, superoxide anion radical, hydroxyl radical, and hydrogen peroxide.
It was not possible to isolate them from the mixture of Ech A oxidation products, and they continued
the chain reaction of oxidation of bis-gem-diol 2, even if O2 was removed from the reaction medium.
In the process of developing technology for the preparation of a Histochrome for injections (0.2 mg/mL
Ech A), we observed that even a small amount of O2 entering the drug solution in sealed ampoules
led to the appearance of product 2. Even the subsequent use of an inert medium (argon) did not stop
the process of Ech A oxidation, which led to the formation of products 2–10 and continued until the
complete discoloration of the red-brown Histochrome solution.

Twenty hours after the start of the reaction, the opaque dark red solution became transparent
yellow red. HPLC–MS analysis showed that approximately 50% of Ech A was consumed during
this time (Figure 2 and Figure S2, Supplementary Materials). Unreacted Ech A was removed from
the aqueous solution by extraction with chloroform, and the oxidation products were extracted with
ethyl acetate. Low-pressure reversed-phase chromatography on Toyopearl HW-40 gel of ethyl acetate
extraction revealed five oxidation products of Ech A with retention times of 7.79 (2), 5.32 (7), 5.67 (8),
6.89 (9), and 8.56 (10) min (Table 2). The absorption spectra of compounds 7–9 contained absorption
bands due to π→ π* transitions in the benzenoid core in the region of 310–370 nm, but there were no
absorption bands associated with π→ π* transitions in the quinonoid core in the region of 460–540 nm,
which indicated a cleavage of the quinonoid ring (Table 2, Figure 5).

Table 2. HPLC coupled with diode array detection (DAD) and MS parameters of Ech A (1) and its
oxidation products 2 and 7–10.

Compound Rt (min) Formula Measured m/z [M −H]− Calculated m/z [M − H]− λmax (nm)

1 10.71 C12H10O7 265.0352 265.0348 254, 338, 471
2 7.79 C12H12O9 299.0399 299.0409 256, 321, 391
7 5.32 C11H10O8 269.0304 269.0297 219, 271, 320
8 5.67 C10H10O6 225.0405 225.0399 270, 320
9 6.89 C9H10O5 197.0452 197.0450 228, 251, 333

10 8.56 C8H8O4 167.0343 167.0344 287
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Figure 5. Absorption spectra of Ech A (1) and its oxidation products 2 and 9.

It turned out that compound 7 was quite unstable in an acidic environment, and, after vacuum
evaporation in fractions with compound 7, product 11 was formed. According to the ESI-MS spectrum,
product 11 had an m/z 251 [M − H]−, which was 18 Da less than mass of compound 7. The absorption
band at 385 nm in the absorption spectrum of compound 11 indicated a longer π→ π* transition chain
in its molecule compared to compound 7. In the 1H-NMR spectrum of compound 11, we observed a
triplet (δH 1.24) and a quartet (δH 2.78) of an ethyl substituent, a broadened singlet of two hydroxyl
groups (δH 5.33), and a singlet of the hydroxyl group bound to carbonyl (δH 12.84) (Figure S18,
Supplementary Materials). The 13C-NMR spectrum of compound 11 contained 11 carbon signals:
two signals for the ethyl group (δC 12.8 and 17.2), three quaternary carbons (δC 106.3, 108.2, and
121.4), and seven quaternary carbons bound to oxygen (δC 151.2, 158.0, 159.9, 161.6, 171.0, and 177.8)
(Figure S19, Supplementary Materials). In the HMBC spectrum of compound 11, protons of the
ethyl group (δH 2.78) showed correlations with δC 121.4, 159.0, and 161.6 (Figure S20, Supplementary
Materials). These spectral data were insufficient to establish the structure of 11; however, it turned
out that compound 11 easily formed crystals and, as such, X-ray analysis was used to establish its
structure. Compound 11 showed polymorphism, with two types of crystals obtained from the same
system of solvents (EtOH–CHCl3 = 1:5 v/v). Recrystallization from these solvents simultaneously
provided crystals as dark-red plates (α-form) and as orange prisms (β-form) (Figure 6). Red crystals
were predominant (about 90%). Both crystal forms were a crystalline hydrate of 11 (Tables S4–S6,
Supplementary Materials).

. 

Figure 6. Molecular structure of echinolactone (11) in different crystal types (hydrogen bonds are
shown as dotted lines).
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The α-form of 11 crystallized as monoclinic system with the space group P21/c and cell parameters
a = 4.7823(6) Å, b = 7.9520(9) Å, c = 14.4705(17) Å, and Z = 4, and the final R-value was found to be
0.0512 (Table S4, Supplementary Materials). The β-form of 11 crystallized as a triclinic system with
the space group Pı̄ and cell parameters a = 4.7823(6) Å, b = 7.9520(9) Å, c = 14.4705(17) Å, and Z = 2,
and the final R-value was found to be 0.0407 (Table S4, Supplementary Materials).

In the α- and β-forms of molecule 11, all atoms with the exception of the CH3 carbon atom of
the ethyl group C12 were located in the same plane (Figure 6). The deviation from the plane did not
exceed 0.138(2) Å. The main difference between the two forms was the dimensional orientation of
the hydrogen atom H7 of the carboxyl group, which allowed us to consider the molecules of α- and
β-forms as stereoisomers (Figure 6); in the α-form, this atom participates in the formation of an
intramolecular hydrogen bond, while, in the β-form, it participates in an intermolecular hydrogen
bond. In both crystalline forms of 11, all the corresponding C–C and C–O bonds had close values
(Table S5, Supplementary Materials). The torsion angles of C6–C7–C11–C12 in the α- and β-forms
were 96.3(3)◦ and 83.4(2)◦, respectively. The intermolecular hydrogen bonds of molecule 11 with H2O
molecules played a decisive role in the formation of crystalline structures. In the α-form, the H2O
molecules were linked to each other by Ow–H···Ow hydrogen bonds in an infinite chain along the [0 0
1] direction, and they combined isolated 11 molecules into a three-dimensional framework (Figure S21,
Supplementary Materials). The coordination number of O atoms of H2O molecules in α-C11H8O7·H2O
was 4. In the β-form, molecules of 11 were joined by O7–H7···O3 bonds in pairs into a centrosymmetric
bimolecular associate, and H2O molecules distributed their hydrogen bonds only between molecules
of 11, combining pairs into flat ribbons that were infinite along the [1 –1 0] direction (Figure S22,
Supplementary Materials). Ribbons were packed in corrugated layers parallel to the plane [0 0 1]
(Figure S23, Supplementary Materials). The coordination number of O atoms of H2O molecules in
β-C11H8O7·H2O was 3. The triclinic β-form of C11H8O7·H2O had a slightly higher density (1.664 g/cm3)
at a temperature of T = 173(2) K than the monoclinic α-form (1.642 g/cm3) and could formally be
considered as more stable.

On the basis of X-ray data, 11 was assigned the structure of 7-ethyl-5,6-dihydroxy-2,3-
dioxo-2,3-dihydrobenzofuran-4-carboxylic acid, and this compound was named echinolactone.

Compounds 7 and 8 turned out to be unstable under conditions of repeated chromatographic
separation; therefore, to establish their structures, their stable methyl derivatives with m/z [M −H]−
297 and 239, respectively, were obtained by methylation with diazomethane.

On the basis of the 1H- and 13C-NMR spectra of the dimethyl ether of compound 7, methyl ether
of compound 8, and of compound 9 (Table 3, Figure 7), it could be concluded that these compounds
retained the same substituents as the Ech A benzenoid ring: an ethyl substituent, a free hydroxyl group,
and hydroxyl groups, the protons of which were bound by an intramolecular hydrogen bond with the
corresponding carbonyl groups, but the carboxyl group appeared. The differences in the NMR spectra
of the Ech A oxidation products consisted of the chemical shifts of the substituents next to the carboxyl
group (Table 3); therefore, to establish the structure of compounds 7–9, it was necessary to establish the
nature of these substituents.

 

 R 

 
9 

7 

 

8 
 

Figure 7. Structures of dimethyl ether of compound 7, methyl ether of compound 8, and of compound 9.
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Table 3. NMR data of dimethyl ether of compound 7 (500 MHz for 1H and 126 MHz for 13C, δ, ppm,
J/Hz), methyl ether of compound 8, and of compound 9 (700 MHz for 1H and 176 MHz for 13C, δ,
ppm, J/Hz).

No.
Dimethyl Ether of 7 (CDCl3) Methyl Ether of 8 (Acetone-d6) 9 (Acetone-d6)

δC δH HMBC δC δH HMBC δC δH HMBC

1 107.7 107.2 109.4
2 106.3 109.3 144.4 10.70 (1H, s, OH) 1, 2
3 158.4 11.30 (1H, s, OH) 2, 3, 4, 5 159.7 13.36 (1H, s, OH) 2, 3, 4 144.5 8.01 (1H, s, OH)
4 124.0 124.2 126.3
5 150.7 6.53 (1H, s, OH) 3, 4, 5, 6 150.7 6.56 (1H, s, OH) 4, 5, 6 148.2 7.54 (1H, s, OH)
6 143.3 10.49 (1H, s, OH) 1, 5, 6 144.9 11.35 (1H, s, OH) 1, 5, 6 104.8 6.88 (1H, s, H) 1, 3, 4, 5, 9
7 16.2 2.76 (2H, q, J = 7.5, CH2) 3, 4, 5, 8 16.5 2.77 (2H, q, J = 7.5, CH2) 3, 4, 5, 8 17.7 2.73 (2H, q, J = 7.5, CH2) 3, 4, 5, 8
8 12.6 1.16 (3H, t, J = 7.5, CH3) 4, 7 12.5 1.17 (3H, t, J = 7.5, CH3) 4, 7 13.2 1.12 (3H, t, J = 7.5, CH3)
9 169.1 170.6 172.7
10 186.8 195.2 10.43 (1H, s, COH) 2, 3, 4
11 162.9

9-OCH3 53.0 3.88 (3H, s, OCH3) 1, 9 53.02 4.04 (3H, s, OCH3)
11-OCH3 52.2 3.82 (3H, s, OCH3) 10, 11

In the dimethyl ether of compound 7, the proton of the hydroxyl group at C-6 (δH 10.49) was
hydrogen-bonded to the carbonyl of the ester group at C-9 (δH 169.1), and the proton of the hydroxyl
group at C-3 (δH 11.30) was hydrogen-bonded to the carbonyl of the methylcarboxy group at C-10
(δC 186.8) (Figures S24–S26, Supplementary Materials). The signal at δC 162.9 ppm in the 13C-NMR
spectrum corresponded to the carbonyl of the ester group of the methylcarboxy fragment. Two singlets
with an integrated intensity of 3H each at δH 3.82 and 3.88 in the 1H-NMR spectrum corresponded to
the protons of methoxy groups at C-9 and C-11. In the 13C-NMR spectrum of compound 7 dimethyl
ether, there were two corresponding signals at δC 52.2 and 53.0 ppm. According to an analysis
of the NMR spectra of the dimethyl derivative, the structure of compound 7 was established as
4-ethyl-3,5,6-trihydroxy-2-oxalobenzoic acid.

The 13C-NMR spectrum of methyl ether of compound 8 contained a signal in a low field at
δC 195.2, the chemical shift of which was characteristic for the aldehyde carbon atom (Table 3,
Figure S28, Supplementary Materials). The singlet at δH 10.43 in the 1H-NMR spectrum of this
compound corresponded to the proton of the aldehyde group. According to NMR data of its methyl
derivative (Figures S27–S34, Supplementary Materials), the structure of compound 8 was established
as 4-ethyl-2-formyl-3,5,6-trihydroxybenzoic acid.

The 1H-NMR spectrum of compound 9 contained a singlet signal of the aromatic proton at
C-6 (δH 6.88), which corresponded to a signal at δC 104.8 ppm in the 13C-NMR spectrum (Table 3,
Figures S35 and S36, Supplementary Materials). The chemical shift of the proton of the hydroxyl
group at C-5 (δH 7.54) indicated that it was not bound by an intramolecular hydrogen bond as in
compound 8. Thus, the structure of compound 9 was established as 4-ethyl-2,3,5-trihydroxybenzoic
acid (Figures S35–S39, Supplementary Materials).

On the basis of the NMR data of compound 10 and its methyl derivative (Figures S40–S48,
Supplementary Materials), the structure of 10 was established as 3-ethyl-2,5-dihydroxy-1,4-
benzoquinone. This compound was previously described by Moore et al. as a natural pigment
of sea urchins of the genus Echinothrix [28]. However, it is likely that compound 10 was one of the
most stable oxidation products of Ech A obtained by the authors during the storage and repeated
chromatographic separation of sea urchin extracts. According to the conditions of our experiment,
the oxidation process was stopped when half of the Ech A was oxidized; thus, a very small amount of
10 was isolated.

2.2. Proposed Mechanism of Echinochrome A Oxidative Degradation

Many bioactive natural and pharmaceutical compounds that are α-hydroxyketones such as
oxolin, ascorbate, glyoxal, and cyclic ketones are susceptible to autooxidation [29]. It has been shown
that α-hydroxyketones auto-oxidize under physiological conditions via the enediol tautomer [30,31].
One condition which favors the formation of the enediol is the presence of a vicinal carbonyl group.
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The equilibrium is generally displaced in favor of the more thermodynamically stable ketol tautomer.
The autooxidation of such enediols, as well as tetrahydroxy-l,4-benzoquinone, ascorbate, and Ech A,
has been shown to involve the generation of intermediates such as carbon-centered free radicals and
ROS including the superoxide radical anion, hydroxyl radical, and hydrogen peroxide [23,30,32,33].
The mechanisms of the primary attack of triplet and singlet oxygen molecules on Ech A (1), the result of
which is bis-gem-diol 2 formation, were described in detail in previous studies [23,34]. Here, according
to the structures of the isolated products, we propose the scheme of the further Ech A oxidative
degradation process (Figure 8).

 
Figure 8. Proposed scheme of the Ech A oxidative degradation process.

Pracht et al. showed that splitting of the aromatic system of phenolic substances occurs only if the
first oxidation stage includes the formation of o-quinone [35]. Subsequent cleavage of the ring structure
can occur between two keto groups, as in our case, for example, in compounds 3, 4, 4a, and 4b, which
always presented together with compound 2 (Figures 3 and 4). It can be assumed that ring rupture
in the primary oxidation product 2 with loss of H2O and CO2 led to the formation of phthalonic
acid derivative 7. Compound 7, resulting from keto–enol tautomerism, gave echinolactone 11 upon
dehydration in an acidic medium and heating during the evaporation process. Establishment of the
structure of 11 using X-ray analysis played an important role in the elucidation of the structure of the
labile compound 7. Further sequential decarboxylation of 7 resulted in the formation of 8, a benzoic
acid derivative with an aldehyde group, and a benzoic acid derivative 9. Decarboxylation of 9 and
subsequent hydration and oxidation led to the formation of stable benzoquinone 10.

Thus, it was shown that the oxidative destruction of Ech A did not affect the benzenoid fragment of
its molecule. All transformations occurred only in the quinonoid ring with the formation of bis-gem-diol
2, further oxidation of which occurred upon cleavage of the dihydroquinonoid ring and led to the
formation of derivatives of phthalonic (7) and benzoic (8, 9) acids, as well as benzoquinone 10.

2.3. Predicted Toxicity of Echinochrome A and Its Oxidation Products

Obtaining information on the toxicity of compounds and their impurities is an important part of
the drug design development process. However, for impurities in particular, this information cannot
be obtained experimentally. In this case, in silico studies assist in evaluating the results.

The potential toxicity of Ech A and its oxidative degradation products was assessed with the
webserver ProTox-II. This virtual lab predicts the toxicity of small molecules on the basis of a total
of 33 models for the prediction of various toxicity endpoints such as acute toxicity, hepatotoxicity,
cytotoxicity, carcinogenicity, mutagenicity, immunotoxicity, adverse outcome (Tox21) pathways,
and toxicity targets [36].

The results of the predicted toxicity of the original Ech A molecule and its oxidative degradation
products are shown in Table 4.
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Table 4. Oral toxicity prediction results for Ech A and its degradation products. LD50, median
lethal dose.

Classification and
Target

Ech A and its Degradation Products

1 (Ech-B) 1 (Ech-Q) 2 7 8 9 10

Predicted toxicity class II IV III IV IV IV V
Predicted LD50, mg/kg 16 487 221 2000 2000 1800 2800

Organ Toxicity

Hepatotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive

Toxicity Endpoints

Carcinogenicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive
Immunotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive

Mutagenicity Active Active Inactive Inactive Inactive Inactive Inactive
Cytotoxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive

The predicted LD50 value for the first major oxidation product 2 was 221 mg/kg (toxicity class
III), and the predicted acute toxicity for other oxidation products 7–10 was much lower (≥2000 mg/kg,
toxicity class IV–V), suggesting they cannot lead to serious toxic effects.

As shown above, structures 2 and 7–10 were unambiguously defined as nontoxic and there was
no doubt about the predicted toxicity results for these compounds. However, for derivatives of the
naphthazarin (5,8-dihydroxy-1,4-naphthoquinone) structure, to which Ech A belongs, it is not so simple.
Under various conditions, Ech A (1) can exist as a mixture of four tautomeric forms; however, only the
1,4-naphthoquinonoid forms Ech-B (ethyl in the benzene ring) and Ech-Q (ethyl in the quinonoid ring)
are energetically favorable (Figure 9) [23,37,38].

 
Figure 9. Tautomeric forms of Ech A: Ech-B (ethyl in the benzene ring) and Ech-Q (ethyl in the
quinonoid ring).

As seen in Table 4, the Ech-B and Ech-Q formulas loaded in ProTox-II showed dramatically
different results for acute toxicity. For the Ech-B form, a toxic LD50 of 16 mg/kg and toxicity class II were
predicted; for Ech-Q, the LD50 was 487 mg/kg and the toxicity class IV was predicted. According to
our experimental data for the determination of intraperitoneal acute toxicity of the Ech A substance in
outbred mice, the LD50 was found to be 153.7 mg/kg (Table S7, Supplementary Materials) and toxicity
class III was determined, which was somewhere between the predicted values for Ech-B and Ech-Q,
confirming the benzenoid-quinonoid equilibrium of Ech A. However, the structure of bis-gem-diol 2

and of other products 3–6 indicated that only one of the possible tautomeric forms (Ech-B) of Ech A
was involved in the oxidation process.

We established the experimental cytotoxicity for two compounds, Ech A (1) and bis-gem-diol
2. The cytotoxicity of 1 and 2 was estimated by methylthiazolyltetrazolium bromide (MTT) assay
using pig embryo kidney (PK) cells and African green monkey kidney (Vero) cells. For Ech A (1), 50%
inhibition of cell viability was observed at 54.4 mkg/mL and 60.5 mkg/mL in PK and Vero cell lines,
respectively [39]. For compound 2, this value was found to be 140 mkg/mL in Vero cells; thus, it had a
weaker toxic effect on normal cells.

With confidence scores of 0.77 and 0.82 for Ech-B and Ech-Q, respectively, it was predicted that
these compounds had mutagenic activity (Table 4). However, as shown in a comprehensive study of
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the mutagenic properties of the Histochrome drug carried out in accordance with the requirements
of the Pharmacological Committee of the Russian Ministry of Health, Histochrome in the range
of 1.0–10 mg/kg does not have the ability to induce chromosomal damage in the bone marrow
cells of C57BL/6 mice, nor does it lead to an increase in the level of spontaneous gene mutations
in Drosophila or induce gene mutations in Salmonella typhimurium (Tables S8–S10, Supplementary
Materials). These results allowed us to conclude that Ech A does not exhibit mutagenic activity, at least
in the range of therapeutic doses. However, there is published evidence of mutagenic activity of Ech
A [33]. In this publication, the source of the drug was not clearly indicated, and neither were its
preparation method or purity. This once again confirms that the standardization of drug substances is
very important. For the implementation of its medicinal properties, not only the structure of the active
substance is important, but also the properties of the drug, determined by the technological process
used for its production.

3. Materials and Methods

3.1. Materials

Drug substance echinochrome A and drug product Histochrome were produced by G.B. Elyakov
Pacific Institute of Bioorganic Chemistry (Vladivostok, Russia). TSKgel Toyopearl HW-40 (TOYO SODA,
Tokyo, Japan), and Sephadex LH-20 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) were used for
column chromatography. HPLC-grade water and acetic acid were purchased from Panreac Quimica
(Barcelona, Spain). MeCN grade 0 was sourced from Cryochrom (Saint Petersburg, Russia). Other
solvents used in this study were of analytical grade. Deuterated solvents acetone-d6, CDCl3, CD3CN,
and Bruker® SampleJet NMR tubes WIMWG10007SJ (178 mm, cap, O.D. 5.0 mm) for NMR experiments
were purchased from Sigma (St. Louis, MO, USA).

3.2. Instruments

Ultraviolet (UV) spectra were recorded using a UV 1800 spectrophotometer (Shimadzu USA
Manufacturing Inc., Canby, OR, USA) and infrared (IR) spectra were obtained on an Equinox 55
Fourier-transform (FT) IR spectrophotometer (Bruker, Rheinstetten, Germany). HR-ESI-MS experiments
were carried out using a Shimadzu hybrid ion trap time-of-flight mass spectrometer (Kyoto, Japan).
The operating settings of the instrument were as follows: electrospray ionization (ESI) source potential,
−3.8 and 4.5 kV for negative and positive polarity ionization, respectively; drying gas (N2) pressure,
200 kPa; nebulizer gas (N2) flow, 1.5 L/min; temperature for the curved desolvation line (CDL) and heat
block, 200 ◦C; detector voltage, 1.5 kV; range of detection, 100–900 m/z. The mass accuracy was below
4 ppm. The data were acquired and processed using Shimadzu LCMS Solution software (v.3.60.361).
The 1H-, 13C-, and two-dimensional (2D) NMR spectra were recorded using NMR Bruker AVANCE
III DRX-700, AVANCE DRX-500, and AVANCE DPX-300 instruments (Bruker, Karlsruhe, Germany).
The chemical shift values (δ) and the coupling constants (J) are given in parts per million and in Hz,
respectively. HMBC spectra were optimized for 5 Hz coupling. The key NMR acquisition parameters
are shown in the Supplementary Materials.

The X-ray experiments for single crystals were performed using a Bruker SMART-1000
Charge-Coupled Detector (CCD) diffractometer (MoKα-radiation, graphite monochromator). Intensity
data were corrected for absorption using the multi-scan method. The structures were solved using
the direct methods and refined by the least-squares calculation in anisotropic approximation for
non-hydrogen atoms. Hydrogen atoms of ethyl groups after checking their presence in a difference
map were placed in geometrically idealized positions and refined in the riding-model approximation.
Hydrogen atoms of water molecules and hydroxyl groups were located in the difference Fourier maps
and refined with Uiso(H) = 1.5Ueq (O). Data collection and editing, as well as refinement of unit cell
parameters, were performed with the SMART [40] and SAINT [41] program packages. All calculations
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on the determination and refinement of the structures were carried out using the SHELXTL/PC
software [42,43].

3.3. HPLC–DAD–MS Analysis

HPLC–DAD–MS was performed using a system consisting of a CBM-20A system controller
(Shimadzu USA Manufacturing Inc., Canby, OR, USA), two LC-20 CE pumps (Shimadzu USA
Manufacturing Inc., Canby, OR, USA), a DGU-20A3 degasser (Shimadzu Corp., Kyoto, Japan),
an SIL-20A autosampler (Shimadzu USA Manufacturing Inc., Canby, OR, USA), a diode-matrix
SPD-M20A (Shimadzu USA Manufacturing Inc., Canby, OR, USA), and a mass-spectrometric detector
LCMS-2020 (Shimadzu Corp., Kyoto, Japan). The separation was carried out on a Discovery HS C18
column (150 × 2.1 mm, 3 μm particle size, Supelco, Bellefonte, PA, USA) with a Supelguard Ascentis
C18 pre-column (2 × 2.1 mm, 3 μm particle size, Supelco, Bellefonte, PA, USA) using a binary gradient
of H2O (A)/MeCN (B) with the addition of 0.2% AcOH at a flow rate of 0.2 mL/min and column
temperature of 40 ◦C. The gradient was as follows: 0–6 min, 10–40% (B); 6–11 min, 40–100% (B);
11–12 min, 100% (B), 12–13 min, 100–10% (B); 13–17 min, 10% (B). The chromatograms were recorded
at 254 nm. Mass spectra were taken in the electrospray ionization (ESI) mode at atmospheric pressure,
recording negative ions (1.50 kV) in the m/z range of 100–900 with the following settings: drying gas,
N2 (10 L/min); nebulizer gas N2 flow, 1.5 L/min; temperature for the curved desolvation line (CDL),
200 ◦C; temperature of heat block, 250 ◦C; interface voltage, 3.5 kV. Before analysis, samples were
filtered through a 0.2 μm polytetrafluoroethylene (PTFE) syringe filter. The injection volume was 5 μL.

3.4. HPLC Method Validation

Linearity of the method was established by using methanolic Ech A solutions containing
50–1500 ng/mL. Each linearity sample was injected in triplicate. The calibration curve was constructed
as linear regression analysis of the peak area versus concentration. The limits of detection (LOD) and
quantification (LOQ) of Ech A were calculated as concentrations at which the signal-to-noise ratio was
below 3 and 10, respectively. The accuracy of the method was established by recovery studies of Ech A
samples (100, 250, 500 ng/mL); data are provided in the Supplementary Materials (Table S1). Accuracy
was expressed as relative standard deviations (RSDs) and recoveries (%). Selectivity was confirmed
through peak purity studies using a DAD detector.

3.5. Oxidation Products Preparation and Isolation

Histochrome from an ampoule (10 mg/mL Ech A, 5 mL) was diluted with distilled water (250 mL),
balanced with atmospheric oxygen, to obtain a solution with an Ech A concentration of 0.2 mg/mL,
pH 7.2. The oxidation was carried out in the light without stirring at ambient temperature. The process
was monitored by HPLC–DAD–MS. When approximately 50% of the Ech A was consumed (after 20 h),
the reaction was stopped by adding hydrochloric acid to pH 2. Unreacted Ech A was removed
from solution by extraction with chloroform. The oxidation products were extracted with ethyl
acetate, the solvent was removed under reduced pressure, and the residue was chromatographed on a
Toyopearl HW-40 TSKgel column in a gradient of 10–50% ethanol containing 0.5% formic acid. From
fractions eluted with 10–30% ethanol compounds were extracted with ethyl acetate and the solvent was
evaporated. As a result, compounds 2, 9, and 10 were isolated. Fractions eluted with 30–50% ethanol
were concentrated in vacuo at 50 ◦C; as a result, echinolactone 11 was obtained from the fraction of
compound 7.

A small portion of oxidation products (10 mg) was dissolved in cold MeOH and treated with
diazomethane in diethyl ether on ice as described [44]. The reaction process was controlled by
HPLC–DAD–MS. After 1 h, the solvent was removed in vacuo, and the residue was subjected to
column chromatography on Sephadex LH-20 eluting with CHCl3/EtOH 8:1. As a result, dimethyl ether
of 7 and methyl ether of 8 were obtained.
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7-ethyl-2,2,3,3,5,6,8-heptahydroxy-2,3-dihydro-1,4-naphthoquinone (2): C12H12O9; UV (ethanol) λmax

256, 320, 391 nm; ESI-MS m/z: 299 [M − H]−; HR-ESI-MS m/z: 299.0399 [M − H]− (calculated for
[C12H11O9]− 299.0409).

4-ethyl-3,5,6-trihydroxy-2-oxalobenzoic acid (7); C11H10O8; UV (CH3CN–H2O) λmax 219, 271, 320 nm;
ESI-MS m/z: 269 [M − H]−; HR-ESI-MS m/z: 269.0304 [M − H]− (calculated for [C11H9O8]− 269.0297).

Dimethyl ether of compound 7: light-yellow powder; C13H14O8; UV (CH3CN–H2O) λmax 224, 250,
324, 384 nm; IR (CDCl3) νmax 3520, 3156, 2975, 2956, 2937, 2878, 2855, 1734, 1683, 1632, 1595 cm−1;
ESI-MS m/z: 297 [M − H]−; 1H- and 13C-NMR (see Table 3).

4-ethyl-2-formyl-3,5,6-trihydroxybenzoic acid (8); C10H10O6; light-yellow powder; UV (CH3CN–H2O)
λmax 270, 320 nm. ESI-MS m/z: 225 [M − H]−; HR-ESI-MS m/z: 225.0405 [M − H]− (calculated for
[C10H9O6]− 225.0399).

Methyl ether of compound 8: C11H12O6; light-yellow powder; UV (CH3CN–H2O) λmax 238, 303,
369 nm; IR νmax (CDCl3) 3011, 2959, 2935, 2878, 2865, 1668, 1634, 1611 cm−1. ESI-MS m/z: 239
[M − H]−; HR-ESI-MS m/z: 239.0570 [M −H]− (calculated for [C11H11O6]− 239.0555); 1H- and 13C-NMR
(see Table 3).

4-ethyl-2,3,5-trihydroxybenzoic acid (9); C9H10O5; light-yellow powder; UV (CH3CN–H2O) λmax

228, 251, 333 nm; IR νmax (CCl4) 3352, 2960, 2928, 2875, 2855, 1642 cm−1. ESI-MS m/z: 197 [M − H]−;
HR-ESI-MS m/z: 197.0452 [M−H]− (calculated for [C9H9O5]− 197.0450); 1H- and 13C-NMR (see Table 3).

3-ethyl-2,5-dihydroxy-1,4-benzoquinone (10); C8H8O4; light-yellow powder; UV (CH3CN–H2O) λmax

228 nm, literature 228 nm [28]; IR νmax (CDCl3) 3366, 2976, 2935, 2878, 1731, 1641 cm−1. ESI-MS m/z: 167
[M −H]−; HR-ESI-MS m/z: 167.0343 [M −H]− (calculated for [C8H7O4]− 167.0344). 1H-NMR (700 MHz,
CDCl3) δ, ppm (J, Hz): 1.21 (3H, t, J = 7.5, CH3), 2.49 (2H, q, J = 7.5, CH2), 6.01 (1H, s, H), 7.54 (2H, s,
OH); 1H- and 13C-NMR data of dimethyl ether of 10 (see Figures S43–S48, Supplementary Materials).

Echinolactone (7-ethyl-5,6-dihydroxy-2,3-dioxo-2,3-dihydrobenzofuran-4-carboxylic acid, 11):
C11H8O7; UV (ethanol) λmax (logε ): 215 (3.4), 331 (2.8), 385 (2.8) nm; IR νmax (CDCl3) 3483, 1838, 1698,
1581 cm−1; ESI-MS m/z: 251 [M − H]−; EI-MS m/z: 252 [M]+. 1H-NMR (300 MHz, CDCl3), δ, ppm: 1.24
(3H, t, J = 7.5, CH3), 2.78 (2H, dd, J = 7.5, CH2), 5.24, (1H, s, OH), 12.88 (1H, s, OH). 13C-NMR (75 MHz,
CD3CN), δ, ppm: 13.3, 17.8, 106.9, 108.8, 121.9, 151.7, 158.6, 160.5, 162.2, 171.5, 178.4.

The main crystal data, data collection, and refinement parameters are presented in Table S4
(Supplementary Materials). The selected geometric parameters of 11 crystal forms are given in
Table S5 (Supplementary Materials). The hydrogen-bond geometry parameters are listed in Table S6
(Supplementary Materials). Crystallographic data for the structures in this study were deposited to
the Cambridge Crystallographic Data Center as supplementary publication No. CCDC 1,822,816 and
1822821; copies of the data can be obtained, free of charge, via an application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, (fax: +44 1223 336,033 or e-mail: deposit@ccdc.cam.ac.uk).

3.6. In Silico Toxicity Studies

The potential acute toxicity, hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity,
and cytotoxicity of Ech A and its degradation products via oral administration were assessed using
ProTox-II [36].

4. Conclusions

In this study, Ech A degradation products formed during oxidation by O2 in air-equilibrated
aqueous solutions were identified, isolated, and structurally characterized. During the oxidation of Ech
A, transformation was found to occur only in the quinonoid ring, with the formation of a hydrogenated
quinonoid cycle with two carbonyl groups and two pairs of geminal hydroxyl groups. The further
oxidation of bis-gem-diol occurred with the cleavage of the dihydroquinonoid ring and a chain of
subsequent decarboxylations.

The HPLC method with DAD and MS detection was developed and validated to monitor the Ech
A degradation process and to identify the appearing compounds. The structural studies and obtained
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HPLC–MS parameters of the main Ech A oxidation products are of great interest from the point of
view of investigation of the chemical properties of drug substances and for developing methods for
monitoring the quality of drugs and food additives obtained from sea urchin pigments, in addition to
their stability.

In recent years, there has also been a growing interest in the environmental significance of methods
to characterize the destruction of pharmaceutical compounds and study their toxic properties in order
to avoid the accumulation of these compounds in nature.

The in silico toxicity studies performed using ProTox-II webserver revealed that Ech A oxidative
degradation products do not exhibit mutagenic properties, and their toxicity values were much lower
than that of Ech A. This means that the spontaneous formation of these degradation products in
preparations using Ech A would not be harmful to patients.

Supplementary Materials: The following are available online: Figure S1. The UV-Vis spectrum of Histochrome
(blue) and Echinochrome A (black) in ethanol solution containing 1 mM HCl; Figure S2. Change in the concentration
of echinochrome A during the oxidation of a 1% histochrome solution; Table S1. Accuracy and reproducibility of
the quantification of echinochrome A (1) using HPLC method; Figure S3. HRESIMS (negative mode) data for
methyl ethers of Ech A oxidation products obtained by methylation with methyl iodide; Table S2. HRESIMS
(negative mode) data for methyl ethers of Ech A oxidation products obtained by methylation with methyl iodide;
Table S3. ESIMS (negative mode) data for methyl ethers of Ech A oxidation products obtained by methylation
with diazomethane; Figures S4 and S5. IR spectrum (CDCl3) of compound 7 dimethyl ether; Figures S6 and S7. IR
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Abstract: A series of new tetracyclic oxathiine-fused quinone-thioglycoside conjugates based on
biologically active 1,4-naphthoquinones and 1-mercapto derivatives of per-O-acetyl d-glucose,
d-galactose, d-xylose, and l-arabinose have been synthesized, characterized, and evaluated for
their cytotoxic and antimicrobial activities. Six tetracyclic conjugates bearing a hydroxyl group
in naphthoquinone core showed high cytotoxic activity with EC50 values in the range of 0.3 to
0.9 μM for various types of cancer and normal cells and no hemolytic activity up to 25 μM. The
antimicrobial activity of conjugates was screened against Gram-positive bacteria (Staphylococcus aureus,
Bacillus cereus), Gram-negative bacteria (Pseudomonas aeruginosa and Escherichia coli), and fungus
Candida albicans by the agar diffusion method. The most effective juglone conjugates with d-xylose
or l-arabinose moiety and hydroxyl group at C-7 position of naphthoquinone core at concentration
10 μg/well showed antimicrobial activity comparable with antibiotics vancomicin and gentamicin
against Gram-positive bacteria strains. In liquid media, juglone-arabinosidic tetracycles showed
highest activity with MIC 6.25 μM. Thus, a positive effect of heterocyclization with mercaptosugars
on cytotoxic and antimicrobial activity for group of 1,4-naphthoquinones was shown.

Keywords: 1,4-naphthoquinones; quinoid compounds; thioglycosides; quinone-sugar conjugates;
cytotoxic activity; antibiotic activity

1. Introduction

Naphthoquinones represent one of the largest families of natural products and are widespread in
nature. They were isolated from plants, marine invertebrates, fungi, and bacteria [1]. Naphthoquinones
revealed a diverse spectrum of activities: anticancer [2–4], antibacterial [5,6], anti-infective [7],
antimalarial [8], and cardioprotective action [9]. The quinone ring contains a system of double bonds
conjugated with carbonyl groups: it is easily susceptible to reduction, oxidation, and addition of O-, N-,
and S-nucleophiles [10,11]. The high reactivity of naphthoquinones and the well-developed methods
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of its chemical modification make this group of compounds attractive for the profound development
of new types of substances with high biological activity [12].

Studies are continuing on the antimicrobial activity of 1,4-naphthoquinones in relation to various
microbial pathogens that are dangerous as sources of fatal diseases, epidemics, and nosocomial
infections. In some cases, not only was the direct effect of new compounds on microbial cells
investigated, but also their effect on the viability of biofilms formed by reproducing microorganisms.
Thus, a series of new 2-hydroxy-3-phenylsulfanylmethyl-1,4-naphthoquinones were synthesized and
evaluated against Gram-negative and Gram-positive bacterial strains and their biofilms to probe
for potential lead structures. The structure modification applied in the series resulted in 12 new
naphthoquinones with pronounced antimicrobial activity against Escherichia coli and Pseudomonas
aeruginosa. Four molecules showed anti-biofilm activity and inhibited biofilm formation more than
60% with a better profile than standard antibacterial drug, ciprofloxacin [13,14].

Naphthoquinones often possess poor solubility which has hampered their practical use. The
conjugation of naphthoquinones with non-toxic carbohydrates is one of the most successful ways for
improving their solubility [15–19]. Moreover, the conjugation of naphthoquinones with carbohydrates
led to novel structures with new types of biological activity [20,21]. Such naphthoquinone–carbohydrate
conjugates include classical O- and S-glycosides (carbohydrates linked directly to naphthoquinone
via glycosidic bond), non-glycosidic conjugates (connection with the carbohydrate component via
not glycosidic ether linkage), and N-glycosyl triazoles (a triazolic ring connecting the carbohydrate
moiety to naphthoquinone). In the course of our drug research project we developed an effective
method for preparation of naphthoquinone acetylthioglucosides by the condensation of available
substituted chloromethoxynaphthoquinone 1 with per-O-acetyl-1-thioderivatives of d-glucose 2a,
d-galactose 2b, d-xylose 2c, and l-arabinose 2d and obtained related naphthoquinone acetylglucosides
3a–d [22]. These acetylglycoside derivatives, 3a–d, were readily deacetylated with MeONa/MeOH and
immediately converted to the quinone–sugar tetracyclic conjugates 4a–d in good yields (Scheme 1).
The tetracyclic quinone–carbohydrate conjugates 4a–d had a linear planar structure and retained the
stereochemistry of the starting sugars.

 
Scheme 1. Synthetic route for the synthesis of fused tetracyclic conjugates 4a–d.

The obtained sugar–quinone tetracycles were converted to acetyl derivatives by treatment with
Ac2O/Py. Both synthesized tetracyclic quinone conjugates and their acetylated tetracyclic derivatives
were active in vitro against human promyelocytic leukemia HL-60 in 1.0–5.0 μM concentrations, while
starting acyclic acetylglycosides were approximately 10–100 times less active [23].

2. Results and Discussion

The synthesis of tetracyclic oxathiine-fused glycoside naphthoquinone conjugates can provide
bioactive compounds, and the variation of naphthoquinone and carbohydrate moieties allows a
structure–activity relationship (SAR) study. Therefore, this work aimed to conjugate per-O-acetylated
1-thiosugars 2a–d with various substituted 1,4-naphthoquinones. The key intermediates,
per-O-acetylated 1-thiosugars 2a–d, were prepared from the respective peracetylated glycosyl halides
(d-glucose, d-galactose, d-xylose, and l-arabinose) using reducing cleavage of its thiouronium salt with
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sodium metabisulfite according to literature procedures [24–26]. Sugar thioderivatives comprise two
pairs of structurally related carbohydrates: hexopyranoses of d-glucose and d-galactose, as well as
pentopyranoses of d-xylose and l-arabinose, which differ in the configuration of the C4-OH group.

2.1. Preparation of Starting Chloro(bromo)methoxynaphthoquinones

The starting substituted 2-chloro-3,5,8-trimethoxy-1,4-naphthoquinones 5 and 6 were prepared
by treatment of appropriated 2,3-dichloro-5,8-dimethoxynaphtalene-1,4-dione and 2,3,6,7-tetrachloro-
5,8-dimethoxynaphtalene-1,4-dione with AcONa in dry methanol at reflux as described earlier [27]
(Figure 1). Bromination of available hydroxyjuglone derivatives 7 and 8 in chloroform solution
according to the work in [28] led to bromoquinones 9 and 10 in good yields, 92%. Subsequent treatment
of quinones 9 and 10 in 1,4-dioxane with 0.2 M ethereal diazomethane solution and crystallization
from MeOH gave a second pair of initial bromomethoxyjuglones 11 and 12 in yields 85% (Scheme 2),
which were identical to such compounds described in [29].

Figure 1. Starting derivatives of 5,8-dimethoxy-1,4-naphthoquinone.

 
Scheme 2. Reagents and conditions for synthesis juglone bromomethoxyderivatives 11 and 12: (i) Br2,
H2O2, CHCl3, rt; (ii) CH2N2/1,4-dioxane.

2.2. Synthesis of 3-Acetylthioglycosides of 2-Methoxynaphthoquinones 13a–d–16a–d

Then, four substituted 1,4-naphthoquinones—5, 6, 11, and 12—were condensed in acetone with
per-O-acetylated 1-thiosugars 2a–d at equimolar ratio of quinone: thiosugar under base conditions
in presence of K2CO3 according the procedure described in our previous work [22] (Scheme 1). This
condensation led to acetylated thioglycosides of 1,4-naphthoquinones 13a–d–16a–d in good yields,
71–91% (Figure 2). The structures of new compounds were proved by NMR, IR spectroscopy, and HR
mass spectrometry. The 1′,2′-trans-configuration of glycosidic bond was confirmed by the value of
anomeric proton doublets (J1′,2′ = 7.5–10.2 Hz) in 1H-NMR spectra. The other spectral characteristics of
the naphthoquinone methoxyderivatives 13a–d–16a–d were in a good agreement with their proposed
structures (see also Supplementary Materials file).

 
Figure 2. Acetylated thioglycosides of substituted methoxy-1,4-naphthoquinones.
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2.3. Preparation of Naphthoquinone–Sugar Tetracyclic Conjugates

Under the base treatment by MeONa/MeOH thioglycosides 13a–d–16a–d were readily converted
in tetracycles 17a–d–20a–d in good yields 82–97% (Figure 3). It is evident that tetracyclic
quinone–glucoside conjugates 17a–d–20a–d were formed from methoxyglucosides 13a–d–16a–d

through deacetylation stage and intramolecular nucleophilic substitution of the methoxy group by
sugar C2-OH group.

 

Figure 3. Synthesized 1,4-naphthoquinone-thioglycoside tetracyclic conjugates.

This process proceeds with retention of the configuration of all asymmetric centers of the
carbohydrate portion and formation of linear tetracyclic structure. The alternative angular structure
for the obtained tetracycles 17a–d–20a–d was rejected based upon on the direct comparison with the
spectral data of similar angular tetracycles, which we obtained earlier [30].

2.4. Biological Evaluation

2.4.1. Cytotoxic Activity

Tetracyclic conjugates 17a–d–20a–d and 5-hydroxy-1,4-naphthoquinone (juglone) were examined
for cytotoxicity against three cancer cell lines and two normal cell lines such as human cervical cancer
(HeLa), mouse neuroblastoma (Neuro 2a), mouse ascites Ehrlich carcinoma, mouse normal epithelial
cell line (JB6 Cl 41-5a), and mouse blood erythrocytes. Known cytotoxic agent cucumarioside A2-2 [31]
was used as positive control. The results are presented in Table 1.

Conjugates 17a,c,d with a 7,10-dimethoxynaphthoquinone core were inactive for all cell lines at
EC50 value ≤ 25 μM. Galactoside derivative 17b had poor solubility in DMSO, which did not allow for
the measurement its activity. Introduction of two chlorine atoms in a 7,10-dimethoxynaphthoquinone
core led to tetracyclic 8,9-dichloroderivatives 18a–d with better solubility and promising activity in
EC50 values ranging from 1.1 to 10.9 μM. Among the substances of this group, galactoside derivative
18b showed the best activity against ascites Ehrlich carcinoma cell line with EC50 value 1.1 μM.

The following two groups of tetracycles, 19a–d and 20a–d, are conjugates of thiosaccharides 2a–d

with derivatives of 5-hydroxy-1,4-naphthoquinone 11–12. Among them, six substances had promising
values, EC50 < 1 μM. In the group of tetracycles 19a–d, bearing a hydroxyl group at position 10, only
hexapyranoside derivatives d-Glc 19a and d-Gal 19b showed the high cytotoxic activity with EC50

values in the range of 0.6 to 0.9 μM, while all tetracycles 20a–d, bearing hydroxyl group at position 7,
revealed highly toxic compounds with EC50 0.3–0.7 μM for various types of cells. Mouse epithelial
Jb6 cells were more susceptible to the action of juglone tetracyclic derivatives 20a–d. As evidenced
from Table 1, the presence of a hydroxy group in the naphthoquinone scaffold led to the formation
of naphthoquinone tetracycles 19a–b–20a–b with promising cytotoxicity. However, unsubstituted
5-hydroxy-1,4-naphthoquinone (juglone) did not show any cytotoxic activity up to 100 μM. This fact
proves the positive effect of heterocyclization on tetracycles cytotoxicity. Moreover, it was shown that
all tested compounds did not cause lysis of murine erythrocytes up to 25 μM.

For all cytotoxic compounds 18a–d–20a–d their selectivity index (SI) was calculated (Table 2).
Among the tested tetracycles, the most selective substance was 19a in relation to all studied lines of
tumor cells. In comparison to non-tumor mouse epithelial Jb6 Cl 41-5a cells, the selectivity index for
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Ehrlich carcinoma cells was 9.3, for HeLa—1.5, and for Neuro-2a cell cuture—1.4. Compounds 18b and
19d also showed rather high values of the selectivity index for Ehrlich carcinoma cells with SI = 2.6 and
SI = 2.1, respectively. On HeLa cells, the most active compounds were 19a, 19d, and 20d, with SI > 1.

Table 1. Cytotoxicity (EC50) of oxathiine fused 1,4-naphthoquinone tetracycles on cancer and non-cancer
cell lines (μM).

Compound
Tested Cell Lines

Neuro 2a * HeLa * Ascites Ehrlich Carcinoma ** Jb6 Cl 41-5a *

17a >25 >25 >25 >25

17b - *** - - -

17c >25 >25 >25 >25

17d >25 >25 >25 >25

18a 2.4 10.9 8.8 1.5

18b 2.9 8 1.1 2.9

18c 4.1 10.1 4.5 3.8

18d 2.8 8.7 4.1 4.3

19a 4.1 3.7 0.6 5.6

19b 2.3 2.7 0.7 0.9

19c 13.3 4.9 7.4 5.9

19d 2.2 1.3 1.1 2.3

20a 0.7 6.3 2.7 0.7

20b 1.2 4.7 1.1 0.5

20c 2.2 2.3 0.7 0.3

20d 1.4 0.4 1.2 0.7

Juglone >100 >100 >100 >100

Cucumarioside A2-2 37.5 42.4 18.5 15.1

* Cytotoxicity evaluation with MTT reagent; ** cytotoxicity evaluation with with FDA; *** non-tested due to
poor solubility.

Table 2. Tumor cell selectivity (Selectivity Index (SI)) of tested tetracycles 18a–d–20a–d.

Compound Neuro-2a HeLa Ascitic Erclich Carcinoma

18a 0.6 0.1 0.2

18b 1 0.4 2.6

18c 0.9 0.4 0.8

18d 1.5 0.5 1

19a 1.4 1.5 9.3

19b 0.4 0.3 1.3

19c 0.4 1.2 0.8

19d 1 1.8 2.1

20a 1 0.1 0.3

20b 0.4 0.1 0.5

20c 0.1 0.1 0.4

20d 0.5 1.75 0.6

Cucumarioside A2-2 0.4 0.4 0.8

99



Molecules 2020, 25, 3577

2.4.2. Antimicrobial Activity

All synthesized tetracyclic conjugates 17a–b–20a–b and 5-hydroxy-1,4-naphthoquinone (juglone)
were screened by the agar diffusion method for antibacterial activity against two strains of Gram-positive
bacteria (S. aureus ATCC 21027; B. cereus ATCC 10702), two strains of Gram-negative bacteria (P.
aeruginosa ATCC 27853; E. coli K-12), and antifungal activity against fungus C. albicans KMM 453 from
the Collection of Marine Microorganisms (KMM) of the G.B. Elyakov Pacific Institute of Bioorganic
Chemistry. Commercial antibacterial drugs (vancomicin and gentamicin) and antifungal (clotrimazol)
drugs were used as positive controls. Compound concentrations and diameter of inhibition zone are
presented in Table 3.

Table 3. Antimicrobial activity (zone inhibition) of oxathiine fused 1,4-naphthoquinone-
thioglucoside tetracycles.

Compound
Compound

Concentration
(μg/well)

Diameter of Zone Inhibition (mm)

Gram-Positive Strains Gram-Negative Strains Fungus

S. aureus B. cereus P. aeruginosa E. coli C. albicans

17a 100 0 0 0 0 0

17b 100 0 + 0 0 0

17c 100 0 0 0 0 0

17d 100 0 0 0 0 8 ± 2

18a 100 + 0 0 0 0

18b 100 0 0 0 0 0

18c 100 10 ± 2 16 ± 3 0 0 0

18d 100 10 ± 2 16 ± 2 0 0 0

19a 100 0 0 0 0 0

19b 100 0 8 ± 2 0 0 0

19c 100 8 ± 1 10 ± 2 0 0 0

19d 100 20 ± 3 25 ± 2 0 0 0

20a

100 30 ± 2 22 ± 1 0 0 0

10 10 ± 2 10 ± 2 − − −
1 0 0 − − −

20b

100 30 ± 2 20 ± 1 0 0 0

10 0 10 ± 2 − − −
1 0 0 − − −

20c

100 30 ± 2 25 ± 1 0 0 8 ± 1

10 25 ± 3 22 ± 2 − − −
1 + + − − −

20d

100 40 ± 2 30 ± 3 0 0 0

10 25 ± 3 23 ± 2 − − −
1 0 + − − −

Juglone 100 0 0 12 ± 2 0 −
Gentamicin

(disk) 10 25 ± 2 25 ± 1 18 ± 2 22 ± 3 −
Vancomicin

(disk) 30 20 ± 2 20 ± 3 0 0 −
Clotrimazol

(disk) 10 − − − − 15 ± 2

Zones within 20–40 mm mean strong antibiotic activity, zones up to 20 mm—moderate, ≤10 mm—weak,
+—insignificant (−means that the study was not conducted).
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Conjugates 17a–c with a 7,10-dimethoxynaphthoquinone core were inactive to Gram-positive and
Gram-negative bacteria in concentrations of 100 μg/well. Only one of these conjugates—17d, based
on l-arabinose, revealed weak activity against C. albicans. Conjugates 18c,d with two chlorine atoms
in their naphthoquinone skeleton showed moderate activity against Gram-positive strains S. aureus
and B. cereus at a concentration of 100 μg/well, but also were not active to Gram-negative bacteria and
fungus C. albicans. As evidenced from Table 3, tetracycles 19b–d, bearing a hydroxyl group at C-10
atom of naphthoquinone core, showed various antimicrobial activity levels to Gram-positive bacteria
from weak activity for tetracycle 19b, to strong activity for compound 19d.

Sugar tetracylic conjugates 20a–d, with a hydroxyl group at the C-7 atom of their naphthoquinone
core, constituted the most effective set of antimicrobials among tested compounds 17a–d–20a–d. All
these compounds, 20a–d, have an inhibition zone diameter of 22–40 mm at concentration 100 μg/well
and kept the value of inhibition zone in the range of 10 to 25 mm for the concentration 10 μg/well.
At a concentration of 10 μg/well, the most effective conjugates with d-xylose 20c and l-arabinose
20d showed antimicrobial activity comparable with antibiotics vancomicin and gentamicin, and
these ones retained residual effect upon dilution to 1 μg/well for Gram-positive strains. Surprisingly,
5-hydroxy-1,4-naphthoquinone (juglone) showed moderate activity against only P. aeruginosa. Thus,
heterocyclization with 1-thiosugars leads to an increase of antibiotic activity, especially against the S.
aureus strain.

The antimicrobial activity for the most active compounds, 19d and 20a–d, was also determined
against S. aureus by the minimum inhibitory concentration (MIC) using the broth microdilution method.
As it follows from Table 4, juglone derivatives 19d and 20d with d-arabinose moiety showed highest
antibacterial activity with a MIC of 6.25 μM. The worse activity for 19d in the agar medium test is
probably associated with interactions with agar molecules in the medium. In comparison to non-tumor
mouse epithelial Jb6 Cl 41-5a cells, no selective inhibitory activity on bacterial cells was observed, as SI
< 1.

Table 4. Minimum inhibitory concentration (MIC, μM) and selectivity index (SI) of testing compounds
against S. aureus.

Compound MIC SI

19d 6.25 0.4
20a 25.0 -
20b 25.0 -
20c 12.5 0.02
20d 6.25 0.1

Juglone >100.0 -

3. Materials and Methods

3.1. General Information

All reagents were obtained from commercial suppliers and were used without additional
purification. All solvents were distilled before use. Melting points were determined by using a
Boetius apparatus (VEB Analytic, Dresden, Germany) and are uncorrected. IR spectra were recorded
in KBr pellets or in CHCl3 by using a Bruker Equinox 55 spectrophotometer (Bruker Optik GmbH,
Ettlingen, Germany). 1H-NMR spectra were recorded on a Bruker Avance III-500 HD (500 MHz) or a
Bruker Avance III-700 (700 MHz) spectrometer (Bruker Corporation, Bremen, Germany) with CDCl3
or DMSO-d6 as the solvent and TMS as the internal standard. 13C-NMR spectra were recorded on
a Bruker Avance III HD-500 spectrometer at 125 MHz or a Bruker Avance III-700 spectrometer at
176 MHz. ESI mass spectra were recorded on an Agilent 6510 Q-TOF LC/MS instrument (Agilent,
Santa Clara, CA, USA). Silufol UV–Vis TLC plates (Sklarny Kavalier, Votitsa, Czech Republic) treated
with HCl vapor were used for analytical TLC. Preparative TLC was performed on silica gel 60 Merck
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(40–60 μm). TLC plates were developed in system A (hexane–benzene–acetone (2:1:1 v/v)), system B
(hexane–benzene–acetone (2:1:2 v/v)), or system C (benzene–EtOAc–MeOH (7:4:2 v/v)).

3.2. Synthesis

3.2.1. General Procedure for Synthesis of Acetylated Thioglycosides 13a–d–16a–d

2-Chloro(bromo)-3-methoxyquinone, 5, 6, 11, and 12 (0.50 mM), and per-O-acetylated
1-mercaptosugar derivatives 2a–d (0.55 mM) were dissolved in acetone (30 mL) and 76 mg (0.55 mM) of
dry finely powdered K2CO3 was added. The resulting mixture was stirred for 2 h at room temperature
until the consumption of thioglicose and conversion of starting quinone. Precipitate of inorganic salt
was filtered, the filtrate was dried in a vacuum, and the residue was subjected to preparative TLC
(system B for 13a–d and system A for others). The main fraction was washed off from silica gel with
acetone, dried, and recrystallized from MeOH to give pure thioglycoside 13a–d–16a–d.

2-(2,3,4,6-Tetra-O-acetyl-β-d-glucopyranosyl-1-thio)-3,5,8-trimethoxy-1,4-naphthoquinone (13a); yield 276
mg (90%), orange solid, Rf 0.37 (B), m.p. 162–165 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 1.97 (s, 3H,
COCH3), 2.00 (s, 3H, COCH3), 2.01 (s, 3H, COCH3), 2.06 (s, 3H, COCH3), 3.70 (m, 1H, H-5′), 3.93 (s,
3H, -OCH3), 3.94 (s, 3H, -OCH3), 3.99 (dd, 1H, J = 12.4, 1.9 Hz, H-6′a), 4.14 (s, 3H, -OCH3), 4.20 (dd,
1H, J = 12.4, 4.5, Hz, H-6′b), 5.10 (t, 1H, J = 9.6 Hz, H-2′), 5.12 (t, 1H, J = 9.7 Hz, H-4′), 5.26 (t, 1H, J = 9.2
Hz, H-3′), 5.61 (d, 1H, J = 10.1 Hz, H-1′), 7.23 (d, 1H, J = 9.5 Hz, Ar-H), 7.27 (d, 1H, J = 9.5 Hz, Ar-H).
13C-NMR(125 MHz, CDCl3), δ: 20.6 (3 × COCH3), 20.7 (COCH3), 56.9 (-OCH3), 57.1 (-OCH3), 61.1
(-OCH3), 61.8 (C-6′), 68.2 (C-4′), 71.2 (C-2′), 74.1 (C-3′), 75.7 (C-5′), 80.7 (C-1′), 119.4, 120.5, 120.7, 122.2,
126.9 (C-2), 153.0, 153.7, 158.3 (C-3), 169.3 (COCH3), 169.4 (COCH3), 170.2 (COCH3), 170.6 (COCH3),
178.0, 181.4. IR (CHCl3): 3050, 2943, 2842, 1755, 1663, 1597, 1571, 1479, 1463, 1435, 1413, 1368, 1334, 1270,
1243, 1210, 1193 cm−1. HRMS (ESI): m/z [M − H]− calcd. for C27H29O14S 609.1284, found 609.1281.

2-(2,3,4,6-Tetra-O-acetyl-β-d-galactopyranosyl-1-thio)-3,5,8-trimethoxy-1,4-naphthoquinone (13b); yield 253
mg (82.5%), orange solid, Rf 0.37 (B), m.p. 99–101 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 1.94 (s, 3H,
COCH3), 1.98 (s, 3H, COCH3), 2.08 (s, 3H, COCH3), 2.13 (s, 3H, COCH3), 3.91 (m, 1H, H-5′), 3.93 (s,
3H, -OCH3), 3.95 (s, 3H, -OCH3), 4.02 (m, 2H, H-6′a, H-6′b), 4.14 (s, 3H, -OCH3), 5.10 (dd, 1H, J = 9.9,
3.5 Hz, H-3′), 5.31 (t, 1H, J = 10.0 Hz, H-2′), 5.42 (m, 1H, H-4′), 5.59 (d, 1H, J = 10.2 Hz, H-1′), 7.23 (d,
1H, J = 9.5 Hz, Ar-H), 7.27 (d, 1H, J = 9.5 Hz, Ar-H). 13C-NMR(125 MHz, CDCl3), δ: 20.5 (COCH3),
20.6 (2 × COCH3), 20.8 (COCH3), 56.9 (-OCH3), 57.0 (-OCH3), 61.0 (C-6′), 61.1 (-OCH3), 67.2 (C-4′),
68.4 (C-2′), 72.0 (C-3′), 74.3 (C-5′), 81.5 (C-1′), 119.4, 120.5, 120.6, 122.1, 126.9 (C-2), 153.1, 153.7, 158.5
(C-3), 169.6 (COCH3), 170.0 (2 × COCH3), 170.2 (COCH3), 178.1, 181.3. IR (CHCl3): 3054, 3006, 2941,
2842, 1750, 1663, 1597, 1571, 1479, 1463, 1435, 1413, 1372, 1334, 1270, 1251, 1185, 1155, 1085, 1060, 1022
cm−1. HRMS (ESI): m/z [M − H]− calcd. for C27H29O14S 609.1284, found 609.1283.

2-(2,3,4-Tri-O-acetyl-β-d-xylopyranosyl-1-thio)-3,5,8-trimethoxy-1,4-naphthoquinone (13c); yield 230 mg
(85%), orange solid, Rf 0.39 (B), m.p. 197–199 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 2.04 (s, 3H, COCH3),
2.06 (s, 3H, COCH3), 2.08 (s, 3H, COCH3), 3.39 (dd, 1H, J = 11.9, 8.3 Hz, H-5′a), 3.93 (s, 3H, -OCH3),
3.95 (s, 3H, -OCH3), 4.15 (s, 3H, -OCH3), 4.21 (dd, 1H, J = 11.9, 4.7 Hz, H-5′b), 4.94 (m, 1H, H-4′), 5.04
(t, 1H, J = 8.0 Hz, H-2′), 5.20 (t, 1H, J = 8.0 Hz, H-3′), 5.60 (d, 1H, J = 8.0 Hz, H-1′), 7.24 (d, 1H, J =
9.5 Hz, Ar-H), 7.27 (d, 1H, J = 9.5 Hz, Ar-H). 13C-NMR(125 MHz, CDCl3), δ: 20.7 (3 × COCH3), 56.9
(-OCH3), 57.1 (-OCH3), 61.2 (-OCH3), 64.9 (C-5′), 68.6 (C-4′), 70.6 (C-2′), 71.7 (C-3′), 81.6 (C-1′), 119.4,
120.6, 120.8, 122.0, 126.6 (C-2), 153.3, 153.8, 159.4 (C-3), 169.4 (COCH3), 169.7 (COCH3), 169.8 (COCH3),
178.3, 181.3. IR (CDCl3): 3054, 3018, 3006, 2942, 2842, 1752, 1663, 1597, 1571, 1478, 1463, 1435, 1413,
1371, 1334, 1272, 1248, 1210, 1185, 1062, 1024 cm−1. HRMS (ESI): m/z [M − H]− calcd. for C24H25O12S
537.1072, found 537.1073.

2-(2,3,4-Tri-O-acetyl-α-l-arabinopyranosyl-1-thio)-3,5,8-trimethoxy-1,4-naphthoquinone (13d); yield 236 mg
(87.2%), dark orange solid, Rf 0.39 (B), m.p. 92–94 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 2.07 (s, 3H,
COCH3), 2.10 (s, 3H, COCH3), 2.11 (s, 3H, COCH3), 3.64 (dd, 1H, J = 12.6, 2.3 Hz, H-5′a), 3.92 (s, 3H,
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-OCH3), 3.94 (s, 3H, -OCH3), 4.08 (dd, 1H, J = 12.6, 4.3 Hz, H-5′b), 4.15 (s, 3H, -OCH3), 5.14 (dd, 1H, J =
8.2, 3.4 Hz, H-3′), 5.27 (m, 1H, H-4′), 5.31 (t, 1H, J = 7.9 Hz, H-2′), 5.60 (d, 1H, J = 7.9 Hz, H-1′), 7.23 (d,
1H, J = 9.5 Hz, Ar-H), 7.26 (d, 1H, J = 9.5 Hz, Ar-H). 13C-NMR(125 MHz, CDCl3), δ: 20.7 (COCH3), 20.8
(COCH3), 20.9 (COCH3), 56.9 (-OCH3), 57.2 (-OCH3), 61.2 (-OCH3), 65.3 (C-5′), 67.6 (C-4′), 69.2 (C-2′),
70.3 (C-3′), 81.8 (C-1′), 119.4, 120.6, 120.7, 122.1, 127.1 (C-2), 153.2, 153.7, 159.1 (C-3), 169.5 (COCH3),
169.8 (COCH3), 170.2 (COCH3), 178.3, 181.4. IR (CHCl3): 3054, 3005, 2941, 2841, 1747, 1661, 1597, 1570,
1478, 1463, 1435, 1412, 1372, 1335, 1272, 1250, 1185, 1159, 1105, 1087, 1060, 1022 cm−1. HRMS (ESI): m/z
[M − H]− calcd. for C24H25O12S 537.1072, found 537.1070.

2-(2,3,4,6-Tetra-O-acetyl-β-d-glucopyranosyl-1-thio)-6,7-dichloro-3,5,8-trimethoxy-1,4-naphthoquinone (14a);
yield 279 mg (82%), yellow solid, Rf 0.48 (A), m.p. 103–105 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 1.96
(s, 3H, COCH3), 2.01 (s, 3H, COCH3), 2.02 (s, 3H, COCH3), 2.08 (s, 3H, COCH3), 3.67 (m, 1H, H-5′),
3.98 (s, 6H, 2 × -OCH3), 4.01 (dd, 1H, J = 12.6, 2.2 Hz, H-6′a), 4.15 (s, 3H, -OCH3), 4.18 (dd, 1H, J =
12.6, 4.7 Hz, H-6′b), 5.10 (m, 2H, H-2′, H-4′), 5.27 (t, 1H, J = 9.3 Hz, H-3′), 5.60 (d, 1H, J = 10.2 Hz,
H-1′). 13C-NMR(125 MHz, CDCl3), δ: 20.5 (2 × COCH3), 20.6 (2 × COCH3), 61.3 (-OCH3), 61.8 (C-6′),
62.3 (-OCH3), 62.4 (-OCH3), 68.1 (C-4′), 71.1 (C-2′), 74.0 (C-3′), 76.0 (C-5′), 80.4 (C-1′), 124.1, 125.7,
127.6 (C-2), 136.2, 136.9, 152.6, 153.0, 158.3 (C-3), 169.3 (COCH3), 169.4 (COCH3), 170.1 (COCH3), 170.5
(COCH3), 176.4, 179.7. IR (CHCl3): 3050, 2944, 2857, 1756, 1670, 1581, 1547, 1459, 1440, 1380, 1326, 1304,
1241, 1207, 1194, 1030 cm−1. HRMS (ESI): m/z [M − H]− calcd. for C27H27Cl2O14S 677.0504, found
677.0504.

2-(2,3,4,6-Tetra-O-acetyl-β-d-galactopyranosyl-1-thio)-6,7-dichloro-3,5,8-trimethoxy-1,4-naphthoquinone
(14b); yield 302 mg (88.8%), orange solid, Rf 0.48 (A), m.p. 80–81 ◦C. 1H-NMR (500 MHz, CDCl3),
δ: 1.95 (s, 3H, COCH3), 1.99 (s, 3H, COCH3), 2.09 (s, 3H, COCH3), 2.14 (s, 3H, COCH3), 3.90 (m,
1H, H-5′), 3.98 (s, 6H, 2 × -OCH3), 4.03 (m, 2H, H-6′a, H-6′b), 4.16 (s, 3H, -OCH3), 5.11 (dd, 1H, J =
9.9, 3.5 Hz, H-3′), 5.30 (t, 1H, J = 10.0 Hz, H-2′), 5.42 (m, 1H, H-4′), 5.57 (d, 1H, J = 10.2 Hz, H-1′).
13C-NMR(125 MHz, CDCl3), δ: 20.5 (2 × COCH3), 20.6(COCH3), 20.7 (COCH3), 61.2 (C-6′), 61.7
(-OCH3), 62.3 (-OCH3), 62.4 (-OCH3), 67.2 (C-4′), 68.3 (C-2′), 71.9 (C-3′), 74.6 (C-5′), 81.3 (C-1′), 124.1,
125.6, 127.7 (C-2), 136.2, 136.9, 152.7, 153.0, 158.4 (C-3), 169.6 (COCH3), 170.0 (COCH3), 170.2 (COCH3),
170.3 (COCH3), 176.5, 179.7. IR (CHCl3): 3053, 3007, 2944, 2856, 1751, 1670, 1580, 1459, 1440, 1380, 1326,
1304, 1245, 1191, 1113, 1086, 1059, 1028 cm−1. HRMS (ESI): m/z [M − H]− calcd. for C27H27Cl2O14S
677.0504, found 677.0501.

2-(2,3,4-Tri-O-acetyl-β-d-xylopyranosyl-1-thio)-6,7-dichloro-3,5,8-trimethoxy-1,4-naphthoquinone (14c); yield
263 mg (86.5%), dark orange solid, Rf 0.52 (A), m.p. 132–134 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 2.04
(s, 3H, COCH3), 2.07 (s, 3H, COCH3), 2.10 (s, 3H, COCH3), 3.36 (dd, 1H, J = 11.8, 8.6 Hz, H-5′a), 3.97
(s, 3H, -OCH3), 3.98 (s, 3H, -OCH3), 4.15 (s, 3H, -OCH3), 4.18 (dd, 1H, J = 11.8, 5.0 Hz, H-5′b), 4.95
(m, 1H, H-4′), 5.04 (t, 1H, J = 8.2 Hz, H-2′), 5.22 (t, 1H, J = 8.2 Hz, H-3′), 5.57 (d, 1H, J = 8.2 Hz, H-1′).
13C-NMR(125 MHz, CDCl3), δ: 20.7 (3 × COCH3), 61.3 (-OCH3), 62.3 (2×-OCH3), 65.2 (C-5′), 68.5
(C-4′), 70.7 (C-2′), 71.9 (C-3′), 81.3 (C-1′), 124.1, 125.4, 127.6 (C-2), 136.2, 136.9, 152.8, 153.0, 159.1 (C-3),
169.4 (COCH3), 169.7 (COCH3), 169.9 (COCH3), 176.7, 179.7. IR (CHCl3): 3054, 3019, 3006, 2944, 2857,
1754, 1671, 1580, 1547, 1459, 1440, 1380, 1326, 1304, 1246, 1190, 1114, 1067, 1029 cm−1. HRMS (ESI): m/z
[M − H]− calcd. for C24H23Cl2O12S 605.0293, found 605.0291.

2-(2,3,4-Tri-O-acetyl-α-l-arabinopyranosyl-1-thio)-6,7-dichloro-3,5,8-trimethoxy-1,4-naphthoquinone (14d);
yield 276 mg (90.8%), dark orange solid, Rf 0.50 (A), m.p. 79–81 ◦C. 1H-NMR (500 MHz, CDCl3), δ:
2.07 (s, 3H, COCH3), 2.11 (s, 6H, 2 × COCH3), 3.63 (dd, 1H, J = 12.7, 1.9 Hz, H-5′a), 3.96 (s, 3H, -OCH3),
3.98 (s, 3H, -OCH3), 4.06 (dd, 1H, J = 12.7, 4.2 Hz, H-5′b), 4.16 (s, 3H, -OCH3), 5.16 (dd, 1H, J = 8.3, 3.4
Hz, H-3′), 5.28 (m, 1H, H-4′), 5.31 (t, 1H, J = 8.0 Hz, H-2′), 5.57 (d, 1H, J = 8.0 Hz, H-1′). 13C-NMR(125
MHz, CDCl3), δ: 20.7 (COCH3), 20.8 (COCH3), 20.8 (COCH3), 61.3 (-OCH3), 62.3 (2 × -OCH3), 65.6
(C-5′), 67.5 (C-4′), 69.2 (C-2′), 70.3 (C-3′), 81.6 (C-1′), 124.1, 125.5, 128.0 (C-2), 136.1, 136.9, 152.8, 153.0,
158.9 (C-3), 169.4 (COCH3), 169.9 (COCH3), 170.2 (COCH3), 176.7, 179.8. IR (CHCl3): 3054, 3027, 3005,
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2943, 2856, 1748, 1670, 1580, 1546, 1459, 1440, 1380, 1326, 1304, 1247, 1225, 1190, 1113, 1087, 1060, 1028
cm−1. HRMS (ESI): m/z [M − H]− calcd. for C24H23Cl2O12S 605.0293, found 605.0289.

2-(2,3,4,6-Tetra-O-acetyl-β-d-glucopyranosyl-1-thio)-8-hydroxy-3-methoxy-1,4-naphthoquinone (15a); yield
210 mg (73.9%), orange solid, Rf 0.46 (A), m.p. 158–161 ◦C. 1H-NMR (700 MHz, CDCl3): δ 1.93 (s, 3H,
COCH3), 2.02 (s, 3H, COCH3), 2.03 (s, 3H, COCH3), 2.09 (s, 3H, COCH3), 3.72 (m, 1H, H-5′), 4.08 (dd,
1H, J = 12.4, 2.0 Hz, H-6′a), 4.15 (dd, 1H, J = 12.4, 5.5 Hz, H-6′b), 4.29 (s, 3H, -OCH3), 5.08 (t, 1H, J = 9.7
Hz, H-4′), 5.11 (t, 1H, J = 10.1 Hz, H-2′), 5.27 (t, 1H, J = 9.3 Hz, H-3′), 5.50 (d, 1H, J = 10.1 Hz, H-1′),
7.26 (dd, 1H, J = 7.4, 1.2 Hz, H-7), 7.59 (dd, 1H, J = 8.0, 7.4 Hz, H-6), 7.61 (dd, 1H, J = 8.0, 1.2 Hz, H-5),
12.03 (s, 1H, C8OH). 13C-NMR(176 MHz, CDCl3): δ 20.4 (COCH3), 20.5 (COCH3), 20.6 (COCH3), 20.7
(COCH3), 62.1 (C-6′, -OCH3), 68.3 (C-4′), 71.3 (C-2′), 73.9 (C-3′), 76.0 (C-5′), 81.7 (C-1′), 114.3 (C-9),
119.7 (C-5), 125.0 (C-7), 126.0 (C-2), 131.3 (C-10), 135.8 (C-6), 160.5 (C-3), 161.2 (C-8), 169.3 (COCH3),
169.4 (COCH3), 170.2 (COCH3), 170.5 (COCH3), 178.4 (C-4), 187.7 (C-1). IR (CHCl3): 3053, 3007, 2953,
1756, 1669, 1630, 1580, 1559, 1458, 1369, 1313, 1250, 1191, 1162, 1077, 1050 cm−1. HRMS (ESI): m/z [M −
H]− calcd. for C25H25O13S 565.1021, found 565.1016.

2-(2,3,4,6-Tetra-O-acetyl-β-d-galactopyranosyl-1-thio)-8-hydroxy-3-methoxy-1,4-naphthoquinone (15b); yield
203 mg (71.4%), orange solid, Rf 0.46 (A), m.p. 190–193 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 1.91 (s, 3H,
COCH3), 1.99 (s, 3H, COCH3), 2.10 (s, 3H, COCH3), 2.15 (s, 3H, COCH3), 3.92 (m, 1H, H-5′), 4.06 (m,
2H, H-6′a, H-6′b), 4.30 (s, 3H, -OCH3), 5.10 (dd, 1H, J = 9.9, 3.5 Hz, H-3′), 5.32 (t, 1H, J = 10.0 Hz, H-2′),
5.43 (m, 1H, H-4′), 5.46 (d, 1H, J = 10.0 Hz, H-1′), 7.26 (dd, 1H, J = 7.7, 1.5 Hz, H-7), 7.58 (dd, 1H, J =
7.7, 7.5 Hz, H-6), 7.61 (dd, 1H, J = 7.5, 1.5 Hz, H-5), 12.04 (s, 1H, C8OH). 13C-NMR(125 MHz, CDCl3), δ:
20.4 (COCH3), 20.5 (COCH3), 20.6 (COCH3), 20.8 (COCH3), 61.6 (C-6′), 62.1 (-OCH3), 67.3 (C-4′), 68.4
(C-2′), 71.9 (C-3′), 74.8 (C-5′), 82.5 (C-1′), 114.3 (C-9), 119.6 (C-5), 125.0 (C-7), 126.2 (C-2), 131.4 (C-10),
135.8 (C-6), 160.5 (C-3), 161.3 (C-8), 169.6 (COCH3), 170.0 (COCH3), 170.2 (COCH3), 170.3 (COCH3),
178.5 (C-4), 187.7 (C-1). IR (CHCl3): 3055, 3019, 2954, 1751, 1669, 1630, 1580, 1559, 1458, 1441, 1370,
1312, 1249, 1193, 1162, 1080, 1053 cm−1. HRMS (ESI): m/z [M − H]− calcd. for C25H25O13S 565.1021,
found 565.1021.

2-(2,3,4-Tri-O-acetyl-β-d-xylopyranosyl-1-thio)-8-hydroxy-3-methoxy-1,4-naphthoquinone (15c); yield 205
mg (82.6%), orange solid, Rf 0.50 (A), m.p. 133–135 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 2.04 (s, 3H,
COCH3), 2.08 (s, 3H, COCH3), 2.11 (s, 3H, COCH3), 3.41 (dd, 1H, J = 11.9, 8.1 Hz, H-5′a), 4.25 (dd, 1H, J
= 11.9, 4.8 Hz, H-5′b), 4.29 (s, 3H, -OCH3), 4.95 (m, 1H, H-4′), 5.05 (t, 1H, J = 7.8 Hz, H-2′), 5.21 (t, 1H, J
= 7.8 Hz, H-3′), 5.51 (d, 1H, J = 7.9 Hz, H-1′), 7.26 (dd, 1H, J = 8.0, 1.7 Hz, H-7), 7.57 (dd, 1H, J = 8.0, 7.5
Hz, H-6), 7.60 (dd, 1H, J = 7.5, 1.5 Hz, H-5), 12.05 (s, 1H, C8OH). 13C-NMR(125 MHz, CDCl3), δ: 20.7
(3 × COCH3), 62.1 (-OCH3), 64.9 (C-5′), 68.3 (C-4′), 70.6 (C-2′), 71.5 (C-3′), 82.7 (C-1′), 114.4 (C-9), 119.6
(C-5), 125.0 (C-7), 126.0 (C-2), 131.4 (C-10), 135.8 (C-6), 161.3 (C-8), 161.4 (C-3), 169.4 (COCH3), 169.7
(COCH3), 169.8 (COCH3), 178.8 (C-4), 187.7 (C-1). IR (CHCl3): 3056, 2953, 1752, 1671, 1630, 1580, 1558,
1458, 1371, 1313, 1249, 1240, 1208, 1163, 1076 cm−1. HRMS (ESI): m/z [M − H]− calcd. for C22H21O11S
493.0810, found 493.0805.

2-(2,3,4-Tri-O-acetyl-α-l-arabinopyranosyl-1-thio)-8-hydroxy-3-methoxy-1,4-naphthoquinone (15d); yield 197
mg (79.4%), orange solid, Rf 0.50 (A), m.p. 84–86 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 2.10 (s, 3H,
COCH3), 2.12 (s, 6H, 2 × COCH3), 3.65 (dd, 1H, J = 12.5, 2.5 Hz, H-5′a), 4.14 (dd, 1H, J = 12.5, 4.9 Hz,
H-5′b), 4.30 (s, 3H, -OCH3), 5.17 (dd, 1H, J = 7.9, 3.4 Hz, H-3′), 5.28 (m, 1H, H-4′), 5.32 (t, 1H, J = 7.5
Hz, H-2′), 5.48 (d, 1H, J = 7.5 Hz, H-1′), 7.26 (dd, 1H, J = 7.8, 1.6 Hz, H-7), 7.57 (dd, 1H, J = 7.8, 7.5
Hz, H-6), 7.60 (dd, 1H, J = 7.5, 1.6 Hz, H-5), 12.06 (s, 1H, C8OH). 13C-NMR(125 MHz, CDCl3), δ: 20.7
(COCH3), 20.8 (COCH3), 20.9 (COCH3), 62.1 (-OCH3), 64.7 (C-5′), 67.2 (C-4′), 69.4 (C-2′), 70.0 (C-3′),
82.9 (C-1′), 114.4 (C-9), 119.6 (C-5), 125.0 (C-7), 126.5 (C-2), 131.3 (C-10), 135.8 (C-6), 161.2 (C-3), 161.3
(C-8), 169.4 (COCH3), 169.8 (COCH3), 170.1 (COCH3), 178.8 (C-4), 187.7 (C-1). IR (CHCl3): 3054, 3006,
1748, 1671, 1629, 1580, 1558, 1458, 1372, 1313, 1250, 1162, 1106, 1078, 1061 cm−1. HRMS (ESI): m/z [M −
H]− calcd. for C22H21O11S 493.0810, found 493.0808.
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2-(2,3,4,6-Tetra-O-acetyl-β-d-glucopyranosyl-1-thio)-5-hydroxy-3-methoxy-1,4-naphthoquinone (16a); yield
248 mg (87.3%), red solid, Rf 0.46 (A), m.p. 159–161 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 1.93 (s, 3H,
COCH3), 2.01 (s, 3H, COCH3), 2.02 (s, 3H, COCH3), 2.08 (s, 3H, COCH3), 3.73 (m, 1H, H-5′), 4.06 (dd,
1H, J = 12.4, 2.3 Hz, H-6′a), 4.16 (dd, 1H, J = 12.4, 5.2 Hz, H-6′b), 4.22 (s, 3H, -OCH3), 5.09 (dd, 1H, J =
10.1, 4.2 Hz, H-4′), 5.11 (dd, 1H, J = 10.1, 4.1 Hz, H-2′), 5.27 (t, 1H, J = 9.3 Hz, H-3′), 5.67 (d, 1H, J =
10.1 Hz, H-1′), 7.24 (dd, 1H, J = 8.1, 1.4 Hz, H-6), 7.59 (dd, 1H, J = 8.1, 7.5 Hz, H-7), 7.62 (dd, 1H, J
= 7.5, 1.4 Hz, H-8), 11.72 (s, 1H, C5OH). 13C-NMR(125 MHz, CDCl3), δ: 20.5 (2 × COCH3), 20.6 (2 ×
COCH3), 62.0 (-OCH3, C-6′), 68.3 (C-4′), 71.2 (C-2′), 74.0 (C-3′), 75.9 (C-5′), 81.1 (C-1′), 114.1 (C-10),
119.7 (C-8), 124.4 (C-6), 130.1 (C-2), 132.3 (C-9), 136.5 (C-7), 158.6 (C-3), 161.8 (C-5), 169.3 (COCH3),
169.4 (COCH3), 170.1 (COCH3), 170.5 (COCH3), 181.3 (C-1), 183.5 (C-4). IR (CHCl3): 3050, 3004, 2950,
1756, 1661, 1636, 1579, 1560, 1458, 1369, 1240, 1228, 1212, 1192, 1046 cm−1. HRMS (ESI): m/z [M −H]−
calcd. for C25H25O13S 565.1021, found 565.1017.

2-(2,3,4,6-Tetra-O-acetyl-β-d-galactopyranosyl-1-thio)-5-hydroxy-3-methoxy-1,4-naphthoquinone (16b); yield
233 mg (82.0%), dark orange solid, Rf 0.46 (A), m.p. 83–86 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 1.91 (s,
3H, COCH3), 1.99 (s, 3H, COCH3), 2.09 (s, 3H, COCH3), 2.15 (s, 3H, COCH3), 3.93 (m, 1H, H-5′), 4.05
(m, 2H, H-6′a, H-6′b), 4.23 (s, 3H, -OCH3), 5.11 (dd, 1H, J = 9.9, 3.4 Hz, H-3′), 5.31 (t, 1H, J = 10.0 Hz,
H-2′), 5.43 (m, 1H, H-4′), 5.64 (d, 1H, J = 10.2 Hz, H-1′), 7.24 (dd, 1H, J = 8.2, 1.3 Hz, H-6), 7.59 (dd,
1H, J = 8.2, 7.5 Hz, H-7), 7.63 (dd, 1H, J = 7.5, 1.3 Hz, H-8), 11.72 (s, 1H, C5OH). 13C-NMR(125 MHz,
CDCl3), δ: 20.5 (COCH3), 20.55 (COCH3′ ), 20.6 (COCH3), 20.7 (COCH3), 61.4 (C-6′), 62.0 (-OCH3), 67.3
(C-4′), 68.3 (C-2′), 71.9 (C-3′), 74.6 (C-5′), 81.9 (C-1′), 114.1 (C-10), 119.7 (C-8), 124.3 (C-6), 130.2 (C-2),
132.3 (C-9), 136.5 (C-7), 158.6 (C-3), 161.8 (C-5), 169.6 (COCH3), 170.0 (COCH3), 170.2 (COCH3), 170.3
(COCH3), 181.2 (C-1), 183.5 (C-4). IR (CHCl3): 3056, 3006, 1751, 1661, 1636, 1579, 1563, 1458, 1371, 1255,
1191, 1171, 1154, 1085, 1049 cm−1. HRMS (ESI): m/z [M −H]− calcd. for C25H25O13S 565.1021, found
565.1019.

2-(2,3,4-Tri-O-acetyl-β-d-xylopyranosyl-1-thio)-5-hydroxy-3-methoxy-1,4-naphthoquinone (16c); yield 181
mg (73.0%), orange solid, Rf 0.50 (A), m.p. 135–137 ◦C. 1H-NMR (500 MHz, CDCl3), δ: 2.04 (s, 3H,
COCH3), 2.07 (s, 3H, COCH3), 2.10 (s, 3H, COCH3), 3.40 (dd, 1H, J = 11.8, 8.4 Hz, H-5′a), 4.20 (dd,
1H, J = 11.8, 5.0 Hz, H-5′b), 4.22 (s, 3H, -OCH3), 4.96 (m, 1H, H-4′), 5.05 (t, 1H, J = 8.2 Hz, H-2′), 5.22
(t, 1H, J = 8.1 Hz, H-3′), 5.67 (d, 1H, J = 8.2 Hz, H-1′), 7.23 (dd, 1H, J = 8.1, 1.3 Hz, H-6), 7.59 (dd,
1H, J = 8.1, 7.5 Hz, H-7), 7.63 (dd, 1H, J = 7.5, 1.3 Hz, H-8), 11.71 (s, 1H, C5OH). 13C-NMR(125 MHz,
CDCl3), δ: 20.7 (3 × COCH3), 62.1 (-OCH3), 65.1 (C-5′), 68.5 (C-4′), 70.6 (C-2′), 71.8 (C-3′), 82.0 (C-1′),
114.2 (C-10), 119.8 (C-8), 124.3 (C-6), 130.0 (C-2), 132.3 (C-9), 136.6 (C-7), 159.4 (C-3), 161.8 (C-5), 169.4
(COCH3), 169.7 (COCH3), 169.8 (COCH3), 181.3 (C-1), 183.7 (C-4). IR (CHCl3): 3053, 3007, 2949, 1754,
1661, 1637, 1579, 1563, 1458, 1371, 1248, 1192, 1171, 1070, 1048 cm−1. HRMS (ESI): m/z [M − H]− calcd.
for C22H21O11S 493.0810, found 493.0811.

2-(2,3,4-Tri-O-acetyl-α-l-arabinopyranosyl-1-thio)-5-hydroxy-3-methoxy-1,4-naphthoquinone (16d); yield 189
mg (76.2%), dark orange solid, Rf 0.50 (A), m.p. 97–99 ◦C. 1H-NMR(700 MHz, CDCl3), δ: 2.08 (s, 3H,
COCH3), 2.11 (s, 3H, COCH3), 2.12 (s, 3H, COCH3), 3.66 (dd, 1H, J = 12.6, 2.3 Hz, H-5′a), 4.09 (dd, 1H,
J = 12.6, 4.4 Hz, H-5′b), 4.23 (s, 3H, -OCH3), 5.16 (dd, 1H, J = 8.2, 3.4 Hz, H-3′), 5.29 (m, 1H, H-4′), 5.31
(t, 1H, J = 7.7 Hz, H-2′), 5.66 (d, 1H, J = 7.7 Hz, H-1′), 7.23 (dd, 1H, J = 8.3, 1.0 Hz, H-6), 7.59 (dd, 1H, J =
8.3, 7.5 Hz, H-7), 7.63 (dd, 1H, J = 7.5, 1.0 Hz, H-8), 11.72 (s, 1H, C5OH). 13C-NMR (176 MHz, CDCl3),
δ: 20.7 (COCH3), 20.8 (COCH3), 20.9 (COCH3), 62.0 (-OCH3), 65.3 (C-5′), 67.4 (C-4′), 69.2 (C-2′), 70.2
(C-3′), 82.2 (C-1′), 114.2 (C-10), 119.8 (C-8), 124.3 (C-6), 130.5 (C-2), 132.3 (C-9), 136.6 (C-7), 159.3 (C-3),
161.8 (C-5), 169.5 (COCH3), 169.8 (COCH3), 170.2 (COCH3), 181.4 (C-1), 183.8 (C-4). IR (CHCl3): 3056,
2947, 1748, 1661, 1636, 1579, 1562, 1457, 1371, 1240, 1193, 1170, 1105, 1087, 1066, 1024 cm−1. HRMS
(ESI): m/z [M − H]− calcd. for C22H21O11S 493.0810, found 493.0807.
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3.2.2. General Procedure for Cyclization of Acetylated Thioglycosides to Tetracyclic Conjugates
17a–d–20a–d

Acetylated thioglycoside, 13a–d–16a–d (0.25 mM), was suspended in 15 mL of dried MeOH and
0.9 mL MeONa solution (0.5 N) was added. The mixture was stirred at room temperature for 1 h
until TLC analysis indicated complete consumption of initial thioglycoside. During the reaction, the
formation of a new polar compound precipitate was also observed. The reaction mixture was acidified
with 0.25 mL HCl solution (2 N) and the precipitate was filtered off, washed with water, cold MeOH,
and gave high purity quinone-tioglycosidic conjugates 17a–d–20a–d.

(2R,3S,4S,4aR,12aS)-3,4-Dihydroxy-2-hydroxymethyl-7,10-dimethoxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-
b]pyrano[2,3-e][2,5]oxathiine-6,11-dione (17a); yield 88 mg (86.1%), red solid, Rf 0.35 (C), m.p. 332–335
◦C27. 1H-NMR(700 MHz, DMSO-d6), δ: 3.30 (m, 1H, H-3), 3.47 (m, 3H, H-2, H-4a, H-13a), 3.57 (m, 1H,
H-4), 3.74 (m,1H, H-13b), 3.84 (s, 3H, -OCH3), 3.85 (s, 3H, -OCH3), 4.72 (br s, 1H, C13OH), 4.92 (d, 1H, J
= 8.3 Hz, H-12a), 5.37 (br s, 1H, C3OH), 5.58 (br s, 1H, C4OH), 7.52 (d, 1H, J = 9.6 Hz, Ar-H), 7.54 (d,
1H, J = 9.6 Hz, Ar-H). 13C-NMR (176 MHz, DMSO-d6), δ: 56.7 (-OCH3), 56.8 (-OCH3), 60.8 (C-13), 70.5
(C-3), 73.7 (C-12a), 73.9 (C-4), 79.2 (C-4a), 82.1 (C-2), 118.6, 118.9, 121.7, 122.0, 122.4, 149.7, 153.3, 153.8,
174.7, 179.9. IR (KBr): 3444, 1638, 1614, 1561, 1476, 1405, 1266, 1181, 1075, 935 cm−1. HRMS (ESI): m/z
[M + Na]+ calcd. for C18H18NaO9S 433.0564, found 433.0562.

(2R,3R,4S,4aR,12aS)-3,4-Dihydroxy-2-hydroxymethyl-7,10-dimethoxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-
b]pyrano[2,3-e][2,5]oxathiine-6,11-dione (17b); yield 95 mg (93%), orange solid, Rf 0.30 (C), m.p. > 350 ◦C.
1H-NMR(500 MHz, DMSO-d6), δ: 3.55 (m, 2H, H-13), 3.72 (t, 1H, J = 6.0 Hz, H-2), 3.77 (m, 2H, H-4,
H-4a), 3.83 (m, 1H, H-3), 3.84 (s, 3H, -OCH3), 3.85 (s, 3H, -OCH3), 4.74 (t, 1H, J = 5.6 Hz, C13OH), 4.88
(d, 1H, J = 7.6 Hz, H-12a), 4.89 (d, 1H, J = 4.6 Hz, C3OH), 5.31 (d, 1H, J = 6.3 Hz, C4OH), 7.52 (d, 1H, J
= 9.7 Hz, Ar-H), 7.55 (d, 1H, J = 9.7 Hz, Ar-H). 13C-NMR (125 MHz, DMSO-d6), δ: 56.7 (-OCH3), 56.8
(-OCH3), 60.5 (C-13), 69.4 (C-3), 70.4 (C-4), 74.4 (C-12a), 77.7 (C-4a), 80.6 (C-2), 118.6, 118.9, 121.7, 122.0,
122.4, 150.3, 153.3, 153.8, 174.4, 179.8. IR (KBr): 3487, 3289, 3016, 2968, 2935, 2838, 1649, 1611, 1581, 1562,
1476, 1434, 1407, 1384, 1349, 1325, 1267, 1213, 1196, 1180, 1110, 1082, 1056, 1041, 1019, 1008, 936, 904,
873, 824, 803, 755 cm−1. HRMS (ESI): m/z [M + Na]+ calcd. for C18H18NaO9S 433.0564, found 433.0565.

(3R,4S,4aR,12aS)-3,4-Dihydroxy-7,10-dimethoxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano[2,3-e][2,5]
oxathiine-6,11-dione (17c); yield 80 mg (83.9%), orange solid, Rf 0.47 (C), m.p. 329–332 ◦C. 1H-NMR(700
MHz, DMSO-d6), δ: 3.37 (m, 1H, H-2a), 3.48 (m, 1H, H-4a), 3.52 (m, 2H, H-3, H-4), 3.84 (s, 3H, -OCH3),
3.85 (s, 3H, -OCH3), 3.91 (dd, 1H, J = 11.1, 4.8 Hz, H-2b), 4.85 (d, 1H, J = 8.1 Hz, H-12a), 5.38 (d, 1H, J =
4.8 Hz, C3OH), 5.61 (d, 1H, J = 5.3 Hz, C4OH), 7.52 (d, 1H, J = 9.6 Hz, Ar-H), 7.54 (d, 1H, J = 9.6 Hz,
Ar-H). 13C-NMR (176 MHz, DMSO-d6), δ: 56.7 (-OCH3), 56.8 (-OCH3), 70.0 (C-3), 70.3 (C-2), 74.1 (C-4),
74.6 (C-12a), 79.2 (C-4a), 118.6, 118.9, 121.7, 122.1, 122.3, 149.7, 153.4, 153.9, 174.6, 179.8. IR (KBr): 3502,
3470, 3296, 3013, 2981, 2939, 2877, 2836, 1661, 1636, 1611, 1581, 1562, 1478, 1459, 1431, 1408, 1359, 1281,
1267, 1253, 1223, 1196, 1164, 1125, 1095, 1060, 1042, 1023, 975, 935, 887, 818, 797, 755, 718 cm−1. HRMS
(ESI): m/z [M + Na]+ calcd. for C17H16NaO8S 403.0458, found 403.0459.

(3S,4S,4aR,12aS)-3,4-Dihydroxy-7,10-dimethoxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano[2,3-e][2,5]
oxathiine-6,11-dione (17d); yield 88 mg (92.3%), yellow solid, Rf 0.43 (C), m.p. 317–320 ◦C. 1H-NMR(700
MHz, DMSO-d6), δ: 3.77 (m, 3H, H-2a, H-4, H-4a), 3.84 (m, 1H, H-3), 3.85 (s, 3H, -OCH3), 3.86 (s, 3H,
-OCH3), 3.88 (dd, 1H, J = 12.2, 1.7 Hz, H-2b), 4.82 (d, 1H, J = 7.7 Hz, H-12a), 5.02 (d, 1H, J = 4.1 Hz,
C3OH), 5.31 (d, 1H, J = 6.6 Hz, C4OH), 7.52 (d, 1H, J = 9.6 Hz, Ar-H), 7.55 (d, 1H, J = 9.6 Hz, Ar-H).
13C-NMR (176 MHz, DMSO-d6), δ: 56.7 (-OCH3), 56.8 (-OCH3), 69.4 (C-3), 69.8 (C-4), 71.4 (C-2), 74.8
(C-12a), 77.6 (C-4a), 118.6, 118.9, 121.7, 122.0, 122.4, 150.2, 153.4, 153.8, 174.6, 179.8. IR (KBr): 3496, 3449,
3094, 3012, 2979, 2932, 2864, 2837, 1659, 1642, 1613, 1479, 1459, 1433, 1409, 1352, 1338, 1325, 1280, 1259,
1206, 1188, 1166, 1123, 1097, 1080, 1069, 1048, 1022, 1007, 955, 934, 910, 866, 833, 815, 800, 747 cm−1.
HRMS (ESI, m/z): [M + Na]+ calcd. for C17H16NaO8S 403.0458, found 403.0453.
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(2R,3S,4S,4aR,12aS)-8,9-Dichloro-3,4-dihydroxy-2-hydroxymethyl-7,10-dimethoxy-3,4,4a,12a-tetrahydro-2H-
naphtho[2,3-b]pyrano[2,3-e][2,5]oxathiine-6,11-dione (18a); yield 100 mg (83.4%), orange solid, Rf 0.51 (C),
m.p. 222–224 ◦C27. 1H-NMR(500 MHz, DMSO-d6), δ: 3.32 (m, 1H, H-3), 3.50 (m, 2H, H-2, H-13a), 3.54
(m, 1H, H-4a), 3.60 (m, 1H, H-4), 3.75 (m, 1H, H-13b), 3.82 (s, 3H, -OCH3), 3.83 (s, 3H, -OCH3), 4.74 (t,
1H, J = 5.3 Hz, C13OH), 4.96 (d, 1H, J = 8.1 Hz, H-12a), 5.40 (d, 1H, J = 5.7 Hz, C3OH), 5.67 (d, 1H, J
= 5.8 Hz, C4OH). 13C-NMR (125 MHz, DMSO-d6), δ: 60.7 (C-13), 61.5 (2 × -OCH3), 70.4 (C-3), 73.6
(C-12a), 73.9 (C-4), 79.3 (C-4a), 82.2 (C-2), 123.1, 123.4, 123.9, 135.1, 135.3, 149.9, 152.3, 152.9, 173.4, 178.9.
IR (KBr): 3432, 2941, 1653, 1603, 1625, 1458, 1381, 1333, 1275, 1209, 1131, 1025, 951 cm−1. HRMS (ESI):
m/z [M + Na]+ calcd. for C18H16Cl2NaO9S 500.9784, found 500.9784.

(2R,3R,4S,4aR,12aS)-8,9-Dichloro-3,4-dihydroxy-2-(hydroxymethyl)-7,10-dimethoxy-3,4,4a,12a-tetrahydro-2H-
naphtho[2,3-b]pyrano[2,3-e][2,5]oxathiine-6,11-dione (18b); yield 98 mg (81.7%), orange solid, Rf 0.47
(C), m.p. 276–279 ◦C. 1H-NMR(700 MHz, DMSO-d6), δ: 3.56 (m, 2H, H-13), 3.75 (t, 1H, J = 6.0 Hz,
H-2), 3.79 (dd, 1H, J = 9.6, 3.3 Hz, H-4), 3.82 (s, 3H, -OCH3), 3.83 (s, 3H, -OCH3), 3.85 (m, 2H, H-3,
H-4a), 4.80 (br s, 2H, 2 × OH), 4.92 (d, 1H, J = 7.9 Hz, H-12a), 5.40 (br s, 1H, OH). 13C-NMR (176 MHz,
DMSO-d6), δ: 60.5 (C-13), 61.5 (2 × -OCH3), 69.5 (C-3), 70.4 (C-4), 74.3 (C-12a), 77.9 (C-4a), 80.8 (C-2),
123.2, 123.4, 123.9, 135.1, 135.2, 150.5, 152.3, 152.9, 173.4, 178.9. IR (KBr): 3413, 2940, 2855, 1652, 1603,
1542, 1524, 1457, 1380, 1336, 1274, 1236, 1207, 1121, 1090, 1024, 945, 876, 839, 805, 762 cm−1. HRMS
(ESI): m/z [M + Na]+ calcd. for C18H16Cl2NaO9S 500.9784, found 500.9783.

(3R,4S,4aR,12aS)-8,9-Dichloro-3,4-dihydroxy-7,10-dimethoxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano
[2,3-e][2,5]oxathiine-6,11-dione (18c); yield 102 mg (90.7%), orange solid, Rf 0.59 (C), m.p. 277–279 ◦C.
1H-NMR(700 MHz, DMSO-d6), δ: 3.40 (m, 1H, H-2a), 3.54 (m, 3H, H-4a, H-4, H-3), 3.81 (s, 3H, -OCH3),
3.83 (s, 3H, -OCH3), 3.93 (dd, 1H, J = 11.2, 4.6 Hz, H-2b), 4.90 (d, 1H, J = 7.5 Hz, H-12a), 5.42 (d, 1H, J =
4.4 Hz, C3OH), 5.72 (d, 1H, J = 4.9 Hz, C4OH). 13C-NMR (176 MHz, DMSO-d6), δ: 61.5 (2 × -OCH3),
69.9 (C-3), 70.4 (C-2), 74.0 (C-4), 74.5 (C-12a), 79.4 (C-4a), 123.0, 123.4, 123.8, 135.1, 135.3, 149.9, 152.3,
152.9, 173.4, 178.9. IR (KBr): 3482, 3385, 3003, 2938, 2880, 2855, 1651, 1604, 1544, 1524, 1458, 1382, 1330,
1307, 1272, 1237, 1225, 1208, 1124, 1090, 1074, 1061, 1054, 1024, 975, 948, 898, 869, 838, 816, 802, 763, 741
cm−1. HRMS (ESI): m/z [M + Na]+ calcd. for C17H14Cl2NaO8S 470.9679, found 470.9673.

(3S,4S,4aR,12aS)-8,9-Dichloro-3,4-dihydroxy-7,10-dimethoxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano
[2,3-e][2,5]oxathiine-6,11-dione (18d); yield 97 mg (86.3%), orange solid, Rf 0.56 (C), m.p. 286–289 ◦C.
1H-NMR(500 MHz, DMSO-d6), δ: 3.80 (m, 2H, H-2a, H-4), 3.82 (s, 3H, -OCH3), 3.83 (s, 3H, -OCH3),
3.85 (m, 2H, H-3, H-4a), 3.90 (dd, 1H, J = 12.2, 1.7 Hz, H-2b), 4.86 (d, 1H, J = 8.1 Hz, H-12a), 5.05 (br s,
1H, C3OH), 5.40 (br s, 1H, C4OH). 13C-NMR (125 MHz, DMSO-d6), δ: 61.5 (2 × -OCH3), 69.4 (C-3),
69.8 (C-4), 71.5 (C-2), 74.7 (C-12a), 77.8 (C-4a), 123.2, 123.4, 123.9, 135.1, 135.2, 150.4, 152.3, 152.9, 173.4,
178.9. IR (KBr): 3391, 2980, 2940, 2856, 1654, 1603, 1543, 1525, 1458, 1381, 1334, 1305, 1272, 1237, 1211,
1128, 1092, 1048, 1026, 967, 944, 913, 876, 839, 805, 757 cm−1. HRMS (ESI): m/z [M + Na]+ calcd. for
C17H14Cl2NaO8S 470.9679, found 470.9675.

(2R,3S,4S,4aR,12aS)-3,4,10-Trihydroxy-2-hydroxymethyl-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano[2,3-
e][2,5]oxathiine-6,11-dione (19a); yield 86 mg (93.7%), orange solid, Rf 0.56 (C), decomposition > 342 ◦C.
1H-NMR(700 MHz, DMSO-d6), δ: 3.32 (m, 1H, H-3), 3.50 (m, 2H, H-2, H-13a), 3.60 (m, 2H, H-4, H-4a),
3.75 (m, 1H, H-13b), 4.74 (t, 1H, J = 5.5 Hz, C13OH), 5.01 (d, 1H, J = 7.7 Hz, H-12a), 5.41 (d, 1H, J = 5.8
Hz, C3OH), 5.69 (d, 1H, J = 5.7 Hz, C4OH), 7.30 (dd, 1H, J = 8.4, 0.7 Hz, H-9), 7.54 (dd, 1H, J = 7.4, 0.7
Hz, H-7), 7.70 (dd, 1H, J = 8.4, 7.4 Hz, H-8), 11.52 (s, 1H, C10OH). 13C-NMR (176 MHz, DMSO-d6), δ:
60.7 (C-13), 70.4 (C-3), 73.5 (C-12a), 73.9 (C-4), 79.4 (C-4a), 82.3 (C-2), 113.8 (C-10a), 119.2 (C-7), 122.9
(C-11a), 124.2 (C-9), 130.8 (C-6a), 136.5 (C-8), 151.0 (C-5a), 159.8 (C-10), 175.1 (C-6), 186.1 (C-11). IR
(KBr): 3464, 3351, 3233, 2955, 2881, 1646, 1616, 1580, 1517, 1477, 1455, 1416, 1383, 1356, 1324, 1297, 1280,
1252, 1229, 1219, 1194, 1165, 1148, 1133, 1092, 1055, 1037, 1000, 973, 889, 863, 836, 828, 816, 755, 728
cm−1. HRMS (ESI): m/z [M + Na]+ calcd. for C16H14NaO8S 389.0302, found 389.0300.

107



Molecules 2020, 25, 3577

(2R,3R,4S,4aR,12aS)-3,4,10-Trihydroxy-2-hydroxymethyl-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano-
[2,3-e][2,5]oxathiine-6,11-dione (19b); yield 75 mg (81.7%), dark orange solid, Rf 0.52 (C), decompose
above > 346 ◦C. 1H-NMR(500 MHz, DMSO-d6), δ: 3.57 (m, 2H, H-13), 3.76 (t, 1H, J = 6.0 Hz, H-2), 3.80
(m, 1H, H-4), 3.85 (m, 1H, H-3), 3.90 (t, 1H, J = 9.5, 8.0 Hz, H-4a), 4.77 (t, 1H, J = 5.6 Hz, C13OH), 4.96
(d, 1H, J = 4.8 Hz, C3OH), 4.98 (d, 1H, J = 8.0 Hz, H-12a), 5.43 (d, 1H, J = 6.8 Hz, C4OH), 7.30 (dd, 1H, J
= 8.4, 0.9 Hz, H-9), 7.54 (dd, 1H, J = 7.4, 0.9 Hz, H-7), 7.70 (dd, 1H, J = 8.4, 7.4 Hz, H-8), 11.53 (s, 1H,
C10OH). 13C-NMR (125 MHz, DMSO-d6), δ: 60.5 (C-13), 69.5 (C-3), 70.4 (C-4), 74.1 (C-12a), 78.1 (C-4a),
80.8 (C-2), 113.8 (C-10a), 119.2 (C-7), 122.9 (C-11a), 124.2 (C-9), 130.8 (C-6a), 136.5 (C-8), 151.5 (C-5a),
159.8 (C-10), 175.1 (C-6), 186.1 (C-11). IR (KBr): 3456, 3338, 2984, 2938, 2888, 1644, 1616, 1580, 1476,
1456, 1431, 1401, 1384, 1327, 1296, 1279, 1250, 1208, 1165, 1136, 1105, 1085, 1056, 1024, 979, 903, 879, 860,
833, 813, 754, 734, 690 cm−1. HRMS (ESI, m/z): [M + Na]+ calcd. for C16H14NaO8S 389.0302, found
389.0295.

(3R,4S,4aR,12aS)-3,4,10-Trihydroxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano[2,3-e][2,5]oxathiine-6,11-
dione (19c); yield 76 mg (90.1%), orange solid, Rf 0.67 (C), m.p. 348–350 ◦C with decomposition.
1H-NMR(700 MHz, DMSO-d6), δ: 3.41 (m, 1H, H-2), 3.55 (m, 2H, H-3, H-4), 3.60 (m, 1H, H-4a), 3.94
(dd, 1H, J = 11.1, 4.7 Hz, H-2′), 4.95 (d, 1H, J = 8.0 Hz, C-12a), 5.42 (d, 1H, J = 4.7 Hz, C3OH), 5.73 (d,
1H, J = 5.3 Hz, C4OH), 7.30 (dd, 1H, J = 8.4, 0.9 Hz, H-9), 7.54 (dd, 1H, J = 7.4, 0.9 Hz, H-7), 7.70 (dd,
1H, J = 8.4, 7.4 Hz, H-8), 11.51 (s, 1H, C10OH). 13C-NMR (176 MHz, DMSO-d6), δ: 70.0 (C-3), 70.4 (C-2),
74.0 (C-4), 74.3 (C-12a), 79.4 (C-4a), 113.8 (C-10a), 119.2 (C-7), 122.8 (C-11a), 124.2 (C-9), 130.8 (C-6a),
136.6 (C-8), 151.0 (C-5a), 159.8 (C-10), 175.1 (C-6), 186.1 (C-11). IR (KBr): 3381, 3300, 2940, 2899, 2867,
1652, 1625, 1621, 1581, 1516, 1475, 1462, 1454, 1417, 1378, 1323, 1306, 1295, 1239, 1222, 1200, 1168, 1146,
1136, 1074, 1056, 1044, 1035, 1002, 976, 962, 900, 868, 833, 818, 789, 756 cm−1. HRMS (ESI): m/z [M +
Na]+ calcd. for C15H12NaO7S 359.0196, found 359.0197.

(3S,4S,4aR,12aS)-3,4,10-Trihydroxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano[2,3-e][2,5]oxathiine-6,11-
dione (19d); yield 78 mg (92.5%), orange solid, Rf 0.62 (C), m.p. 319–321 ◦C. 1H-NMR(500 MHz,
DMSO-d6), δ: 3.79 (m, 2H, H-4, H-2a), 3.86 (m, 1H, H-3), 3.90 (m, 2H, H-4a, H-2b), 4.91 (d, 1H, J = 8.0
Hz, H-12a), 5.10 (d, 1H, J = 4.0 Hz, C3OH), 5.44 (d, 1H, J = 7.0 Hz, C4OH), 7.30 (dd, 1H, J = 8.4, 1.0
Hz, H-9), 7.53 (dd, 1H, J = 7.5, 1.0 Hz, H-7), 7.70 (dd, 1H, J = 8.4, 7.5 Hz, H-8), 11.54 (s, 1H, C10OH).
13C-NMR (125 MHz, DMSO-d6), δ: 69.4 (C-3), 69.7 (C-4), 71.5 (C-2), 74.5 (C-12a), 77.9 (C-4a), 113.8
(C-10a), 119.2 (C-7), 122.9 (C-11a), 124.2 (C-9), 130.7 (C-6a), 136.5 (C-8), 151.4 (C-5a), 159.8 (C-10), 175.1
(C-6), 186.1 (C-11). IR (KBr): 3511, 3196, 2987, 2925, 2892, 1654, 1624, 1578, 1475, 1463, 1444, 1378, 1356,
1333, 1308, 1279, 1237, 1177, 1164, 1139, 1109, 1084, 1071, 1022, 1004, 982, 938, 911, 837, 861, 835, 815, 754
cm−1. HRMS (ESI, m/z): [M + Na]+ calcd. for C15H12NaO7S 359.0196, found 359.0192.

(2R,3S,4S,4aR,12aS)-3,4,7-Trihydroxy-2-(hydroxymethyl)-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano-[2,3-
e][2,5]oxathiine-6,11-dione (20a); yield 80 mg (87.1%), orange solid, Rf 0.56 (C), m.p. 274–276 ◦C.
1H-NMR(700 MHz, DMSO-d6), δ: 3.33 (m, 1H, H-3), 3.50 (m, 2H, H-2, H-13a), 3.60 (m, 2H, H-4, H-4a),
3.75 (m, 1H, H-13b), 4.73 (t, 1H, J = 5.6 Hz, C13OH), 5.01 (d, 1H, J = 7.7 Hz, H-12a), 5.41 (d, 1H, J = 5.7
Hz, C3OH), 5.68 (d, 1H, J = 5.7 Hz, C4OH), 7.32 (dd, 1H, J = 8.5, 0.9 Hz, H-8), 7.51 (dd, 1H, J = 7.4, 0.9
Hz, H-10), 7.70 (dd, 1H, J = 8.5, 7.4 Hz, H-9), 11.72 (s, 1H, C7OH). 13C-NMR (176 MHz, DMSO-d6), δ:
60.7 (C-13), 70.4 (C-3), 73.6 (C-12a), 73.9 (C-4), 79.2 (C-4a), 82.2 (C-2), 113.4 (C-6a), 118.7 (C-10), 124.1
(C-11a), 124.5 (C-8), 131.2 (C-10a), 136.5 (C-9), 150.0 (C-5a), 160.7 (C-7), 180.4 (C-11), 180.5 (C-6). IR
(KBr): 3493, 3474, 3415, 3365, 3264, 2959, 2931, 2892, 1658, 1628, 1585, 1481, 1457, 1403, 1457, 1380, 1296,
1280, 1246, 1223, 1198, 1156, 1143, 1124, 1096, 1077, 1048, 1035, 1009, 952, 895, 869, 834, 816, 796, 747
cm−1. HRMS (ESI): m/z [M + Na]+ calcd. for C16H14NaO8S 389.0302, found 389.0297.

(2R,3R,4S,4aR,12aS)-3,4,7-Trihydroxy-2-hydroxymethyl-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano[2,3-
e][2,5]oxathiine-6,11-dione (20b); yield 75 mg (81.7%), orange solid, Rf 0.52 (C), m.p. 293–295 ◦C.
1H-NMR(500 MHz, DMSO-d6), δ: 3.56 (m, 2H, H-13), 3.76 (t, 1H, J = 6.0 Hz, H-2), 3.80 (dd, 1H, J = 9.5,
3.2 Hz, H-4), 3.85 (dd, 1H, J = 3.3, 1.2 Hz, H-3), 3.89 (d, 1H, J = 9.5, 7.9 Hz, H-4a), 4.83 (br s, 3H, C3OH,
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C4OH, C13OH), 4.97 (d, 1H, J = 7.9 Hz, H-12a), 7.32 (dd, 1H, J = 8.5, 1.0 Hz, H-8), 7.51 (dd, 1H, J = 7.5,
1.0 Hz, H-10), 7.70 (dd, 1H, J = 8.5, 7.5 Hz, H-9), 11.72 (s, 1H, C7OH). 13C-NMR (125 MHz, DMSO-d6),
δ: 60.5 (C-13), 69.5 (C-3), 70.4 (C-4), 74.2 (C-12a), 77.9 (C-4a), 80.8 (C-2), 113.4 (C-6a), 118.7 (C-10), 124.1
(C-11a), 124.5 (C-8), 131.3 (C-10a), 136.5 (C-9), 150.6 (C-5a), 160.7 (C-7), 180.4 (C-11), 180.5 (C-6). IR
(KBr): 3412, 2941, 1627, 1581, 1475, 1454, 1385, 1297, 1282, 1241, 1208, 1192, 1155, 1129, 1074, 1049, 986,
954, 937, 870, 832, 813, 745, 698 cm−1. HRMS (ESI): m/z [M +Na]+ calcd. for C16H14NaO8S 389.0302,
found 389.0296.

(3R,4S,4aR,12aS)-3,4,7-Trihydroxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano[2,3-e][2,5]oxathiine-6,11-
dione (20c); yield 70 mg (83.0%), orange solid, Rf 0.67 (C), m.p. 334–336 ◦C. 1H-NMR(500 MHz,
DMSO-d6), δ: 3.41 (m, 1H, H-2a), 3.56 (m, 3H, H-3, H-4, H-4a), 3.94 (dd, 1H, J = 11.0, 4.7 Hz, H-2b), 4.95
(d, 1H, J = 7.5 Hz, H-12a), 5.42 (d, 1H, J = 4.8 Hz, C3OH), 5.73 (d, 1H, J = 5.1 Hz, C4OH), 7.32 (dd, 1H, J
= 8.5, 1.0 Hz, H-8), 7.51 (dd, 1H, J = 7.5, 1.0 Hz, H-10), 7.70 (dd, 1H, J = 8.5, 7.5 Hz, H-9), 11.71 (s, 1H,
C7OH). 13C-NMR (125 MHz, DMSO-d6), δ: 69.4 (C-3), 69.7 (C-4), 71.5 (C-2), 74.5 (C-12a), 77.9 (C-4a),
113.8 (C-10a), 119.2 (C-7), 122.9 (C-11a), 124.2 (C-9), 130.7 (C-6a), 136.5 (C-8), 151.4 (C-5a), 159.8 (C-10),
180.4 (C-11), 180.5 (C-6). IR (KBr): 3401, 2887, 1653, 1622, 1579, 1476, 1454, 1407, 1390, 1297, 1277, 1251,
1220, 1207, 1194, 1156, 1134, 1090, 1063, 1048, 1008, 976, 952, 902, 840, 831, 818, 745 cm−1. HRMS (ESI):
m/z [M + Na]+ calcd. for C15H12NaO7S 359.0196, found 359.0194.

(3S,4S,4aR,12aS)-3,4,7-Trihydroxy-3,4,4a,12a-tetrahydro-2H-naphtho[2,3-b]pyrano[2,3-e][2,5]oxathiine-6,11-
dione (20d); yield 82 mg (97.3%), dark orange solid, Rf 0.62 (C), m.p. 284–286 ◦C. 1H-NMR(500 MHz,
DMSO-d6), δ: 3.79 (dd, 1H, J = 12.7, 3.4 Hz, H-2a), 3.80 (m, 1H, H-3), 3.86 (m, 1H, H-4), 3.89 (t, 1H, J =
8.0 Hz, H-4a), 3.91 (dd, 1H, J = 12.7, 1.8 Hz, H-2b), 4.90 (d, 1H, J = 8.0 Hz, H-12a), 5.08 (d, 1H, J = 4.0
Hz, C3OH), 5.41 (d, 1H, J = 6.9 Hz, C4OH), 7.32 (dd, 1H, J = 8.4, 1.0 Hz, H-8), 7.51 (dd, 1H, J = 7.5, 1.0
Hz, H-10), 7.69 (dd, 1H, J = 8.4, 7.5 Hz, H-9), 11.72 (s, 1H, C7OH). 13C-NMR (125 MHz, DMSO-d6),
δ: 69.4 (C-3), 69.7 (C-4), 71.5 (C-2), 74.6 (C-12a), 77.7 (C-4a), 113.4 (C-6a), 118.7 (C-10), 124.1 (C-11a),
124.5 (C-8), 131.2 (C-10a), 136.4 (C-9), 150.5 (C-5a), 160.6 (C-7), 180.3 (C-11), 180.4 (C-6). IR (KBr): 3541,
3268, 3167, 2998, 2936, 1648, 1627, 1621, 1618, 1581, 1474, 1453, 1405, 1384, 1330, 1299, 1284, 1245, 1215,
1191, 1173, 1153, 1115, 1088, 1068, 1049, 1037, 1007, 950, 915, 881, 869, 841, 831, 812, 790, 744, 729 cm−1.
HRMS (ESI): m/z [M + Na]+ calcd. for C15H12NaO7S 359.0196, found 359.0191.

3.3. Biology

3.3.1. Cell Culture

Human adenocarcinoma cell line HeLa, mouse neuroblastoma cell line Neuro-2a, and mouse
epithelial cells Jb6 Cl 41-5a were obtained from ATCC (Manassas, VA, USA). Mouse ascites Ehrlich
carcinoma was provided by the N.N. Blokhin NMRCO (Ministry of Health of the Russian Federation,
Moscow, Russia).

HeLa and Neuro-2a cells were cultured in DMEM medium containing 10% fetal bovine serum (FBS)
(Biolot, Russia) and 1% penicillin/streptomycin (Biolot, Russia). Jb6 Cl 41-5a cells were cultivated in
MEM medium containing 5% fetal bovine serum (FBS) (Biolot, Russia) and 1% penicillin/streptomycin
(Biolot, Russia). All cell lines were incubated at 37 ◦C in a humidified atmosphere with 5% (v/v) CO2.

The cells of Ehrlich carcinoma were injected into the peritoneal cavity of 18–20 g albino CD-1
mice (male and female). Cells for experiments were collected 7 days after inoculation. The mice were
killed by perivisceral dislocation and the ascitic fluid containing tumor cells was collected with a
syringe. The cells were washed three times by centrifugation at 2000 rpm (450 g) for 5 min at 4 ◦C in
phosphate-buffered saline (PBS; pH 7.4) followed by resuspension in RPMI-1640 culture medium with
10% FBS.

Erythrocytes were isolated from the blood of mice. Blood was taken from CD-1 mice (18–20 g). The
mice were anesthetized with diethyl ether, their chests were rapidly opened, and blood was collected
in cold (4 ◦C) 10 mM phosphate-buffered saline pH 7.4 (PBS) without an anticoagulant. Erythrocytes
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were washed by centrifugation with centrifuge LABOFUGE 400R (Heraeus, Germany) for 5 min 3
times (2000 rpm) in PBS using at least 10 vol. of washing solution. Then, the residue of erythrocytes
were resuspended in ice cold phosphate-buffered saline (pH 7.4) to a final optical density of 1.0 at
700 nm and kept on ice.

All experiments were carried out in accordance with the EU Animals (Scientific Procedures) Act,
1986 and associated guidelines, EU Directive 2010/63/EU for animal experiments.

3.3.2. Cell Viability Assay

MTT Assay

Stocks of substances were prepared in DMSO at a concentration of 10 mM. All studied compounds
were tested in concentrations from 25 μM using twofold dilution. All tested compounds were added to
the wells of the plates in a volume of 20 μL diluted in PBS (final DMSO concentration < 1%). A known
cytotoxic agent—triterpene glycoside cucumarioside A2-2 from holothurian Cucumaria japonica—was
used as positive control. Cells (3 × 104 cells/well) were incubated with different concentrations of
1,4-NQs in a CO2 incubator for 24 h at 37 ◦C. After incubation, the medium with tested substances
was replaced with 100 μL of pure medium. Then, 10 μL of MTT (Sigma-Aldrich, St. Louis, MO,
USA) (thiazolyl blue tetrazolium bromide) stock solution (5 mg/mL) was added to each well and the
microplate was incubated for 4 h. After that, 100 μL of SDS-HCl solution (1 g SDS/10 mL dH2O/17 μL
6 N HCl) was added to each well followed by incubation for 4–18 h. The absorbance of the converted
dye formazan was measured using a Multiskan FC microplate photometer (Thermo Scientific, USA) at
a wavelength of 570 nm [32]. The results were presented as percent of control data, and concentration
required for 50% inhibition of cell viability (EC50) was calculated. Selectivity index (SI) is defined as the
ratio of EC50 for normal cells and EC50 for tumor cell lines (SI = EC50 (normal cells)/EC50 (tumor cells)).

Nonspecific Esterase Activity Assay

The test solution (20 μL) and 180 μL of the cell suspension were placed into each well of a 96-well
microplate (3.5 × 104 cells/well). The plates were incubated in a CO2 incubator at 37 ◦C for 24 h.
A stock solution of the probe fluorescein diacetate (FDA) (Sigma-Aldrich, St. Louis, MO, USA) in
DMSO (1 mg/mL) was prepared. After incubation, cells were washed with PBS, 10 μL of FDA solution
(50 μg/mL) was added to each well and the plate was incubated at 37 ◦C for 15 min, and fluorescence
was measured with a Fluoroskan Ascent plate reader (Thermo Labsystems, Finland) at λex = 485 nm
and λem = 518 nm. All experiments were repeated in triplicate. Cytotoxic activity was expressed as the
percent of cell viability.

Hemolytic Assay

Erythrocytes were used at a concentration that provided an optical density of 1.0 at 700 nm for a
non-hemolyzed sample. In addition, 20 μL of a solution of test substances with a fixed concentration
was added to a well of a 96-well plate containing 180 μL of the erythrocyte suspension. The erythrocyte
suspension was incubated with substances for 1 h at 37 ◦C. After that, the optical density of the obtained
solutions was measured at 700 nm and EC50 for hemolytic activity of each compound was calculated.

3.3.3. Antimicrobial Assay

Microorganism Cultures

Bacteria Bacillus cereus ATCC 10702, Escherichia coli K-12, Pseudomonas aeruginosa ATCC 27853,
and Staphylococcus aureus ATCC 21027 and fungus Candida albicans KMM 453 were obtained from
the Collection of Marine Microorganisms (KMM) of the G.B. Elyakov Pacific Institute of Bioorganic
Chemistry, Far East Branch, Russian Academy of Sciences.
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Agar Diffusion Method

Test substances were dissolved in DMSO at concentrations of 1.0, 0.1, and 0.01 mg/mL. All strains
were grown on trypticase-soy agar TSA (BBL) at 37 ◦C. After overnight incubation of each test organism
in Petri dishes with the same medium, wells with a diameter of 7 mm were cut and 100 μL of the test
substance solution was added. After incubation of the dishes at 37 ◦C for 24 h (for bacteria) and 48 h
(for the fungus) at 28 ◦C, the diameters of the growth inhibition zones of pathogenic microorganisms
(mm) were measured, including the diameter of the wells. Commercial antibacterial drugs (vancomicin
and gentamicin) and antifungal (clotrimazol) drugs were used as positive controls.

Determination of Minimum Inhibitory Concentration (MIC)

Stocks of substances were prepared in DMSO at a concentration of 10 mM. All studied compounds
were tested in concentrations from 1.5 μM to 100 μM using twofold dilution. All tested compounds
were add to the wells of the plates in a volume of 20 μL diluted in PBS (DMSO concentration < 1%).
The bacterial culture of S. aureus ATCC 21027 (Collection of Marine Microorganisms PIBOC FEB
RAS) was cultured in a Petri dish at 37 ◦C for 24 h on solid medium with the following composition;
pepton—5.0 g/L, K2HPO4—0.2 g/L, glucose—1.0 g/L, MgSO4—0.05 g/L, yeast extract—1 g/L, agar—16.0
g/L, and distilled water—1.0 L. The pH of the medium was adjusted to 7.2–7.4 with NaOH solution.

The antimicrobial activity of the compounds was determined by the minimum inhibitory
concentration (MIC) according to the method adopted by the Clinical and Laboratory Standards
Institute (CLSI). Methods for dilution antimicrobial susceptibility tests for bacteria that grow aerobically
followed the approved standard—tenth edition. CLSI document M07-A10, PA: Clinical and Laboratory
Standards Institute; 2015, with a slight modification of the medium. The assays were performed
in 96-well microplates in appropriate broth (pepton—5.0 g/L, K2HPO4—0.2 g/L, glucose—1.0 g/L,
MgSO4—0.05 g/L, yeast extract—1 g/L, casein hydrolyzate—2.5 g/L, distilled water—1L). The S. aureus
bacterial suspension had a concentration of 10 × 109 CFU/mL in the medium, 180 μL was then
added to each well of the microplates, followed by incubation at 37 ◦C for 24 h. The MIC value is
defined as the lowest concentration of compounds resulting in the complete inhibition of bacterial
growth by measuring the absorbance at 600 nm with a microplate reader (BioTek, Winooski, Vt, USA).
All experiments were performed twice in triplicate. Gentamicin was used as a positive control in
concentration 1 mg/mL; 1% DMSO solution in PBS as a negative. The selectivity index for S. aureus
has been defined as the ratio of EC50 for normal cells and the MIC value for the bacterial culture (SI =
EC50/MIC).

4. Conclusions

In summary, a series of new tetracyclic oxathiine-fused quinone-thioglycoside conjugates based
on biologically active 1,4-naphthoquinones (chloro-, hydroxy-, and methoxysubstituted) have been
synthesized, characterized, and evaluated for their cytotoxic and antimicrobial activities. It was shown
that the most active compounds are tetracyclic conjugates of juglone (5-hydroxy-1,4-naphthoquinone),
which showed high cytotoxic activity with EC50 in the range of 0.3 to 0.9 μM for all cancer and noncancer
cell lines. Furthermore, for the first time the antimicrobial activity for this type of compounds was
evaluated by the agar diffusion method. Among the tested conjugates, the activity of juglone derivatives
with a d-xylose or l-arabinose moiety and hydroxyl group at C-7 position of naphthoquinone core was
comparable with antibiotics vancomicin and gentamicin against Gram-positive bacteria S. aureus and
B. cereus. In liquid media, the juglone-arabinosidic tetracycles showed highest activity with a MIC of
6.25 μM against S. aureus strain. Thus, the positive effect of heterocyclization with mercaptosugars
on cytotoxic and antimicrobial activity for a group of 1,4-naphthoquinones was shown. The effect of
chloro-, hydroxy-, and metoxysubstituents on teracycles activity was also studied and a significant
effect of the hydroxy group on activity was shown. It can be assumed that further modification of such
tetracycles may lead to new compounds with selectivity for cancer cells and great antimicrobial activity.
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Supplementary Materials: 1H and 13C-NMR spectra for synthesized compounds are available online.
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Abstract: The anticancer and radiosensitizing effects of high-molecular-weight phlorethols CcPh

(Mw = 2520 Da) isolated from the brown algae of Costaria costata on human colorectal carcinoma HCT
116 and HT-29 cells were investigated. Phlorethols CcPh possessed cytotoxic activity against HT-29
(IC50 = 92 μg/mL) and HCT 116 (IC50 = 94 μg/mL) cells. CcPh at non-toxic concentrations inhibited
the colony formation in colon cancer cells and significantly enhanced their sensitivity to low non-toxic
X-ray irradiation. The combinatory effect of radiation and CcPh was synergistic (Combination index
< 0.7). Algal phlorethols might be prospective candidates as radiosensitizers to improve the scheme
of radiotherapy.

Keywords: phlorotannins; phlorethols; anticancer activity; colorectal cancer; radiosensitizer;
radiotherapy

1. Introduction

Radiation therapy is traditionally considered one of the most effective methods for influencing
tumors [1]. The standard methods of radiation therapy are limited because any attempt to increase
the total irradiation dose is associated with a high risk of severe post-radiation damage [2]. This
necessitates new approaches to realize the main objective of radiation therapy, which is to increase the
radiosensitivity of cancer cells. An increase in the effect of ionizing radiation can be achieved using
radiosensitizers even without increasing the total irradiation dose [3,4].

Brown algae are an attractive source of biologically active compounds for researchers. They serve
as raw materials for various therapeutic and prophylactic preparations, since they contain a number
of bioactive substances, such as polysaccharides, mannitol, vitamins, macro- and microelements,
polyphenols, iodine-containing organic compounds, and polyunsaturated fatty acids

Phlorotannins are a type of phenolic metabolite found in brown algae. This group of phenolic
compounds contains a large number of hydroxyl groups and chelates divalent metal ions; they have
polymer structures and are highly soluble in water and firmly bound to proteins, polysaccharides, and
other biopolymers. The monomer unit of phlorotannins is phloroglucinol (1,3,5-trihydroxybenzene).
Based on the type of monomer bond, phlorotannins can be divided into four classes: fuhalols and
phlorethols (ether bond), fucols (phenyl bond), fucophlorethols (ether and phenyl bonds), and eckols
and carmalols (dibenzodioxin bond). Within each class, the binding of monomers to each other can
occur at different positions of the phloroglucinol ring, which leads to the formation of structural isomers
in addition to conformational ones. One species of algae is often known to produce phlorotannins
with different structures and different degrees of polymerization [5].
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We have previously shown that the aqueous ethanol extract of Costaria costata containing abundant
phlorotannins possesses antitumor potential [6]. Moreover, phlorotannins from the same species of
brown algae were found to be effective inhibitors of fucoidanase (enzyme hydrolyzed fucoidan) [7].
Since phlorotannins from brown algae are considered to have different types of biological activities
and up to a certain concentration do not exert any toxic effect [8–10], they are of research interest as
perspective bioactive agents for cancer therapy.

In the present work, we checked the hypothesis whether phlorotannins from C. costata inhibited
cell viability and colony formation of human colorectal cancer cells as well as sensitized HT-29 and
HCT 116 cells to X-ray radiation.

2. Results and Discussion

2.1. Characterization of the Phlorethols Isolated from Costaria costata

Phlorotannins constitute an extremely heterogeneous group of molecules, which differ by the
types of bonds between the phloroglucinol units. Fucols have only phenyl bonds in the polymer
molecule, phlorethols and fuhalols have ether bonds, and fucophlorethols have both of these bond
types. The presence of a dibenzodioxin element in the structure is specific for eckols. Within each class,
the binding of monomers to each other can take place at different positions of the phloroglucinol ring,
resulting in the formation of structural isomers. The separation of longer, condensed phlorotannins is
currently a challenge. [11].

The phlorotannins were isolated from an aqueous ethanol extract of the brown alga C. costata.
Earlier the structural characteristics of phlorethols from C. costata were determined [7]. In the present
work, NMR analysis showed that the phlorotannins of C. costata belong to the class of phlorethols
(CcPh). The average molecular weight of CcPh was 2520 Da, as measured by ESI-MS in negative
ionization mode. The degree of polymerization (DP) of the obtained phlorethols ranged from 12 to 25
phloroglucinol units with the most abundant phlorethols containing between 16 and 20 phloroglucinol
units. [7] (Figures S1 and S2, and Table S1).

2.2. Bioactivity of the Phlorethols from C. costata

As a first step, the effect of phlorethols (CcPh) from brown alga C. costata (0–1000 μg/mL) on the
viability of human colorectal carcinoma HT-29 and HCT 116 cell lines, breast cancer MCF-7 cells, and
melanoma SK-MEL-28 cells was tested by MTS assay (Figure 1). The treatment of cells by CcPh was
found to induce a concentration-dependent inhibition of cell’s viability. The inhibiting concentration
of CcPh that caused a 50% reduction in cell viability (IC50) of HT-29 was 92 ± 2.8 μg/mL; HCT, 116–94
± 3.08 μg/mL; MCF-7, 96 ± 3.3 μg/mL; and melanoma cells SK-MEL-28, 102 ± 4.8 μg/mL.
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Figure 1. The cytotoxic activity of phlorethols from C. costata (CcPh) against colorectal carcinoma HT-29
and HCT 116 cells, breast cancer MCF-7 cells, and melanoma SK-MEL-28 cells. The cells were treated
with CcPh at concentration of 0.001–1 mg/mL for 24 h. Cell viability was estimated using the MTS assay.
Data are represented as the mean ± standard deviation (SD), as determined from triplicate experiments.

Recently, the cytotoxic activity of polyphenols’ fractions from different species of brown algae was
investigated against pancreatic cancer cells Mia-PaCa-2, Panc-1, Panc-3.27, and BxPC-3 [12], human
colorectal adenocarcinoma HT-29, Caco-2, breast carcinoma T-47D, MDA-MB-468 cell lines [13], human
leukemia HL60 and THP-1, and prostate cancer PC3 cell lines [14]. The IC50 values for investigated
polyphenols fractions were in a range from 80 to 200 μg/mL. It was suggested that the number of
phenolic ring substituents and phenyl ether linkages as well as the reduction in pH values caused
by an oxidation of hydroxyl groups in phenol polymer derivatives mainly influence their cytotoxic
activity [15]. Since colorectal carcinoma cells HCT 116 and HT-29 gain resistance under radiation
exposure [16,17], we chose them as model to check the hypothesis whether of phlorethols from brown
alga C. costata is able to effectively sensitize these cells to radiation.

Next, the effect of CcPh or X-ray radiation on colony formation in human colorectal cancer cells
was determined using the soft agar assay. It was found that the CcPh alone decreased the number of
colonies in HT-29 by 3%, 7%, and 24% at 10, 20, and 40 μg/mL, respectively and in HCT 116, by 4%, 7%
and 18% at the same doses. (Figure 2A,D). It should be noted that CcPh did not influence the viability
of normal mouse epidermal cells JB6 Cl41 at an effective concentration of 40 μg/mL even after 72-h of
treatment (Figure S4).
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Figure 2. Anticancer and radiosensitizing effects of phlorethols from C. costata (CcPh) on colony
formation in human colorectal carcinoma cells. HT-29 and HCT 116 cells (2.4 × 104) were treated with
(A,D) CcPh (10, 20, and 40 μg/mL) or (B,E) X-ray (2, 4, 8, and 10 Gy) or (C,F) a combination of X-ray
radiation (2 Gy) and CcPh (5, 10, and 20 μg/mL) and subcultured onto Basal Medium Eagle BME soft
agar and incubated for 2 weeks. The number of colonies was calculated using the ImageJ software
bundled with 64-bit Java 1.8.0_112 (NIH, Bethesda, Maryland, USA). All experiments were repeated
at least three times in each group. Results are expressed as the mean ± standard deviation (SD). The
asterisk (*) indicates a significant decrease in the number of colonies of cancer cells treated with CcPh

or X-ray compared to PBS-treated cells or CcPh in combination with X-ray compared to irradiated cells
(** p < 0.01, *** p < 0.001).

The exposure of HT-29 by X-ray irradiation at doses of 2, 4, 8, and 10 Gy caused the inhibition of
the colonies number by 26%, 55%, 95%, and 97%, respectively and HCT 116 by 18%, 30%, 47%, and
61% at the same doses (Figure 2B,E).

To investigate the radiosensitizing effect of phlorethols CcPh, HT-29 and HCT116 cells were
treated with CcPh at non-toxic concentrations of 5, 10, and 20 μg/mL and exposed to a low dose of
X-ray of 2 Gy, which alone slightly inhibited the viability or colony formation in cancer cells.

Under X-ray exposure, the number of colonies of HT-29 and HCT 116 cells were decreased by 24%
and 21%, respectively, compared to the non-irradiated cells (control) (Figure 2C,F). The combinatory
treatment with X-ray (2 Gy) and CcPh (5, 10, and 20 μg/mL) caused significant inhibition of colony
formation of HT-29 by 28%, 39%, and 41%, respectively and HCT 116 by 15%, 24%, and 40%, respectively,
compared to irradiated cells (Figure 2C,F).

To determine the type of combination effect of X-ray radiation with phlorethols CcPh, the
combination index (CI) was calculated (Table 1). This revealed that the interactions of radiation and
CcPh were mostly synergistic (CI < 0.7) [18]. CcPh strongly sensitized the HCT 116 cells to radiation
as compared with HT-29 cells.
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Table 1. Combination index (CI) for phlorethols—X-ray irradiation interactions.

Concentration of
CcPh, μg/mL

Dose of X-ray,
Gy

Combination Effect, % of Control Combination Index, CI *

HT-29 HCT 116 HT-29 HCT 116

2.5 2 40 30 0.67879 ± 0.024 0.58038 ± 0.012
5 2 52 37 0.61559 ± 0.03 0.48424 ± 0.035

10 2 63 45 0.58341 ± 0.027 0.43194 ± 0.042
20 2 65 62 0.66600 ± 0.021 0.33167 ± 0.037

* The Combination Index (CI) is the quantitative measure of the degree of interaction between different treatments.
CI values in the range of 0.9–1.1 indicate additive effect; and CI values greater than 1.1, antagonism. CI values
in the range from 0.9 to 0.7 indicate slight synergism; and CI values less than 0.7, synergism. CI values were
calculated according to the Chou and Talalay mathematical model for drug interactions using the CompuSyn
software version 1.0 on the basis of the results of soft agar assay. Data represent mean CI calculated from three
independent experiments ± standard deviations.

To the best of our knowledge, this is the first study on the radiosensitizing activity of phlorotannins
from brown algae. Since polyphenols from brown algae possessed potent antioxidant activity, their
radioprotective effect is a topic of interest of numerous investigations [19]. However there is evidence
that several natural compounds are able to exert a dual mode of action after irradiation—radioprotective
as well as radiosensitizing—depending on its dose and scheme of treatment [20]. For example,
polyphenols of plant origin such as curcumin or resveratrol have been found to protect various systems
against ionizing radiation and to sensitize cancer cells to radiation treatment [21].

3. Materials and Methods

3.1. Reagents

Phosphate buffered saline (PBS), L-glutamine, penicillin-streptomycin solution (10,000
U/mL, 10 μg/mL) were purchased from Sigma-Aldrich (St. Louis, MI, USA). The MTS
reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
was purchased from Promega (Madison, WI, USA). The Basal Medium Eagle (BME), McCoy’s 5A
Modified Medium (McCoy’s 5A), Minimum Essential Medium Eagle (MEM), trypsin, fetal bovine
serum (FBS), and agar were purchased from ThermoFisher Scientific (Waltham, MA, USA). Organic
solvents, inorganic acids, and salts were commercially obtained (Laverna, Moscow, Russia)

3.2. Cell Culture

Human colorectal carcinoma HT-29 (ATCC® no. HTB-38™) and HCT 116 (ATCC® CCL-247™)
were cultured in McCoy’s 5A medium, supplemented with 10% FBS and 1% penicillin-streptomycin
solution; breast cancer MCF-7 (ATCC® no. HTB-22™) or melanoma SK-MEL-28 (ATCC® no. HTB-72™)
cells were maintained in MEM medium with 10% FBS and 1% penicillin-streptomycin solution. The
cell cultures were maintained at 37 ◦C in humidified atmosphere containing 5% CO2. Every 3–4 days,
the cells were detached with 0.25% trypsin/0.05 M EDTA for 1–3 min and 10–20% of the harvested cells
were transferred to a new flask containing fresh complete culture media.

3.3. Isolation of the Phlorethol Fraction (CcPh) from C. costata

The brown alga C. costata (Turn) Saund (order Laminariales) was collected in Peter the Great Bay,
Sea of Japan in July 2016. The isolation, separation, and structural characterization of phlorethols were
conducted as previously reported [7].

3.4. Preparation of the Phlorethol Fraction (CcPh) for Bioassays

CcPh was dissolved in sterile PBS to prepare stock concentrations of 10 mg/mL. Cells were
treated with serially diluted phlorethols (culture medium used as diluent) to give the intended final
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concentrations (5–1000 μg/mL). The vehicle control was the cells treated with an equivalent volume of
PBS for all presented experiments.

3.5. MTS Assay

HT-29 and HCT 116 or MCF-7 and SK-MEL-28 cells (1.0 × 104) were seeded in 200 μL of complete
McCoy’s 5A/10% FBS or MEM/10% FBS media, respectively, and incubated for 24 h at 37 ◦C in 5% CO2

incubator. The attached cells were treated by phlorethols CcPh at concentrations ranging from 0 to
1000 μg/mL for an additional 24 h. Subsequently, the cells were incubated with 15 μL MTS reagent for
3 h, and the absorbance of each well was measured at 490/630 nm using PowerWave XS Microplate
Reader (BioTek, Winooski, VT, USA). All samples were tested in triplicate.

3.6. Soft Agar Assay

To estimate the effect of phlorethols CcPh on colony formation (phenotype expression), human
colorectal carcinoma cells HT-29 and HCT 116 (2.4 × 104) were treated with PBS (control) or phlorethols
CcPh (10, 20, and 40 μg/mL) in 1 mL of 0.3% BME agar containing 10% FBS, 2 mM l-glutamine, and
25 μg/mL gentamicin. The cultures were maintained in a 37 ◦C, 5% CO2 incubator for 14 days, and
the cell colonies were scored using a Motic microscope AE 20 (XiangAn, Xiamen, China) and ImageJ
software bundled with 64-bit Java 1.8.0_112 (NIH, Bethesda, MD, USA).

3.7. Cell Irradiation Assay

Human colorectal carcinoma cells HT-29 and HCT 116 were exposed to X-ray radiation using an
XPERT 80 X-ray system (KUB Technologies, Inc., Milford, CT, USA). The absorbed dose of radiation
was measured by a DRK-1 X-ray radiation clinical dosimeter (Axelbant LLK, Moscow, Russia).

To determine the sensitivity of HT-29 or HCT 116 cells to radiation, the cells (5.0 × 105) were
exposed to X-ray at a dose rate from 2 to 10 Gy and recovered at 37 ◦C in a 5% CO2 incubator for 3 h.
The cells were harvested with 0.25% trypsin/0.05 M EDTA solution and subjected to the “Soft agar
assay” as described above.

To determine the radiosensitizing activity of phlorethols, HT-29 or HCT 116 cells (5.0 × 105) were
exposed to 2 Gy of X-ray and incubated for 3 h. Then, cells were treated with either PBS (control) or
phlorethols CcPh (5, 10, and 20 μg/mL) for an additional 24 h. The cells were harvested and used for
the “Soft agar assay” as described above.

3.8. Combination Index (CI) Calculation

The calculations of drug concentration/X-ray irradiation dose-effect were performed by CompuSyn
software version 1.0 (ComboSyn, Inc., Paramus, NJ, USA) using the median effect method described
by Chou and Talalay [22].

3.9. Data Analysis

All assays were performed in at least three independent experiments. Results are expressed as the
mean ± standard deviation (SD). The Student’s t-test was used to evaluate the data with the following
significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Conclusions

This study evaluated the in vitro anticancer and radiosensitizing effects of phlorethols (CcPh)
from C. costata on human colorectal carcinoma HCT 116 and HT-29 cell lines. CcPh at non-toxic
concentrations was found to significantly inhibit the colony formation in HT-29 and HCT 116 alone and
in combination with X-ray irradiation. The combinatory effect of radiation and CcPh was synergistic
(combination index CI < 0.7). The molecular mechanism of this action requires further research. In
future studies, we plan to determine the effects of polyphenols on the detoxification of enzymes,
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the activation of endogenous protective systems, and the repair of DNA strand breaks induced by
X-ray exposure.

Supplementary Materials: The following are available online, Figure S1: 13C-NMR spectra of the CcPh fraction,
Figure S2: HMBC NMR spectra of the CcPh fraction, Figure S3: HSQC NMR spectra of the CcPh fraction, Table
S1: The data of elemental compositions, monoisotopic masses and ions of the phlorethol CcPh fraction, Figure S4:
The effect of phlorethols from C. costata (CcPh) on viability of normal mouse epidermal cells JB6 Cl41.
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Abstract: Actinoporins are the most abundant group of sea anemone cytolytic toxins.
Their membranolytic activity is of high interest for the development of novel anticancer drugs.
However, to date the activity of actinoporins in malignant cells has been poorly studied. Here,
we report on recombinant analog of Hct-S3 (rHct-S3), belonging to the combinatory library of
Heteractis crispa actinoporins. rHct-S3 exhibited cytotoxic activity against breast MDA-MB-231
(IC50 = 7.3 μM), colorectal HT-29 (IC50 = 6.8 μM), and melanoma SK-MEL-28 (IC50 = 8.3 μM)
cancer cells. The actinoporin effectively prevented epidermal growth factor -induced neoplastic
transformation of JB6 Cl41 cells by 34% ± 0.2 and decreased colony formation of HT-29 cells by
47% ± 0.9, MDA-MB-231 cells by 37% ± 1.2, and SK-MEL-28 cells by 34% ± 3.6. Moreover, rHct-S3
decreased proliferation and suppressed migration of colorectal carcinoma cells by 31% ± 5.0 and
99% ± 6.4, respectively. The potent anti-migratory activity was proposed to mediate by decreased
matrix metalloproteinases-2 and -9 expression. In addition, rHct-S3 induced programmed cell death
by cleavage of caspase-3 and poly (ADP-ribose) polymerase, as well as regulation of Bax and Bcl-2.
Our results indicate rHct-S3 to be a promising anticancer drug with a high anti-migratory potential.

Keywords: actinoporin; sea anemone; Heteractis crispa; anticancer activity; anti-migratory activity

1. Introduction

Cancer is a major public burden with tens of millions people being diagnosed around the
world every year. Eventually, more than half of the patients succumb to their disease despite
new developments [1]. In 2018, 9.6 million people died from cancer according to the World
Health Organization [2], with increasing numbers in developing countries. Lung, breast, colorectal,
and prostate cancer belong to the most frequently diagnosed malignancies worldwide [2]. These diseases
claim the lives of more than a million people annually.

Although scientific and technological progress allowed the development of new approaches such
as gene-therapy [3], stem cell transplantation [4], immunotherapy [5], and therapy by nanoparticles [6]
for cancer treatment, the traditional cancer therapy including a combination of surgery, radio- and
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chemotherapy is still the most commonly used [7–9]. Standard cancer therapy is accompanied by
various drawbacks, such as a lack of tumor-specific drug delivery systems, regular application of
toxic anticancer drugs leading to adverse side effects, in particular normal cell death, drug resistance,
as well as cancer recurrence after surgical removal of solid tumors [5,10]. Therefore, the search for
more effective anticancer compounds is ongoing.

In this context, actinoporins, cytolytic toxins derived from sea anemones (marine venomous
cnidarians), were identified as promising candidates for cancer therapy. This unique group of small
basicα-pore-forming proteins includes a compactβ-fold lacking disulfide bounds formed by 12β-sheets
and two α-helices—one of which, functional and more extended, is located at the N-terminus, and the
second one, short, is at the C-terminus [11]. Cytotoxicity of actinoporins relies on the formation of
pores within sphingomyelin-containing membranes, which disrupts ion gradients that lead to osmotic
swelling and ultimately to cell death [12–14]. Cytolytic activity of actinoporins was observed in
different cells including platelets, fibroblasts, parasite cells, lactotrophs and some cancer cells [15,16].
Due to pore-forming ability and selective binding to sphingomyelin on the cell membrane surface,
high stability to temperature and proteolytic cleavage, they are currently considered as antibacterial
and anticancer agents as well as components of immunotoxins [17,18]. These immunotoxins include
StnI from Stichodactyla helianthus [17], Gigantoxin-4 from Stichodactyla gigantea [19], EqII from Actinia
equina [20] and its mutant EqTx-II(I18C) [21], as well as FraC from Actinia fragacea [22].

In our previous studies, we reported the structure and first functional analyses of actinoporins
isolated from Heteractis crispa (=Radianthus macrodactylus) [23–28]. We were able to demonstrate
cytotoxic activity of actinoporin RTX-A in monocytic leukemia (THP-1) cells, cervix carcinoma
(HeLa), breast (MDA-MB-231) and colon (SNU-C4) cancer cells. In addition, epidermal growth factor
(EGF)-induced tumor transformation of mouse epidermal JB6 P+ Cl41 cells was observed. Activity was
mediated by induction of p53-independent apoptosis as well as inhibition of the oncogenic nuclear
factors AP-1 and NF-κB [16]. Moreover, we found the combinatorial library of H. crispa actinoporins
encoded by the multigene family including at least 47 representatives [26–28]. Here, we report
the in vitro anticancer activity of the recombinant analog of Hct-S3, the most abundant isoform of
H. crispa actinoporins.

2. Results

2.1. Obtaining of Recombinant Analog of Hct-S3 Actinoporin

Hct-S3 (177 amino acid residues) is one of the most represented isoforms belonging to the
multigene family of H. crispa actinoporins. A recombinant analog of Hct-S3 (rHct-S3) was expressed in
Escherichia coli strain Rosetta (DE3) as fusion protein containing glutation-S-transpherase, polyhistidine
tag, enteropeptidase cleavage site, and actinoporin. In order to avoid the denaturation of the target
polypeptide and increase its yield, we applied a high-pressure homogenization approach using a
French-press homogenizer for the cell destruction instead of ultrasonication. The fusion protein with
a molecular mass of ~50 kDa was isolated using a metal-affinity chromatography and cleaved by
enteropeptidase. Next, the targeted actinoporin was purified on a soybean trypsin inhibitor -affinity
column and further desalted (Figure 1a). The final yield of rHct-S3 after high-pressure homogenization
was 1 mg/L of cell culture in contrast to 0.2 mg/L yield after ultrasonication. The molecular mass of
the polypeptide was determined by MALDI-TOF/TOF mass-spectrometry as 19,393 Da (Figure 1b),
which is consistent with the predicted molecular mass (19,390 Da). The N-terminal amino acid sequence
(15 aa) determined by the automated Edman degradation matched well with the amino acid sequence
deduced from cDNA earlier.
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Figure 1. Electrophoregram (a) and mass spectrum (b) of purified rHct-S3.

2.2. The Effect of rHct-S3 on Cell Viability

In order to determine the cytotoxic effect of rHct-S3, the panel of human cancer cell lines HT-29
(colorectal carcinoma), MDA-MB-231 (triple negative breast cancer), SK-MEL-28 (malignant melanoma),
as well as normal mouse epidermal JB6 Cl41 cells and human embryonic kidney HEK 293 cells were
treated by rHct-S3 at a concentration range 0.01 μM–10 μM for 24 h and cell viability was estimated
by MTS assay. rHct-S3 had comparable effects on viability of cell lines with an IC50 of 8.6 μM for JB6
Cl41 cells (Figure 2a), 8.5 μM for HEK 293 (Figure 2b), 6.8 μM for HT-29 cells (Figure 2c), 7.3 μM for
MDA-MB-231 cells (Figure 2d), and 8.3 μM for SK-MEL-28 cells (Figure 2e).

 

Figure 2. The effect of rHct-S3 on cell viability of (a) normal mouse epidermal cells JB6 Cl41, human (b)
embryonic kidney HEK 293, (c) colorectal carcinoma HT-29, (d) breast cancer MDA-MB-231, and (e)
melanoma SK-MEL-28 cell lines. The cytotoxic activity was determined by MTS assay after 24 h
of treatment. The results are expressed as the percentage of inhibition that produced a reduction
in absorbance by rHct-S3 treatment compared the non-treated cells. Results are expressed as the
mean ± standard deviation (SD).
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2.3. The Effect of rHct-S3 on EGF-Induced Neoplastic Transformation of Normal Cells and Colony Formation of
Cancer Cells

The effects of rHct-S3 on neoplastic transformation of JB6 Cl41 cells induced by EGF, colony
formation and growth of cancer cells were studied by soft agar assay, which is considered to be the most
accurate type of in vitro test for detecting malignant transformation of cells [29]. The actinoporin was
found to inhibit the EGF-induced neoplastic transformation of JB6 Cl41 cells by 10% ± 5.0, 23% ± 2.5,
and 34% ± 0.2 at subtoxic concentrations of 1, 2, and 4 μM, respectively (Figure 3a,b). Moreover,
rHct-S3 decreased the number of colonies of HT-29 cells by 25% ± 1.8, 33% ± 0.1, and 47% ± 0.9,
at concentrations of 1, 2, and 4 μM, respectively, compared to non-treated cells (control) (Figure 3c).
At the same doses, rHct-S3 inhibited the colony formation of MDA-MB-231 cells by 17%± 2.4, 20%± 2.5,
37% ± 1.2 and SK-MEL-28 cells by 18% ± 1.5, 24% ± 0.5, 34% ± 3.6, respectively (Figure 3d,e). Because
activity of rHct-S3 was most pronounced in colorectal carcinoma HT-29 cells, further experiments
were carried out with this cell line. It should be noted that chemotherapeutic drug, cisplatin, used as a
positive control in this study, inhibited colony formation of HT-29, MDA-MB-231, and SK-MEL-28 cells
by 46%, 75%, and 39% at a non-cytotoxic dose of 3 μM, respectively (Figure 3). These results indicate
that the actinoporin has a promissing anticancer potential.

2.4. The Effect of rHct-S3 on Migration of Colorectal Carcinoma HT-29 Cells

We investigated the effect of rHct-S3 on the migration of colorectal carcinoma HT-29 cells with
high metastatic potential, using a scratch assay. It was demostrated that rHct-S3 supressed migration
of HT-29 cells by 33% ± 10.2, 50% ± 7.5, and 99% ± 6.4, respectively, at concentrations of 1, 2, and 4 μM,
compared to the control group (Figure 4a,b). In order to reveal the impact of inhibition of proliferation
by rHct-S3 on migration, the antiproliferative activity of rHct-S3 against HT-29 cells was checked in 24,
48, 72, and 96 h of treatment (Supplementary Figure S1). It was found that rHct-S3 at concentrations 1, 2,
and 4 μM slightly (not more than 10%) decreased the proliferation rate of HT-29 cells after 24 h and 48 h
of treatment, while it inhibited cells proliferation by 11% ± 3.0, 26% ± 1.2, and 31% ± 5.0, respectively,
after 96 h of treatment. These results indicate that rHct-S3 possess a moderate antiproliferative activity.

To elucidate the potential mechanism of this anti-migratory activity, we evaluated the effect of
rHct-S3 on the expression level of the matrix metalloproteinases (MMP)-2 and MMP-9, playing a pivotal
role in cancer cell invasion and metastasis. Indeed, actinoporin effectively inhibited the expression of
MMP-2 and MMP-9 (Figure 4c) at a concentration of 2 μM. In addition, we estimated whether rHct-S3
affect the activation of caspase-3, a known executor of apoptosis. The upregulation of cleaved caspase-3
was detected in HT-29 cells treated with rHct-S3. Additionally and in line with this, we have detected
a degradation of poly (ADP-ribose) polymerase (PARP) as well as Bcl-2 down-regulation and Bax
up-regulation (Figure 4d). Thus, rHct-S3 decreases the migratory activity of colorectal carcinoma HT-29
cells by the inhibition of MMP-2 and MMP-9 and induces the apoptosis via the activation of caspase-3.
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Figure 3. Effect of rHct-S3 on EGF-induced neoplastic cells transformation of JB6 Cl41 cells and
colony formation of human colorectal carcinoma HT-29, breast cancer MDA-MB-231, and melanoma
SK-MEL-28 cell lines. (a,b) JB6 Cl41 cells (2.4 × 104 /mL) treated with/without EGF (1 ng/mL) or
investigated compound (1, 2, and 4 μM) in 1 mL of 0.3% Basal medium Eagle (BME) agar containing
10% FBS and overlaid with 3.5 mL of 0.5% BME’s agar containing 10% FBS. The culture was maintained
at 37 ◦C in a 5% CO2 atmosphere for 2 weeks. (c) HT-29, (d) MDA-MB-231, (e) SK-MEL-28 cells
(2.4 × 104 /mL) treated with/without investigated compound (1, 2, and 4 μM) or cisplatin at 3 μM
(positive control) and subjected into a soft agar. The culture was maintained at 37 ◦C in a 5% CO2

atmosphere for 2 weeks. The colonies were counted under a microscope with the aid of the ImageJ
software program (n = 6 for control and each compound, n—quantity of photos). The magnification of
representative photos of colonies is ×10. The asterisks (*** p < 0.001) indicate a significant decrease in
colony formation in cells treated with compound compared with the non-treated cells (control).
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Figure 4. Effects of rHct-S3 on migration of HT-29 cells, MMPs and apoptotic proteins. (a,b) The HT-29
cells migration distance was measured the width of the wound and expressed as a percentage of each
control for the mean of wound closure area. All experiments were repeated at least three times in
each group (n = 18 for control and each compound, n—quantity of photos). The magnification of
representative photos is ×10. The asterisks (*** p < 0.001) indicate a significant decrease in migration of
cells treated with rHct-S3 compared with the non-treated cells (control) (c,d) rHct-S3 inhibited MMP-9,
MMP-2 expression and regulated caspase-3, cleaved caspase-3, PARP, Bcl-2 and Bax in HT-29 cells,
as determined by Western Blotting with specific antibodies.

3. Discussion

Actinoporins are the major components of sea anemone venom, which disrupt cell membranes
by pore formation [30]. H. crispa venom contains numerous actinoporin isoforms, encoded by the
multigene family [28]. Hct-S3 is one of the isoform of H. crispa actinoporins belonging to Hct-S group
with Ser at N-terminus (Figure 5). Earlier, the recombinant analog of Hct-S3 was obtained [26,31]
and its hemolytic activity was comparable with well-characterized actinoporins such as RTX-A from
H. crispa [32], EqII from A. equina [33] and StnII from S. helianthus [34]. Comparative analysis of amino
acid sequences of known actinoporins and Hct-S3 revealed that Hct-S3 shared 87–89% identity with
Gigantoxin-4 from S. gigantea, and RTX-A and StnI from S. helianthus, which possess anticancer activity
(Figure 5). However, their anticancer mechanism has not been studied in detail. We attempted to
elucidate the mechanism of action of actinoporins, in particular, Hct-S3, in different human cancer cells.

The recombinant analog of Hct-S3 was obtained using a previously developed scheme [26] with a
changing of cell disruption approach. The lack of carbohydrates and disulfide bridges simplifies the
production of recombinant actinoporins by heterologous expression in E. coli. However, there are some
difficulties with the isolation of soluble actinoporins due to the protein aggregation as inclusion bodies
during cells’ ultrasonication. It is known that ultrasonic homogenization is a high-energy process of
cell disruption. This fact may lead to the samples heating and result in the denaturation of proteins.
Therefore, to minimize the protein denaturation we used a high-pressure homogenization of E. coli
cells that allow us to increase the yield of soluble form of rHct-S3 by five times.
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Figure 5. Multiple sequence alignment of actinoporins. EqII (P61914) from Actinia equina, FraC (B9W5G6)
from Actinia fragacea, Gigantoxin-4 (H9CNF5) from Stichodactyla gigantea, StnI (P81662) from Stichodactyla
helianthus, and RTX-A (P58691) from Heteractis crispa. The identical and conservative amino acid
residues are shown on green and brown background.

Cytotoxic effects of rHct-S3 were studied in normal mouse epidermal, human embryonic kidney
cells and human colon carcinoma, breast cancer, and melanoma cells. rHct-S3 exhibited cytotoxic
activity against all tested cell lines with comparable IC50 values (Figure 2), which were 100–1000-fold
higher than those found for other actinoporins [17,18,35]. Previously, StnI and hemolytic fraction
of S. helianthus were shown to possess cytotoxic activities against colorectal cancer or breast cancer
cells, respectively, while RTX-A demonstrated potent cytotoxic activity against both tested cancer cell
lines [16].

Carcinogenesis is known to be a multistage process, which includes the initiation (transformation
of normal cells into cancer cells), development (formation of colonies of cancer cells) and progression
(growth of colonies of cancer cells) of cancer. Cancer prevention is gaining increasing attention
because it may be a promising alternative to cancer treatment sparing complications caused by
advanced diseases. The involvement of multiple factors and developmental stages and our increased
understanding of cancer at the epigenetic, genetic, molecular, and cellular levels is opening up
enormous opportunities to interrupt and reverse the initiation and progression of the disease and
provide scientists with numerous targets to arrest by physiological and pharmacologic mechanisms,
with the goal of preventing end-stage, invasive disease and impeding or delaying the development of
cancer [36]. One of the promising strategies for combating carcinogenesis is to search for substances
that can prevent the transformation of normal cells into cancer cells induced by various stimulating
factors, e.g., epidermal growth factor (EGF), triphorbol ether (TPA), ultraviolet radiation (UV), etc.
The promotion-sensitive mouse epidermal JB6 Cl41 cells are known to respond irreversibly to tumor
promoters such as epidermal growth factor (EGF) with induction of anchorage-independent growth in
soft agar [37]. Therefore, this well-established culture system was used to study the cancer-preventive
activity of rHct-S3. Indeed, the actinoporin delayed the EGF-induced neoplastic transformation of JB6
Cl41 cells (Figure 3a,b) and suppressed colony formation of all cancer cell lines (Figure 3c–e), with the
inhibition level of HT-29 and SK-MEL-28 cells comparable to cisplatin. Similar activity was previously
demonstrated for RTX-A [16]. This polypeptide prevented malignant transformation of JB6 P+ Cl41
cells and suppressed the growth of HeLa cell colonies at nanomolar concentrations [16].

The most significant cancer-preventive activity of rHct-S3 was found in colon cancer cells.
Therefore, we examined the effects of rHct-S3 on the migration of colon cancer cells, as well as their
proliferation, in order to incorporate the influence of cell proliferation in the interpretation of the results
of migration assays. In fact, tumor cell migration essentially contributes to invasion and metastatic
spread, ultimately resulting in progression of disease. More than 30% of patients with colorectal
carcinoma have clinically detectable metastases at the time of primary diagnosis [38]. Since the most
serious complication and the main cause of death of patients with colorectal carcinoma are distant
metastases, the evolution of antimetastatic activity of potential therapeutic agents continues to be
an important and urgent task. The mechanism of metastases formation is complex and not fully
understood. The migration, intravasation, extravasation of cancer cells and formation of a new vessels

129



Molecules 2020, 25, 5979

(neoangiogenesis) to consolidate a secondary tumor at a distant site are the most important steps
of the metastasis process [39]. Remarkably, rHct-S3 almost completely suppressed the migration of
HT-29 cells at a concentration of 4 μM (Figure 4a,b). Moreover, the actinoporin possessed a moderate
antiproliferative activity (Supplementary Figure S1), but its impact on the anti-migratory activity of
rHct-S3 was not significant.

During metastasis, the degradation of extracellular matrix (ECM) and components of the basement
membrane by proteases facilitates the detachment of cancer cells, their crossing of tissue boundaries,
and invasion into adjacent tissue compartments [40]. In recent years, the importance of cancer-associated
proteases such as matrix metalloproteinases MMP-2 and MMP-9 in invasion and metastasis has been
reported for a variety of solid malignant tumors [41]. Indeed, the actinoporin was found to effectively
inhibit an expression of MMP-2 and MMP-9 (Figure 4c) that apparently resulted in the decrease in HT-29
cell migration. Recently, it was shown that caspase-3 is also able to influence the migration and invasion
of colorectal cells [42]. In addition, caspase-3 is a key executioner of programmed cell death. In fact,
rHct-S3 treatment cleavage of total caspase-3, followed by PARP cleavage, mediate both anti-migratory
activity and induction of apoptosis in HT-29 cells (Figure 4d). In line with the pro-apoptotic activity of
rHct-S3, an up-regulation of pro-apoptotic Bax and suppression of anti-apoptotic Bcl-2 were observed.

In conclusion, H. crispa actinoporin shows promising anticancer activity with a strong inhibiting
effect on the migratory potency of cancer cells. We revealed for the first time that the actinoporin was
able to inhibit cancer colony formation and cell migration via suppression of MMP-2 and MMP-9
expression and induce cell apoptosis via activation of caspase-3, cleavage of PARP, activation of Bax
and suppression of Blc-2 expressions. The results indicate a high potential of the actinoporin to prevent
cancer disease progression. Deep investigations of the underlying mechanism of the effect on apoptotic
PI3K/AKT/mTOR, and of cell adhesion signaling pathways, are still to be performed.

4. Materials and Methods

4.1. Expression and Isolation of Recombinant Hct-S3

The recombinant plasmid obtained earlier was transformed into E. coli strain Rosetta (DE3)
(Novagen, Merck KGaA, Darmstadt, Germany). Transformed cells were cultured at 37 ◦C in 1 L of
Luria-Bertani medium containing 50 μg/mL kanamycin (Gibco, Thermo Fisher Scientific, Gaithersburg,
MD, USA) until the optical density (OD600) ~0.5 was reached. After induction with IPTG at a
concentration of 0.2 mM, the cells were incubated at 19 ◦C for 18 h at 180 rpm, centrifuged for 6 min
at 6000 rpm at 4 ◦C, and supernatant was removed. The presence of rHct-S3 was determined in 12%
polyacrylamide gel by Laemmli’s SDS-PAGE method [43]. Precipitate was resuspended in the start
buffer for affinity chromatography (400 mM NaCl, 20 mM Tris-HCl buffer, pH 8.0) and disrupted by
French-press homogenizer (Thermo Fisher Scientific, Waltham, MA, USA) using the mini-cell (3.7 mL).
Lysed cells were centrifuged for 10 min at 10,000 rpm to remove all insoluble particles. Supernatant
was applied to a Ni-NTA agarose (Qiagen, Venlo, Netherlands), the fusion protein was purified with
5 volume of wash buffer (400 mM NaCl, 50 mM imidazole, 20 mM Tris-HCl buffer, pH 8.0) and
5 volume of start buffer. The fusion protein was cleaved by enteropeptidase (1 unit/mg protein) at room
temperature for 18 h at 80 rpm. The recombinant actinoporin were purified from enteropeptidase on
soybean trypsin inhibitor-agarose (Sigma-Aldrich, St. Louis, MO, USA) and desalted on a centrifugal
filter tube (Millipore, Lenexa, KS, USA) with capacity < 3000 Da. The molecular masses of the
purified rHct-S3 were analyzed by Ultra Flex III MALDI-TOF/TOF mass spectrometer (Bruker, Bremen,
Germany). The amino acid sequence of rHct-S3 were determined on an automated sequencer protein
Procise 492 Clc (Applied Biosystems, Foster City, CA, USA).

The purified rHct-S3 was dissolved in PBS, filtered by 0.22 μm “Millipore” membranes (Billerica,
MA, USA) and used for the bioactivity experiments.
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4.2. Cell Lines

Normal mouse epidermal cells JB6 Cl41 (ATCC® no. CRL-2010™), human colorectal carcinoma
HT-29 cells (ATCC® no. HTB-38™), breast cancer MDA-MB-231 cells (ATCC® HTB-26™),
and melanoma SK-MEL-28 cells (ATCC® no. HTB-72™) were obtained from the American Type
Culture Collection (Manassas, VA, USA).

4.3. Cell Culture

JB6 Cl41, HT-29, MDA-MB-231, and SK-MEL-28 cells were cultured in complete MEM/5% FBS,
McCoy’s 5A/10% FBS, DMEM/10% FBS, and MEM/10% FBS medium, respectively, containing 1%
penicillin-streptomycin solution. The cell cultures were maintained at 37 ◦C in humidified atmosphere
containing 5% CO2. Every 3–4 days, cells were rinsed with PBS, detached from the tissue culture flask
by 0.25% trypsin/0.5 mM EDTA, and 10–20% of the harvested cells were transferred to a new flask
containing fresh culture media. The cells after 4–5 passages were used for the experiments. The cells
were passaged for a month.

4.4. MTS Assay

To determine cytotoxic activity of rHct-S3, cells (1.0× 104) were seeded in 96-well plates (“Jet Biofil”,
Guangzhou, China) and cultured in 200 μL of complete culture medium for 24 h at 37 ◦C in a 5%
CO2 incubator. The cell monolayer was washed with PBS and treated either with PBS (control) or
various concentrations of rHct-S3 (0.01 μM–10 μM) in fresh appropriate culture medium for 24 h.
Subsequently, the cells were incubated with 15 μL MTS reagent (“Promega”, Madison, WI, USA) for
3 h, and the absorbance of each well was measured at 490/630 nm using Power Wave XS microplate
reader (“BioTek”, Wynusky, VT, USA).

To determine the antiproliferative activity of rHct-S3, cells (0.7 × 104) were seeded in 96-well plates
and cultured in 200 μL of complete culture medium for 24 h at 37 ◦C in a 5% CO2 incubator. The cell
monolayer was washed with PBS and treated either with PBS (control) or various concentrations of
rHct-S3 (1, 2, and 4 μM) in fresh appropriate culture medium for 24, 48, 72, 96 h. Subsequently, the cells
were incubated with 15 μL MTS reagent (“Promega”, Madison, WI, USA) for 3 h, and the absorbance
of each well was measured at 490/630 nm using Power Wave XS microplate reader (“BioTek”, Wynusky,
VT, USA).

4.5. The Soft Agar Colony Formation Assay

JB6 Cl41 cells (2.4 × 104) were exposed to EGF (1 ng/mL) and treated with rHct-S3 (1, 2, and 4 μM)
in 1 mL of 0.3% Basal Medium Eagle (BME) agar containing 10% FBS, 2 mM L-glutamine, and 25 μg/mL
gentamicin. The cultures were maintained at 37 ◦C in a 5% CO2 incubator for 14 days, and the
cell’s colonies were scored using a microscope, Motic AE 20 (XiangAn, Xiamen, China) and the
ImageJ software.

To estimate the effect of rHct-S3 on colony formation, human cancer cells (2.4 × 104 /mL) were
seeded into 6-well plate and treated with rHct-S3 (1, 2, and 4 μM) or cisplatin (3 μM) in 1 mL of 0.3%
Basal Medium Eagle (BME) agar containing 10% FBS, 2 mM L-glutamine, and 25 μg/mL gentamicin.
The cultures were maintained in a 37 ◦C, 5% CO2 incubator for 14 days, and the cell colonies were
scored as described above.

4.6. Scratch-Wound Assay

Cell migration assay was performed as previously described [44]. Briefly, HT-29 cells
(3 × 105 cells/mL) were seeded into 6-well plates and 24 h later the culture medium was removed and
straight scratch was created using a 200 μL sterile pipette tip. Cells were washed twice with PBS to
remove cellular debris, replaced with appropriate complete culture media containing rHct-S3 (1, 2,
and 4 μM) and incubated for 96 h. All experiments were repeated at least three times in each group.
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For the image analysis, cell migration into the wound area was photographed at the stages of 0 and
96 h using a microscope, Motic AE 20, and ImageJ software. The cells migration distance was estimated
by measuring the width of the wound and expressed as a percentage of each control for the mean of
the wound closure area.

4.7. Protein Preparation and Western Blotting

The cells (0.5 × 106 cells/well) were seeded in 6-well plates and incubated overnight. The medium
was replaced with fresh medium (1 mL/well) containing the investigated actinoporin at the indicated
concentrations, and the cells were incubated for the next 48 h. Cells were harvested by scrapers,
pelleted (centrifugation, 5 min, 453× g), and washed with PBS (10 mL/samples followed by
centrifugation, 3 times). Cells were lysed with 70 μL/sample of lysis buffer (0.88% (w/v) NaCl,
50 mM Tris-HCl (pH 7.6), 1% NP-40 (v/v), 0.25% (w/v) sodium cholate, 1 mM PMSF, 1 mM
Na3VO4, containing cOmplete™ EASYpacks protease inhibitors cocktail and PhosSTOP™ EASYpacks
phosphatase inhibitors cocktail (Roche, Mannheim, Germany)) on ice for 20 min. Lysates were frozen
for 1 h, centrifuged (10 min, 11,170× g), the protein-containing supernatants were taken, and the protein
concentrations were evaluated using the Bradford assay. Protein extracts were diluted with loading
buffer according to the manufacture’s recommendations, heated for 5 min at 99 ◦C, and subjected
to electrophoresis in 4–12.5% gradient SDS-PAGE (Cat. No. 4568083, Bio-Rad, Hercules, CA, USA)
at 120 V. A quantity of 20 μg of total protein was loaded to each slot of the gel. Proteins were then
transferred from gel to a 0.2 μm pore PVDF membrane (Millipore, Bedford, MA, USA) using the
Bio-Rad transfer system (Cat. No. 10026938, Bio-Rad) and the membranes were blocked with 5%
(w/v) BSA in 0.05% Tween-20/TBS. The membranes were consequently treated with the primary and
secondary antibodies, according to the manufacturer’s protocol. Signals were detected using the
enhanced chemiluminescence system (Thermo Fisher Scientific, Rockford, IL, USA) according to the
manufacturer’s protocol. The following primary and secondary antibody were used: anti-caspase-3
(mAb, anti-rabbit, #9662, dilution 1:1000, Cell Signaling), anti-MMP-2 (mAb, anti-rabbit, #13132,
dilution 1:1000, Cell Signaling), anti-MMP-9 (mAb, anti-rabbit, #13667, dilution 1:1000, Cell Signaling),
anti-PARP (pAb, anti-rabbit, #9542, dilution 1:1000, Cell Signaling), anti-Bcl-2 (pAb, anti-rabbit,
#2876, dilution 1:1000, Cell Signaling), anti-α-tubulin (mAb, anti-mouse, T5168, dilution 1:5000,
Sigma-Aldrich), anti-Bax (mAb, anti-rabbit, #5023, dilution 1:1000, Cell Signaling),anti-β-actin (mAb,
anti-mouse, #CP01, dilution 1:10,000, Calbiochem), secondary anti-mouse IgG-HRP (sheep, #NXA931,
dilution 1:10,000, GE Healthcare), secondary anti-rabbit IgG-HRP (goat, #7074, dilution 1:5000,
Cell Signaling).

4.8. Statistical Analysis

All assays were performed in at least three independent experiments. Results are expressed as
the mean ±standard deviation (SD). Student’s t test was used to evaluate the data with the following
significance levels: * p < 0.05, ** p < 0.01, *** p < 0.001.

Supplementary Materials: The following are available online, Figure S1: The effect of rHct-S3 on proliferation of
human colorectal carcinoma HT-29 cell lines.
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Abstract: Widespread pathologies such as atherosclerosis, metabolic syndrome and cancer are associ-
ated with dysregulation of sterol biosynthesis and metabolism. Cholesterol modulates the signaling
pathways of neoplastic transformation and tumor progression. Lanosterol 14-alpha demethylase
(cytochrome P450(51), CYP51A1) catalyzes one of the key steps in cholesterol biosynthesis. The fairly
low somatic mutation frequency of CYP51A1, its druggability, as well as the possibility of interfering
with cholesterol metabolism in cancer cells collectively suggest the clinical importance of CYP51A1.
Here, we show that the natural flavonoid, luteolin 7,3′-disulfate, inhibits CYP51A1 activity. We also
screened baicalein and luteolin, known to have antitumor activities and low toxicity, for their ability
to interact with CYP51A1. The Kd values were estimated using both a surface plasmon resonance
optical biosensor and spectral titration assays. Unexpectedly, in the enzymatic activity assays, only
the water-soluble form of luteolin—luteolin 7,3′-disulfate—showed the ability to potently inhibit
CYP51A1. Based on molecular docking, luteolin 7,3′-disulfate binding suggests blocking of the
substrate access channel. However, an alternative site on the proximal surface where the redox
partner binds cannot be excluded. Overall, flavonoids have the potential to inhibit the activity of
human CYP51A1 and should be further explored for their cholesterol-lowering and anti-cancer
activity.

Keywords: lanosterol 14-alpha demethylase; flavonoids; enzyme inhibition; surface plasmon reso-
nance; spectral titration; molecular docking

1. Introduction

Cholesterol is a major source of bioactive sterols. Cholesterol modulates the signaling
pathways of neoplastic transformation and tumor progression by covalently modifying
hedgehog and smoothened family proteins [1,2] and it is also involved in atherosclerosis
and metabolic syndrome progression [3]. Tumor growth is accompanied by a significant
increase in the expression level of cholesterol biosynthetic enzymes, including lanosterol
14-alpha demethylase (cytochrome P450(51), CYP51A1) [4]. CYP51A1 belongs to the
evolutionarily conserved family of cytochrome P450 and catalyzes the oxidative removal
of the alpha-methyl group at the C14-position of the steroid substrate in three steps [5].
According to the COSMIC (http://cancer.sanger.ac.uk/cosmic accessed on 29 June 2020)
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resource, the CYP51A1 gene has a fairly low somatic mutation frequency (<0.1%) in various
cancers. It has been shown that CYP51A1 gene expression correlates with the estrogen
and progesterone receptor status of breast cancer [6] and could be one of the factors in
assessing the survival rate of patients with gastric adenocarcinoma [7]. CYP51A1 catalyzes
the production of 4,4-dimethyl-5α-cholesta-8,14,24-triene-3β-ol (follicular fluid meiosis-
activating sterol, FF-MAS), one of the modulators of meiosis [8]. The ploidy disturbance
characteristic for cancer cells is caused by processes similar to meiosis [9]. Thus, FF-MAS
might be linked to the ploidy balance of tumor cells. CYP51A1 gene knockout blocked de
novo cholesterol synthesis [10], while CYP51A1 inhibition led to the induction of apoptosis
in cancer cells [11], indicating the clinical significance of this protein.

We analyzed the potential of natural flavonoids (Figure 1) as modulators of CYP51A1
function using purified human protein. Baicalein and luteolin are flavonoids that were
originally isolated from plants of the Scutellaria and Reseda genus. The inhibitory activity
of baicalein and luteolin was demonstrated for some cytochrome P450 isozymes [12–14].
Baicalein exhibited broad antifungal activity [15] and demonstrated strong synergy with
fluconazole [16], a known inhibitor of fungal CYP51A1. Luteolin possesses an antibacterial
effect in vivo, increasing membrane permeability [17], but does not directly perturb the
model membranes in vitro [18,19]. Both baicalein and luteolin possess antitumor activ-
ity [20,21] and, as well as their derivatives, have been used in preclinical studies and
in experimental oncology [22–27]. Epidemiological studies showed that foods rich in
polyphenolic compounds (flavonoids, phenolic acids, lignans and stilbenes) included in
the diet reduced the total risk of cancer by up to 50% [28]. Overall, 14 clinical trials were
initiated to study baicalein and luteolin as dietary supplements (https://clinicaltrials.gov/,
accessed on 1 March 2021). The G.B. Elyakov Pacific Institute of Bioorganic Chemistry has a
broad collection of natural compounds from unique Far-Eastern plants and marine species
with a wide range of biological activities. Luteolin 7,3′-disulfate, a water-soluble luteolin
derivative originally obtained from the seagrass Zostera marina [29], also exhibits antitumor
activity [30,31]. It was shown that sulfation at the 7-position of the luteolin molecule
decreases cytotoxicity [32]. Moreover, the activity of luteolin 7,3′-disulfate in some cases is
stronger than that of luteolin [30,33,34], possibly due to bypassing the stage of conjugation
by intestinal and liver cells. Cholesterol is a crucial component of membranes, maintaining
their permeability and fluidity. We hypothesized that flavonoids might target its synthesis
via CYP51A1 and selected baicalein, luteolin and luteolin 7,3′-disulfate for testing. Using
surface plasmon resonance (SPR), we showed that only luteolin 7,3′-disulfate interacted
with CYP51A1 with high affinity. However, in the spectral binding experiments luteolin
7,3′-disulfate does not induce spectral changes. In contrast, baicalein and luteolin induce a
reverse type I response in the difference absorption spectra of CYP51A1, indicating changes
around heme iron. In the reconstituted enzymatic assay, among the three tested flavonoids,
only luteolin 7,3′-disulfate inhibited the lanosterol 14α-demethylase activity of human
CYP51A1 with significant potency. The binding mode distant from the heme was predicted
for luteolin 7,3′-disulfate by the performed molecular docking, showing the binding not in
the hydrophobic active site but rather in the access channel. The inhibitory effect of the
most hydrophilic form of tested flavonoids—luteolin 7,3′-disulfate—is quite unusual. We
suggest that, besides the predicted binding, luteolin 7,3′-disulfate could also bind to the
proximal surface of CYP51A1, interfering with the interaction to the redox partner. The
obtained data open up a new valuable source of flavonoid modulators of CYP51A1 activity
as an alternative to the classic inhibition by azole compounds.

138



Molecules 2021, 26, 2237

Figure 1. Flavonoids used in this work.

2. Results

2.1. Surface Plasmon Resonance

The CYP51A1 complex formation with flavonoids was detected using a SPR-biosensor.
Lanosterol was used as a positive control to confirm the ability of immobilized CYP51A1
to bind ligands. With the CYP51A1 immobilized on the biosensor chip surface, we were
able to detect the interaction with baicalein, luteolin and luteolin 7,3′-disulfate (Figure 2).

Figure 2. Typical surface plasmon resonance sensorgrams of binding between immobilized CYP51A1
on the optical chip and baicalein, luteolin and luteolin 7,3′-disulfate at different concentrations: 10
(1), 25 (2), 50 (3), 75 (4) and 100 μM (5). Fitting curves (theoretical models) are highlighted in black;
Chi2 = 25.3 (baicalein), 68.2 (luteolin), 10.2 (luteolin 7,3′-disulfate).

The equilibrium dissociation constant (Kd) values of CYP51A1/flavonoid complexes
were in the range of 2.9–20 μM, calculated association and dissociation rate constants
are shown in Table 1. The obtained Kd value of the CYP51A1/lanosterol complex was
2.4 μM, which is comparable with the previously published data [35]. The association
rate of the CYP51A1 complex with luteolin 7,3′-disulfate is seven times faster compared
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to the complex formation with lanosterol, while the dissociation rate is about eight times
higher. The resulting Kd value for both complexes is similar. CYP51A1 complex formation
with baicalein and luteolin is characterized by the increased association rate compared to
lanosterol, but the main differences in the resulting Kd value are due to the great increase
in dissociation rates of the complexes. Overall, the binding of flavonoids is faster compared
to the natural substrate, but the dissociation of the complexes is faster as well. The highest
affinity was detected for luteolin 7,3′-disulfate, which is more soluble.

Table 1. Kinetic and equilibrium parameters of cytochrome P450(51) (CYP51A1) complex formation with lanosterol,
baicalein, luteolin and luteolin 7,3′-disulfate.

Compound kon koff Kd, μM Evaluation Model

lanosterol kon (1/Ms) = 41.4 ± 5.0 koff (1/s × 10−4) = 1.0 ± 0.2 2.4 Langmuir 1:1

baicalein
kon1 (1/Ms) = 146 ± 20 koff1 (1/s × 10−4) = 100 ± 20

12.5 Two state reactionkon2 (1/s × 10−4) = 27 ± 3 koff2 (1/s × 10−4) = 6 ± 1

luteolin
kon1 (1/Ms) = 282 ± 40 koff1 (1/s × 10−4) = 190 ± 30

20.0 Two state reactionkon2 (1/s × 10−4) = 33 ± 4 koff2 (1/s × 10−4) = 14 ± 2

luteolin 7,3′-disulfate kon (1/Ms) = 294.0 ± 32.3 koff (1/s × 10−4) = 8.4 ± 2.0 2.9 Langmuir 1:1

The table shows the average values of the parameters ± standard deviation, n = 3.

2.2. Spectral Titration Analysis

The difference spectra of CYP51A1 were obtained by titration with baicalein, luteolin
and luteolin 7,3′-disulfate in the presence of lanosterol. Baicalein and luteolin induced
a reverse type I spectral response with absorbance minimum at 390 nm and maximum
at 420 nm for luteolin and 436 nm for baicalein (Figure 3). These spectral changes are
consistent with the previously detected interaction of cytochrome P450 1B1 with com-
pounds of flavonoid class [36]. Titration with luteolin 7,3′-disulfate (up to 30 μM) does not
cause changes in the difference spectrum of CYP51A1. The apparent dissociation constant
(Kdapp) values of the complexes of CYP51A1 with baicalein and luteolin were 8.2 ± 0.4
and 5.1 ± 0.5 μM, respectively. It should be noted that the Kd values from spectrophoto-
metric titration experiments differ from those obtained using SPR. These differences can
be attributed to the different affinities of the complexes in solution and immobilized on
the surface of the optical chip. Interaction with the different sites of the enzyme cannot be
excluded during SPR measurements and the measured Kd reflects all possible interactions
between the ligand and enzyme, while spectral assays detect interactions of ligand only
within close vicinity of the heme cofactor buried in the CYP active site.

Figure 3. Difference spectra of CYP51A1 in the presence of lanosterol after addition of baicalein (up to 30 μM) and luteolin
(up to 15 μM). The arrows indicate the direction of the spectral changes with increasing ligand concentration.
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2.3. Enzyme Activity Assay

Lanosterol 14α-demethylase activity of human CYP51A1 in the presence of flavonoids
was determined in the reconstituted system. Only luteolin 7,3′-disulfate can inhibit the ac-
tivity of the CYP51A1 (Table 2). Surprisingly, luteolin, being a more hydrophobic molecule
compared to its sulfated derivative, does not have a similar effect. The apparent IC50 for
luteolin 7,3′-disulfate is greater than 25 μM. At the same time, the level of inhibition by
ketoconazole (94.6% at a concentration of compound of 5 μM) significantly exceeds the
effect of luteolin 7,3′-disulfate (50.1% at a concentration of compound of 25 μM). Overall,
the inhibition of CYP51A1 utilizing highly hydrophobic substrate by the water-soluble
luteolin 7,3′-disulfate could not be predicted. This observation suggests a different mode of
binding in the active site. To visualize the binding of luteolin and its disulfate in the active
site we performed molecular docking.

Table 2. Effect of compounds on catalytic activity of human CYP51A1 (lanosterol 14α-demethylase)
in the reconstituted system in vitro.

Compound Relative Activity, %

No compound 100.0
Baicalein (25 μM) 89.4
Luteolin (25 μM) 92.6

Luteolin 7,3′-disulfate (25 μM) 49.9
Ketoconazole (5 μM) 5.4

The final concentrations of CYP51A1 and cytochrome P450 reductase (CPR) were 0.5 and 2.0 μM, respectively.
The final concentration of lanosterol was 50 μM.

2.4. Molecular Docking

We used a CYP51A1 crystal structure Protein Data Bank (PDB) ID: 3LD6 for molecular
docking. The resulting models were selected based on the higher values of scoring function.
The obtained docking poses are shown in Figure 4. Based on the docking results, luteolin
binds very close to the heme coordinating iron (less than 3 Å) by the 3-OH-group of
the phenyl ring. In contrast, luteolin 7,3′-disulfate binds at >8.5 Å from the heme. The
docking results are consistent with the spectral titration data—luteolin induces reverse
type I spectra, while luteolin 7,3′-disulfate does not change the spectral response.

Figure 4. Luteolin and luteolin 7,3′-disulfate docked to the active site of human CYP51A1. The
secondary structure of the protein is depicted as a ribbon and colored green. The amino acid side
chains are shown as sticks and are colored in grey. The flavonoids and heme are shown as sticks and
are colored in magenta and orange, respectively.
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Asp231 (C-terminal part of the F-helix) H-bonded to luteolin and is important for the
enzymatic activity of CYP51 [37]. The negative charge in this position is highly conserved in
Prokaryotes and Eukaryotes [38]. Residues Leu310 (part of I-helix), Met378 and Ile379 (both
K-helix–β1-4 loop) are involved in the interaction with luteolin 7,3′-disulfate. Residues
Leu310 and Met378 are conservative among Chordata, and Ile379 is conservative among
primates [38]. Notably, these structural elements were shown to interact with the elongated
azole inhibitors (PDB ID: 3LD6, 4UHI and 6Q2T), suggesting that several residues of the
active site are utilized for the distant binding of luteolin 7,3′-disulfate.

The docking pose obtained for luteolin 7,3′-disulfate showed binding in the access
channel (Figure 4). Thus, the inhibition effect could be the result of blocking of the substrate
access channel. However, the inhibition of CYP51A1 by luteolin 7,3′-disulfate does not
exclude the modulation of interaction with its redox partner. The proximal surface of
CYP51A1—where the redox partner, cytochrome P450 reductase, is binding—contains
positively charged amino acids which can interact with the negatively charged sulfate
groups of luteolin 7,3′-disulfate.

3. Discussion

Plant flavonoids have a variety of biological activities in animals. However, despite
numerous studies in this field, the mechanism/s of action of flavonoids remain poorly un-
derstood. Using animal models, it was shown that some flavonoids, luteolin in particular,
may mitigate the toxicity of drugs [13,39]. However, the protective effect of flavonoids in
humans has not been reliably ascertained [13]. There have been a number of studies re-
porting the effect of flavonoids, mostly on xenobiotic transformation by CYP enzymes and
drug–drug interactions. In particular, baicalein showed an inhibition activity to CYP1A,
CYP2B and CYP3A4, with IC50 values in the range of 0.5–36 μM [12,40]. Both baicalein
and luteolin inhibit diclofenac 4′-hydroxylase activity in the CYP2C9 RECO system, with
baicalein acting as a competitive inhibitor of CYP2C9 [41]. The most effective luteolin inhi-
bition was shown for CYP2C8, while its close homologs, CYP2C9 and CYP2C19, were less
effectively inhibited [13]. The activity of CYP1A2, CYP3A, CYP2B6, CYP2E1 and CYP2D6
was also inhibited by luteolin, with an IC50 in the range of 1.6–132.6 μM [13,42]. Notably,
luteolin selectively inhibits CYP2D6-mediated metabolism with different substrates. For
example, O-demethylation of 3-[2-(N,N-diethyl-N-methyl-ammonium)ethyl]-7-methoxy-
4-methylcoumarin was inhibited to 40% by the administration of 20 μM luteolin, while
the same concentration of luteolin showed less than a 5% inhibition in reaction with dex-
tromethorphan [14]. Overall, the baicalein and luteolin inhibitory concentration on drug
metabolizing CYPs is in the micromolar range.

The inhibition effect of flavonoids was also shown for CYPs involved in the biosyn-
thesis of steroid hormones, neurosteroids, prostaglandins, as well as other regulatory
metabolites. The effect of different flavonoids was evaluated on cortisol production in
human adrenocortical H295R cells, and the competitive mechanism of inhibition was estab-
lished for CYP21B1 [43]. The inhibition effect of luteolin was shown for human aromatase
CYP19 [44]. A synthetic analogue of dihydrodaidzein, NV-52, inhibited the thromboxane
A2 synthase CYP5A1 [45], while isoflavonoids inhibited the oxidation of vitamin D3 by
CYP24A1 [46].

Sulfation, methylation and glucuronidation, occurring in the enterocytes and liver,
are major factors affecting flavonoid bioavailability and are crucial for their transport via
the blood [47]. Non-conjugated flavonoids are generally not present in plasma, however,
there is an indication that a small amount of non-conjugated flavonoids can be transported
through the blood system [48]. To the best of our knowledge, no studies have been
conducted on the inhibition of CYP activity by sulfated forms of baicalein and luteolin.
The inhibitory potential of other sulfated derivatives was probed with drug-metabolizing
CYPs. It was shown that sulfated derivatives of quercetin and chrysin can inhibit several
CYPs in vitro. In particular, quercetin 3′-sulfate has a selective concentration-dependent
inhibition activity to CYP2C19 and CYP3A4 up to 30 μM, but the inhibition effect did

142



Molecules 2021, 26, 2237

not exceed 50% and overall was less than that of ticlopidine and ketoconazole (used as
positive controls) [49]. Chrysin 7-sulfate has an IC50 value of 2.7 μM to CYP2C9, which
is comparable to that of the positive control sulfaphenazole [50]. Additionally, chrysin
7-sulfate showed a slight inhibition effect on CYP2C19 and CYP3A4 [50].

CYP51A1 is considered as a potent target for cholesterol-lowering drugs [51]. There
is an indication that the regulation of CYP51A1 function could be important to the treat-
ment of oncological pathologies [11]. It was shown that anticancer drugs, abiraterone and
galeterone, which are steroidal inhibitors of CYP17A1, can interact with human CYP51A1.
However, their inhibition potential was not estimated. The Kdapp values determined for
the abiraterone and galeterone, were 22 and 16 μM, respectively [52], and are significantly
higher than those for baicalein and luteolin obtained in this work (8.2 and 5.1 μM, respec-
tively). In contrast, non-steroidal pyridine derivative LK-935 [53] and azole inhibitors,
ketoconazole and econazole [38], have an affinity in the submicromolar range due to direct
coordination with heme iron. However, azole derivatives have a poor bioavailability and
relatively low selectivity which might cause adverse reactions.

We showed the inhibition of CYP51A1 activity by the sulfated derivative of luteolin
isolated from seagrass within the family Zosteraceae (Zostera marina and Zostera asiatica).
It was previously demonstrated that luteolin 7,3′-disulfate has a wide range of biological
activities that might be linked to its higher bioavailability [33,54]. Considering that natural
flavonoids and their biological activities are currently a subject of great interest and in light
of our data, it is plausible to suggest that CYP51A1 activity could also be modulated by
this group of compounds. Obtained data on inhibition by luteolin 7,3′-disulfate could be
further explored for the development of a new class of CYP51A1 inhibitors.

4. Materials and Methods

4.1. Samples

Highly purified (>95% by SDS-PAGE) recombinant human CYP51A1 protein was
expressed and purified as previously described [38]. Low molecular weight compounds:
lanosterol (PubChem CID 246983, CAS Number 79-63-0), natural substrate of CYP51A1,
and ketoconazole (PubChem CID 456201, CAS Number 65277-42-1), azole inhibitor of
CYP51A1, were obtained from Cayman Chemicals (Ann Arbor, MI, USA), baicalein (Pub-
Chem CID 5281605, CAS Number 491-67-8) was obtained from Sigma Aldrich (St. Louis,
MO, USA), luteolin (PubChem CID 5280445, CAS Number 491-70-3) and luteolin 7,3′-
disulfate (PubChem CID 44258153) were purified in the G.B. Elyakov Pacific Institute
of Bioorganic Chemistry (Vladivostok, Russia) by water–alcohol extraction, followed by
chromatographic purification from the sea plants of Zosteraceae genus [55,56].

4.2. Surface Plasmon Resonance

SPR analyses were carried out at 25 ◦C using the optical biosensors Biacore T200
and Biacore 8K (GE Healthcare, Chicago, IL, USA) and sensor chips of CM5 series S
type (Cytiva, Marlborough, MA, USA). HBS-N (10 mM HEPES, 150 mM NaCl, pH 7.4)
(Cytiva) was used as a running buffer for CYP51A1 immobilization. Carboxyl groups
of biosensor chip dextran were activated for 5 min by injection of the 1:1 mixture of
0.2 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and 0.05 M
N-hydroxysuccinimide (NHS) at a flow rate of 5 μL/min, followed by 1 min wash with
HBS-N buffer at the same flow rate. Next, CYP51A1 (25 μg/mL) in 10 mM sodium acetate
(pH 5.0) was injected into the working channel of the biosensor for 5 min at a flow rate of
5 μL/min. The final level of immobilization was 13,500 RU (13.5 ng of protein). Reference
channel without immobilized CYP51A1 was used to correct the effects of the non-specific
binding of analytes to the chip surface.

Baicalein and luteolin were prepared as 10 mM stock solutions in 100% dimethyl
sulfoxide (DMSO). Experimental samples of baicalein and luteolin were prepared in an
HBS-N buffer at the concentration range 10–100 μM and 1% DMSO. The same amount of
solvent was added to the HBS-N running buffer to minimize bulk-effects introduced by the
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difference between the refractive indexes of the running buffer and the experimental sam-
ples. Refractive indexes of running buffer and experimental samples were matched with a
precision refractometer RX-5000 (Atago, Saitama, Japan). If needed, the concentration of
solvent in the running buffer was corrected according to the equation:

C(DMSO)running bu f f er = C(DMSO)sample ×
η1 − η2

η3 − η2
,

where C(DMSO)running buffer—DMSO final concentration in running buffer, C(DMSO)sample
—DMSO concentration in experimental sample, η1—analyzed sample refractive index,
η2—HBS-N buffer refractive index, η3—HBS-N buffer containing the DMSO of the same
concentration as experimental sample refractive index.

Luteolin 7,3′-disulfate 10 mM stock solution and experimental samples at final concen-
trations of 10–100 μM were prepared with HBS-N buffer without organic solvent. The same
buffer was used as a running buffer with luteolin 7,3′-disulfate to minimize the bulk-effects
on the obtained experimental data. A total of 10 mM stock solution of lanosterol was pre-
pared in ethanol. Lanosterol experimental samples at the final concentrations of 10–100 μM,
as well as the running buffer, were prepared by the same protocol as for baicalein and
luteolin but in ethanol instead of DMSO.

Low molecular weight compounds were injected through biosensor channels (working
and reference) at a flow rate of 10 μL/min (luteolin 7,3′-disulfate) and 50 μL/min (baicalein
and luteolin) for 6 min. Dissociation of the formed CYP51A1/compound complexes were
registered at the same flow rate for no less than 6 min after the sample injection. After each
biosensor cycle, a bound analyte was removed with two-times injection of regenerating
solution (2 M NaCl, 1% CHAPS) at a flow rate of 30 μL/min for 30 s.

SPR sensorgrams were processed in Biacore T200 Evaluation Software v.1.0 (GE
Healthcare) and BIAevaluation Software v 4.1.1 (GE Healthcare) using “1:1 (Langmuir)
binding” and “Two-state (conformational change) binding” data processing models. The
1:1 (Langmuir) binding model is a model for the 1:1 interaction between compound (C)
with immobilized protein (P), and is equivalent to the Langmuir isotherm for adsorption
to a surface: C + P ↔ CP. Two-state (conformational change) binding model describes a 1:1
binding of compound (C) to immobilized protein (P) followed by a conformational change
in the complex (CP ↔ CP*). It is assumed that the conformationally changed complex can
dissociate only through the reverse of the conformational change: C + P ↔ CP ↔ CP*. The
final kinetic parameters were obtained from the models with best fit of the experimental
curves according to the minimum of the obtained chi2 value. The equations describing
used models are as follows:

(1) 1:1 (Langmuir) binding [57]: Kd =
ko f f
kon

, where Kd—equilibrium dissociation constant,
koff—dissociation rate constant, kon—association rate constant.

(2) Two-state (conformational change) binding [58]: Kd =
ko f f 1
kon1

× (1 + kon2
ko f f 2

)
−1

, where Kd—
equilibrium dissociation constant, koff1—dissociation rate constant, kon1—association
rate constant, kon2—forward rate constant for CP ↔ CP* transition, koff2—backward
rate constant for CP ↔ CP* transition.

4.3. Spectral Titration Analysis

Spectrophotometric titration was used to determine the apparent dissociation con-
stants (Kdapp) for the enzyme–ligand complexes. The spectral measurements were per-
formed on Cary Series UV-Vis-NIR (Agilent Technologies, Santa Clara, CA, USA) spec-
trophotometer using tandem quartz cuvettes (1 cm optical path) to exclude the absorption
of ligands. Natural substrate, lanosterol, at final concentration 5 μM was added before
the titration to the CYP51A1 (final concentration 4 μM) in 50 mM potassium phosphate
buffer, pH 7.4. For titration, the ligand solution was added to the experimental cuvette
(baicalein and luteolin 7,3′-disulfate were added up to a final concentration of 30 μM,
luteolin was added up to a final concentration of 15 μM) and an equal volume of solvent
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was added to the control cuvette. The difference spectra were recorded after each addition
of ligand at room temperature in the range of 350–500 nm. The apparent dissociation
constants were determined by plotting the absorbance changes in the difference spectra
versus the concentration of free ligand and evaluated by using the Hill equation (OriginPro
8.1 statistical data analysis package):

Aobs = Amax ×
(

S × n
Kdapp × n + S × n

)
,

where Aobs—the observed change in the absorption, Amax—the absorbance change at ligand
saturation, Kdapp—the apparent dissociation constant for the ligand–enzyme complex,
S—the ligand concentration, n—a Hill coefficient.

4.4. Enzyme Assay

Lanosterol 14-alpha-demethylase activity of human CYP51A1 was determined at 37 ◦C
in 50 мM KPB, 4 mM MgCl2, 0.1 mM DTT in presence of lipids (0.15 мg/mL mixture 1:1:1
of L-α-dilauroyl-sn-glycero-3-phosphocholine, L-α-dioleoyl-sn-glycero-3-phosphocholine
and L-α-phosphatidyl-L-serine). The final concentrations of CYP51A1 and CPR were 0.5
and 2.0 μM, respectively. Aliquots of concentrated recombinant proteins were mixed and
preincubated for 5 min at room temperature. Lanosterol (10 mM stock solution in ethanol)
was added to the reaction mixture at a final concentration of 50 μM. Tested compounds
were added to the reaction mixture at a final concentration of 25 μM. To estimate the
apparent IC50, the following concentrations of luteolin 7,3′-disulfate were used: 5, 10, 25,
50 and 100 μM. Ketoconazole at a concentration of 5 μM was used as a positive control.
After 10 min of preincubation at 37 ◦C, the reaction was started by adding NADPH at a
final concentration of 0.25 mM. Aliquots (0.5 mL) were taken from the incubation mixture
at chosen time intervals. Steroids were extracted with 5 mL of ethyl acetate. The mixture
was vigorously mixed, the water and organic phases were separated by centrifugation at
3000 rpm for 10 min. The organic layer was carefully removed and dried under argon
flow. A total of 50 μL of methanol was added to the pellet and steroids were analyzed on a
computerized Agilent 1200 series HPLC instrument (Agilent Technologies, USA) equipped
with Agilent Triple Quad 6410 mass spectrometer (Agilent Technologies). Samples were
analyzed by gradient elution on Zorbax Eclipse XDB C18 column (4.6 × 150 mm; 5 μm)
(Agilent Technologies). A total of 0.1% (v/v) FA in water was used as the mobile phase A
and 0.1% (v/v) FA in methanol:1-propanol mix (75:25, v/v) as mobile phase B. The gradient
was 75–100% B in 0–5 min. The flow rate was 500 μL per min. The column temperature was
maintained at 40 ± 1 ◦C. Mass spectrometry experiments were performed with atmospheric
pressure chemical ionization source (APCI) at positive ion mode. The following APCI
settings were used: gas temperature 200 ◦C, vaporizer 250 ◦C, gas flow 7 L/min, nebulizer
pressure 40 psig, Vcap 4000 V, corona 4 μA, fragmentor 100 V. The data acquisition mode
was MS2Scan from 200 to 550 Da.

4.5. Molecular Docking

Crystal structure of CYP51A1 PDB ID 3LD6 was used for docking. 3D structures
of luteolin (CID 5280445) and luteolin 7,3′-disulfate (CID 44258153) were obtained from
the PubChem database (https://pubchem.ncbi.nlm.nih.gov/, accessed on 7 November
2020). Removal of water and ligand molecules from the original protein PDB files and
molecular docking over the entire surface of CYP51A1 were performed automatically in
the Flare software package (Cresset, Litlington, UK) with default settings [59]. Docking
hypotheses were arranged according to score functions values: Lead Finder (LF) Rank
Score, LF dG, LF VSscore. The lower is the LF Rank Score, the higher is the likelihood
that the docked pose reproduces the crystallographic pose. LF dG has been designed
to perform accurate estimation of the free energy of protein–ligand binding for a given
protein–ligand complex. LF VSscore has been designed to produce maximum efficiency in
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virtual screening experiments, i.e., to assign higher scores to active ligands (true binders)
and lower scores to inactive ligands. Molecular graphics visualization tool Maestro version
12.5.139 (Schrödinger, New York, NY, USA) was used to analyze the selected docking
hypotheses.

5. Conclusions

In this work, we identified a new ligand of human CYP51A1 among natural flavonoid—
luteolin 7,3′-disulfate—that inhibits 14α-demethylase activity. Potential inhibitory mecha-
nisms include blocking of either a substrate access channel or the interaction with a redox
partner. Obtained results suggest further exploration of polyphenols for the cholesterol
lowering ability and anti-cancer potential via CYP51A1.
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Abstract: Marinomonas primoryensis KMM 3633T, extreme living marine bacterium was isolated from
a sample of coastal sea ice in the Amursky Bay near Vladivostok, Russia. The goal of our investigation
is to study outer membrane channels determining cell permeability. Porin from M. primoryensis
KMM 3633T (MpOmp) has been isolated and characterized. Amino acid analysis and whole genome
sequencing were the sources of amino acid data of porin, identified as Porin_4 according to the
conservative domain searching. The amino acid composition of MpOmp distinguished by high
content of acidic amino acids and low content of sulfur-containing amino acids, but there are no
tryptophan residues in its molecule. The native MpOmp existed as a trimer. The reconstitution of
MpOmp into black lipid membranes demonstrated its ability to form ion channels whose conductivity
depends on the electrolyte concentration. The spatial structure of MpOmp had features typical
for the classical gram-negative porins. However, the oligomeric structure of isolated MpOmp was
distinguished by very low stability: heat-modified monomer was already observed at 30 ◦C. The data
obtained suggest the stabilizing role of lipids in the natural membrane of marine bacteria in the
formation of the oligomeric structure of porin.

Keywords: marine bacteria; whole genome sequence; porin; amino acids composition; bilayer lipid
membrane; pore-forming activity; spatial structure

1. Introduction

Gram-negative bacteria attract attention because of its extraordinary adaptability to natural
environment as well as to anthropogenic, including nosocomial conditions. Marine bacteria studied
since 1960s were found to be the most psychro-, piezo-, and halo-tolerant [1]. Moreover marine bacteria
inhabit in oligotrophic environment with deficiency or lack of sunlight. Investigation of these bacteria
revealed pressure regulation of the proteins expression [2], multiplication of genes important for
metabolic pathways, and cell motility and other molecular mechanisms of the adaptation to extreme
conditions [3].

Detection of the many carbon and energy utilization pathways in marine bacteria prompted the
researchers to study on the properties of these bacteria as a tool for degradation of environmental
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pollution. Every year more attention is paid to this problem. Oil and petroleum products are the
most common pollutants that disrupt and inhibit all life processes. These products accumulate as
difficult-oxidized forms of substances that change the direction of metabolism and the natural ratio of
the number of microorganisms in ecosystems. This leads to a slowdown in the process of microbial
purification of ocean waters.

One of the most promising areas for investigating this problem is the Arctic Ocean, the smallest of
the oceans which is almost completely surrounded by earth. For this reason, it has the most extensive
shelf areas in comparison with any ocean basin and a significant proportion of terrigenous organic
carbon flowing through rivers into the Arctic Ocean [4]. In order to determine the diversity of bacteria
involved in bacterial consortia that are capable of degrading hydrocarbons, some studies were conducted
in the Chukchi Plateau region [5]. Authors showed that a number of species are involved in this
process. So, the potential degraders including Cycloclasticus, Pseudomonas, Halomonas, Pseudoalteromonas,
Marinomonas, Bacillus, Colwellia, Acinetobacter, Alcanivorax, Salinisphaera, and Shewanella, with Dietzia as
the most abundant, occurred in all sediment samples.

Marine sediment and water samples are the source for peptide-based drug discovery.
Non-ribosomal peptides from Proteobacteria have recently attracted much attention as a source
of new drugs [6]. Currently, there is considerable research interest in determining the chemical features
of major components of cell envelope of marine bacteria, first of all, lipopolysaccharide (LPS) [7].
Lipid A, which is a structural component of the LPS of some marine bacteria, is considered an antagonist
to endotoxins of gram-negative bacteria [8].

This is due to the fact that, in comparison with terrestrial bacteria, biologically active compounds
of which are successfully used in the pharmaceutical industry, the biological potential of marine
bacteria in this regard has not been practically realized [9].

However, the penetration process of the marine bacteria cells is the most intriguing. Gram-negative
bacteria are covered by two distinct biological membranes. A well-established response of poikilothermic
organisms to low temperature and high pressure exposure is a change in membrane fluidity [10].
There are two major classes of membrane transport proteins: transporters and channels, which are
influenced by this change. Outer membrane (OM) channels include porin superfamily. These outer
membrane channels share a beta-barrel structure that differ in strand and shear number. Porin
superfamily comprises classical (gram-negative) porins, maltoporin-like channels, and ligand-gated
protein channels cooperating with a TonB-associated inner membrane complex [11].

Classical (gram-negative) porins are known as OmpF, OmpC, and PhoE in Escherichia coli. To date,
significant progress has been achieved in the study of the structure and function of porins of the
terrestrial gram-negative bacteria, mainly members of the family Enterobacteriaceae [12,13]. However,
classical porins are of the greatest interest in the context of the mechanism that mediates uptake of
small molecules, including antibiotics [13].

OM porins of marine bacteria play an important role in the adaptation to the extreme environment.
Few studies shed light on the role and functioning of porins of aquatic bacteria, including marine
bacteria. The consequence of structural changes in the porins may be reduced permeability of
the bacterial membrane for solutes. For example, in aquatic inhabitant of Pseudomonas aeruginosa,
the permeability of the outer membrane is lower in comparison of E. coli [14]. Porins of some marine
bacteria are sensitive to osmoregulation such as Vibrio parahaemolyticus and V. alginolyticus [15,16].
In this regard, the porins of marine bacteria are an interesting object of study of the adaptability
of microorganisms.

The present study is a continuation of a series of our investigations that are dedicated to the isolation
and characterization of functional activities of porins from the OM of marine microorganisms [17,18].
In this study, namely, we have isolated and characterized functional activity and spatial structure of
porin from OM of Marinomonas primoryensis KMM 3633T. Our interest in this species is due to the
fact that the genus Marinomonas includes gram-negative bacterial strains common in various marine
environments. [19]. In addition, the most recognized species of the genus were isolated from sea water
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samples collected from different geographical locations [20]. Some of them were isolated from cold
media, such as the sub Antarctic regions, for example Marinomonas polaris [21] and M. ushuaiensis [22].

During the study of microbial communities associated with marine environments in the Sea
of Japan, two bacterial strains were isolated from a coastal sea-ice sample, obtained from a sea-ice
column at a depth of 0.8 m in Amursky Bay near Vladivostok, Russia, in March 2001 [23]. The isolates
were aerobic, gram-negative, heterotrophic microorganisms with a respiratory metabolism, and
had phenotypic characteristics similar to those of the genus Marinomonas. They were classified as
Marinomonas primoryensis sp. nov. [23]. M. primoryensis KMM 3633T (= CIP 108051 = IAM 15010) is the
type strain of the species. This strain was used in the present study for further investigation.

2. Results

2.1. Isolation Procedure of OM Porin from M. primoryensis KMM 3633T

2.1.1. Cultivation Condition of Microbial Cells

Bacterial cells of M. primoryensis KMM 3633T were grown at a temperature of 0, 6–8, and 24 ◦C
using the growth medium described in [23]. A comparative analysis of the protein profiles of cell lysates
obtained by ultrasonic disintegration was performed using SDS-PAGE (data not shown). Significant
differences in the polypeptide composition of cell lysates from bacteria grown at a reduced temperature
(0 and 6–8 ◦C) was not revealed. However, cultivation at room temperature led to some decrease in the
intensity of polypeptide bands in the region of high molecular weight proteins. In accordance with the
results obtained, for further studies, the microbial cells of M. primoryensis KMM 3633T grown at a
temperature of 6–8 ◦C were used.

2.1.2. Isolation of Cell Envelope of M. primoryensis KMM 3633T

To remove surface proteins, microbial cells of M. primoryensis KMM 3633T were pre-treated with
5% solution of NaCl. Then, to obtain the cell envelope from the harvested microbial cells ultrasonic
disintegration was used. The protein profile of the resulted total crude membrane fraction consisted of
several major components: high molecular weight (MW) proteins in the form of a diffuse zone with
apparent MW in the range of 95–130 kDa and a number of polypeptides with a MW in the range of
34–72 kDa (Figure 1A, lane 2). Judging by the intensity of the polypeptide bands their content in this
area of molecular masses varies greatly. To detect heat-modifiable proteins in the envelope fraction,
boiling in denaturing conditions was used (Figure 1A, lane 3). Several polypeptide zones in the region
of 34–55 kDa became more clearly visible in MW ladder, while the protein bands in the region of
high MW proteins disappeared. In addition, the intensity of the polypeptide band with MW between
43 and 35 kDa increased significantly. Obviously, the oligomeric polypeptide region of cell lysate of
M. primoryensis KMM 3633T includes several heat-modifiable proteins which are supposed to be porins.
Such behavior in the denaturing conditions of SDS-PAGE is typical for OM porins of gram-negative
terrestrial bacteria, in which the oligomers dissociate into monomers after heating above the critical
temperature of an irreversible conformational transition. To obtain isolated proteins from the crude
cell envelope fraction of M. primoryensis KMM 3633T two methods were used: Sarcosyl treatment and
octyl-POE extraction.

2.1.3. Sarcosyl Treatment

Extraction of the crude cell membranes of M. primoryensis KMM 3633T with 1% solution of
Sarcosyl [24] resulted in an insoluble fraction of OM proteins. The precipitate obtained after washing
with HEPES was a pure sample of the protein oligomer, whose electrophoretic mobility corresponded
to MW about 95 kDa (Figure 1B, lane 1). The electrophoretic mobility of the monomer of the target
protein under denaturing conditions corresponded to a polypeptide with a molecular weight of about
35 kDa (MpOmp) (Figure 1B, lane 2).
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2.1.4. Octyl-POE Extraction

To obtain the fraction with the highest content of heat-modifiable OM proteins, a stepwise
extraction of the cell walls of M. primoryensis KMM 3633T with a POE solution was carried out,
as is known, selectively extracting OM proteins of gram-negative bacteria [25]. It was found that
polypeptides changing their molecular weight when heated under denaturing conditions are extracted
at different concentrations of POE in the range from 0.5 to 3.0% by weight [25]. In the case of
M. primoryensis KMM 3633T, the greatest amount of the heat-modifiable proteins was obtained using
0.5% detergent solution, so the extraction was repeated three times. According to the SDS-PAGE
data an electrophoretically homogeneous protein was isolated in the oligomeric form as a result of
purification of the obtained sum fraction by gel permeation chromatography on Sephacryl S-300
(Figure 1B, lane 4). After boiling in SDS solution the protein band observed migrated to the same
position as MpOmp monomer isolated with Sarcosyl extraction (Figure 1B, lane 3).

It should be noted that in this case, the unheated protein migrated to a position corresponding to MW
of about 72 kDa. This apparent MW value was lower than that of the MpOmp oligomer isolated by Sarcosyl
extraction. The cause of this phenomenon could be the presence of residual amount of POE in the protein
sample. A similar shift of the protein MW was observed for VhOmp of Vibrio harveyi in [26].

Thus, according to the SDS-PAGE data, MW the protein isolated with Sarcosyl extraction was
identical to that of the protein obtained by the Garavito method [25]. Taking into account the data
obtained, in subsequent experiments a sample obtained as a result of the removal of cytoplasmic
proteins with Sarcosyl was used. We chose this method of the target protein isolation because of the
simplicity and at the same time the high selectivity of the isolation procedure.

Figure 1. Purification and temperature denaturation of M. primoryensis KMM 3633T porin (MpOmp):
(A): Crude cell envelope fraction (crude membrane) of M. primoryensis KMM 3633T (2, 3); marker
proteins (1). Sample 3 is heated at 99 ◦C. (B): MpOmp isolated from the crude membrane fraction of
M. primoryensis KMM 3633T after treatment with 1% Sarcosyl (1, 2); MpOmp isolated from combined
OM protein fraction obtained as a result of three time extraction with 0.5% POE of M. primoryensis KMM
3633T cell envelope and gel permeation chromatography on Sephacryl S-300 (3, 4); marker proteins (5).
Samples 2 and 3 are heated at 99 ◦C. (C): MpOmp isolated with Sarcosyl extraction (1–5); samples 2, 3,
4, and 5 were heated at 30, 40, 50, and 99 ◦C, respectively; MpOmp isolated with POE extraction (6–10);
samples 7, 8, 9, and 10 were heated at 30, 40, 50, and 99 ◦C, respectively; marker proteins (11).
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2.2. Pore-Forming Activity of OM Porin from M. primoryensis KMM 3633T

The observed pore-forming activity of the total fraction of OM proteins of M. primoryensis KMM
3633T was instable; nevertheless, this confirmed the presence of porin among the OM proteins of the
bacteria (data not shown). When purified MpOmp was added in small quantities (10–100 ng/mL) to
the aqueous solution bathing an artificial lipid bilayer, the membrane conductance increased by several
orders of magnitude (Figure 2A,B). The current-voltage characteristic of the porin channel is linear in
the range up to 180 mV (Figure 2C). The pore-forming activity of MpOmp was found to depend on the
salt concentration in the aqueous phase. We failed to record channel formation at NaCl concentration
below 0.2 M. The linear dependence of the current through the porin channel is observed when the salt
concentration varied in the range 0.5–2.0 M (Figure 2D).

Figure 2. Current traces recorded after the addition of M. primoryensis KMM 3633T porin to bilayer lipid
membrane (BLM) in the presence of 1.0 M (A) and 0.2 M (B) NaCl; current-voltage characteristic of MpOmp
channel (C); the dependence of the current through the MpOmp channel on NaCl concentration (D).

BLM formed from a 1% solution of 1-monooleoylglycerol in n-heptane. Aqueous phase: 20 mM
Tris-HCl, pH 7.4 (buffer A), 0.5–2.0 M NaCl, protein concentration 10–100 ng/mL. Membrane potential
is 50 mV.

2.3. Amino Acid Composition and Amino Acid Sequence of OM Porin from M. primoryensis KMM 3633T

M. primoryensis KMM 3633T whole genome was sequenced, assembled, and annotated as described
in Methods. The porin of M. primoryensis KMM 3633T was classified as Porin_4 according to the
conservative domain searching and analyzed in detail. The characteristics are represented in Table 1.
By protein BLAST we revealed proteins with high sequences similarity and proteins with similar
domain architecture. Porins of M. primoryensis strain AceL and Marinomonas sp. strain IMCC 4694
had the highest similarity with porin of strain KMM 3633T-83.59% and 77.43%, respectively. Porins
of Polaromonas sp. JS666, Magnetospirillum magneticum AMB-1 and Basfia succiniciproducens MBEL55E
had the most closely related domain architecture with analyzed porin. Porins of Photobacterium
damselae [27] and Escherichia coli [28] were chosen as well-known porins: the first one is from marine
Gammaproteobacteria, the fish pathogen, and the second one is from terrestrial Gammaproteobacteria,
the classical object of biological and molecular research. Amino acid composition of the isolated
proteins [27,28] was supplemented by translation of sequenced genes.
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Most of the bacteria represented in Table 1 are aquatic, isolated from sea-, ground-, or bog
water. E. coli and B. succiniciproducens are known as habitants of gastrointestinal tract (GIT). All eight
analyzed bacteria were Proteobacteria, six of them were from class Gammaproteobacteria. According
to the Pmaf classification porins of aquatic bacteria belong to one superfamily, and GIT bacteria—to
another. According to TBCD (Transporter Classification DataBase) all porins belonged to the same
superfamily and all but one were assigned to the same family. As follows from the data shown in
Table 2, eight porins were not much different in number of amino acids, protein molecular weight, and
aliphatic index, but significant differences were revealed in theoretical pI, total number of negatively
and positively charged residues, and differences in the content of tryptophan residues. This amino
acid was absent in the porins of the three Marinomonas sp. strains and Photobacterium damselae subsp.
damselae and was in low amount in porin of Polaromonas sp. JS666 in comparison with porins of the
GIT bacteria. All porins analyzed are enriched in polar amino acids and have a significantly higher
level of acidic amino acids (15.9–28.8 mol %) compared with the basic amino acids (5.1–16.4 mol %),
that is typical for classical gram-negative porins. Despite noted differences all porins had close polarity
values calculated by two methods.

The polarity of MpOmp was 44.25 (from amino acid composition) and 50.7 (from DNA translation)
calculated as reported previously [29]. The polarity index of the protein studied was 1.81 (from amino
acid composition) and 1.95 (from DNA translation) calculated by [30]. The value is close to the average
that of similar values for other proteins belonging to the Protein_4 superfamily represented in Table 1.
This result and GRAVY index (Table 1) indicate that porin from M. primoryensis KMM 3633T is relatively
hydrophilic protein.

ProtParam tool allows the computation of the instability index on the base of dipeptide composition.
Since the proteins with instability index value below 40 are stable proteins [31], all porins from our
analysis are stable, and porins of M. primoryensis KMM 3633T and M. primoryensis AceL was predicted
to be the most stable (Table 1).
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2.4. Spatial Structure of OM Porin from M. primoryensis KMM 3633T

2.4.1. CD and Intrinsic Protein Fluorescence Spectra

One of the important physicochemical characteristics of proteins is their resistance to various
denaturing agents and temperature. Therefore, we paid special attention to conformational changes
in MpOmp molecule under various conditions: (1) upon dilution of the protein solution, (2) in the
presence of non-ionic (POE) and ionic (SDS) detergents, and (3) upon heating. For this purpose, CD
analysis and intrinsic protein fluorescence were used. CD spectra were recorded in the far and near UV
regions. Intrinsic protein fluorescence spectra were recorded at an excitation wavelength of 280 nm.

It was found that conformational changes were not observed either at the level of the secondary
or at the level of the tertiary structure of MpOmp upon dilution of the protein solution without any
detergents (Figure 3A,B).

Figure 3. CD spectra in peptide regions (A,C,E) and intrinsic fluorescence spectra atλex 280 nm (B,D,F)
of M. primoryensis porin (MpOmp) in Tris-HCl buffer(A,B) and in the presence of POE (C,D) and
SDS (E,F). The protein samples of MpOmp (1.0 μM and 6.0 μM for peptide and aromatic regions,
respectively) were dissolved in 10 mM Tris-HCl buffer, pH 7.5, containing 0.5% POE (1) or 0.25% SDS
(2). Samples 2, 3, 4, and 5 were heated at 30, 40, 50, and 80 ◦C, respectively (C,D,E,F).
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CD spectra were recorded in the far and near UV regions. CD spectra of MpOmp in the aromatic
region (240–320 nm) have a low amplitude and low resolution, which indicates a loosened tertiary
structure because of the apparently weak interaction between the protein monomers (data not shown).

CD spectra of the porin studied between 180–240 nm (the region of peptide bonds) in the presence
of non-ionic detergent POE are characterized by positive band at 195 nm and only one negative
minimum that was centered at 220 nm. The spectra crossed the zero line at 209 nm (Figure 3C). It is
typical for proteins with β-pleated sheet structure of (α + β) type [32]. In the presence of SDS a new
negative band at 207 nm was observed (Figure 3E), which indicated α-helical structure formation
typical of denatured proteins in SDS [33].

Using the CDPro software [34] the content of secondary structure elements of MpOmp was
determined. As we can see in Table 3, the secondary structure of the protein in solution of various
detergents differed. In POE solution the total β-structure of MpOmp accounted 70% while alpha
α-helices make up only 5%. Such ratio of the elements of the regular secondary structure of the protein
is similar to that of the porins in the native environment in the bacterial membrane [35].

Table 3. Content of secondary structural elements in porin from M. primoryensis KMM 3633T (%).

№ Sample
α-Helix β-Structure

β-Turn Random
CoilI II III I II III

1 MpOmp 2.8 1.5 4.3 32.5 17.4 49.9 20.3 25.5

2
MpOmp,
0.5% POE 0.8 4.1 4.9 34.7 14.4 49.1 20.9 25.1

3
MpOmp,

0.25% SDS 7.6 10.4 18.0 18.1 10.2 28.3 22.7 31.0

However, in the presence of SDS, the polypeptide chain of the studied protein contains a significant
amount of α-helical regions (3.6 times more than in a solution of non-ionic detergent) and a smaller
amount of total β-structure. These data indicate that ionic detergent SDS has a denaturing effect on the
secondary structure of MpOmp. Similar denaturing effect of this ionic detergent we observed earlier
for Yersinia porins [36].

In Figure 3 the intrinsic fluorescence spectra of MpOmp in solutions of POE (Figure 3D) and SDS
(Figure 3F) are presented. A significant shift of the maximum of the spectrum to the short- wavelength
region in the presence of ionic and nonionic detergents indicates that the radiation of the protein
occurs because of tyrosine residues. These results are consistent with the data of amino acid sequence
(Table 2), according to which the tryptophan residues are absent in the protein studied.

Thus, according to data of optical spectroscopy the secondary structure of MpOmp depends on
the detergent nature present in its solution.

2.4.2. Temperature Stability of OM Porin from M. primoryensis KMM 3633T

The instability of MpOmp trimer was demonstrated by heating a protein sample at different
temperatures. As follows from the data of SDS-PAGE (Figure 1C), protein samples of MpOmp, both
isolated by POE extraction and obtained by treatment of the cell membrane with Sarcosyl, are equally
temperature sensitive. Dissociation of the oligomeric form of the protein into monomers was observed
already at a temperature of 30 ◦C. In order to analyze the changes in the spatial structure of porin
upon heating and to differentiate the dissociation process from the process of protein denaturation,
CD spectra in the peptide region and emission of MpOmp samples heated at different temperatures
from 30 to 80 ◦C were recorded.

As follows from the data in Figure 3C–F, in MpOmp molecule in POE solution, changes at the
level of the secondary structure of the protein are observed starting at a temperature of 40 ◦C. Further
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heating of the sample leads to more significant changes, manifested in a decrease in the ellipticity of
characteristic peaks.

In the SDS solution in the spatial structure of the porin molecule, more serious rearrangements
even occur at 30 ◦C, a change in the peak ratio at 195 and 207 nm is observed, which may indicate a
change in the content of α-helices. With a further increase of temperature of the sample treatment,
the observed changes were minimal.

The heating of MpOmp sample in solutions of both detergents in the studied temperature range
did not lead to any major noticeable changes detected by fluorescence spectroscopy. The data obtained
allow us to conclude that only an ionic detergent is capable to effect the conformational changes in the
structure of the porin studied.

3. Discussion

3.1. Isolation Procedure of OM Protein from M. primoryensis KMM 3633T

To date several advances have been made in the development of isolation methods of OM
pore-forming proteins. Since porins as integral proteins exist in an intrinsically anisotropic environment
within the bacterial membrane the main condition for maximizing protein extraction is the selection of
a suitable detergent [25]. Unlike terrestrial, marine bacteria cell envelope is not tightly associated with
rigid peptidoglycan layer and therefore the OM may be easily separated [37,38]. Thus, the standard
isolation and purification procedure used for OM porins of gram-negative bacteria is not exactly
applicable for marine OM proteins. In the case of marine bacteria, the OM proteins may be isolated
with the sequential extraction of the microbial cells with solutions of high ionic strength, even without
previous cell destruction [39]. In light of the above special attention has been given by us to the
choice of cell envelope isolation condition and the selection of a suitable detergent for the extraction of
M. primoryensis KMM 3633T OM proteins.

To determine the influence of the cultivation temperature on the protein composition of the
cell envelope of the psychrophilic bacterium M. primoryensis KMM 3633T, the bacterial cells were
grown at a temperature of 0, 6–8, and 24 ◦C using the growth medium given in [23]. When growing
microorganisms at low temperatures, the most intense polypeptide band was observed in the region
corresponding to the molecular masses of the porins of terrestrial bacteria. Taking these results into
account, for the further study we selected the M. primoryensis KMM 3633T cells, cultivated at 6–8 ◦C
under aerobic conditions.

In the electrophoretic profile of the crude membrane fraction obtained by ultrasonic disintegration,
proteins that changed their electrophoretic mobility after heat pre-treatment of the protein sample
were detected. This allows us to assume that heat-modifiable proteins are present in the cell lysate of
M. primoryensis KMM 3633T.

To isolate the OM protein fraction from the cell envelope of M. primoryensis KMM 3633T,
two methods were tested, commonly used to obtain OM proteins from the terrestrial bacteria. One of
them consists in the step-by-step extraction of cell membranes obtained after ultrasound treatment
with a nonionic detergent POE [25]. By the author data subsequent extraction with POE allows to yield
several fractions highly enriched in E. coli porins.

The second method is based on the removal of cytoplasmic proteins from the cell envelope fraction
with nonionic detergent Sarcosyl extraction. As known, Sarcosyl is commonly used in the purification
procedure of OM proteins of gram-negative terrestrial bacteria, and this method produces samples free
of cytoplasmic proteins. OM proteins in this case remain in the sediment. As we have seen earlier, after
Sarcosyl pre-treatment the fraction of OM proteins of Yersinia ruckeri practically did not contain low
molecular weight cytoplasmic proteins [40]. However, in the case of OM proteins of M. primoryensis
KMM 3633T in the Sarcosyl-soluble fraction, in addition to cytoplasmic proteins, we found the presence
of a certain amount of OM proteins with a molecular weight of 30–50 kDa. This result indicates that
the OM proteins of M. primoryensis KMM 3633T are partially soluble in Sarcosyl.
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3.2. Pore-Forming Activity of Porin M. primoryensis KMM 3633T

It was found that the channels of MpOmp are characterized by a linear current-voltage characteristic
and the dependence of conductivity on salt concentration. Purified porin reconstituted in BLM at a
concentration 10–100 ng/mL induced stepwise changes in membrane conductance typical for porins.
It is noteworthy that the activity of marine porins [17,18] as a rule, is lower (at 100–200 ng/mL) as
compared to the activity of Enterobacteriaceae porins (at 1–10 ng/mL) [41].

Within the transmembrane potential of ±180 mV, MpOmp pores acted as ohmic channels, and
their conductivity scaled linearly with voltage. Thus, the porin from M. primoryensis KMM 3633T

behaves in a voltage-dependent manner, like the other marine porins [26,42].
It was shown that the pore-forming activity of the protein studied depends significantly on the

ionic strength of the electrolyte. This is characteristic of the porins of marine bacteria. It is generally
accepted that non-linear graphs of the dependence of the electrical conductivity of pores on the
symmetric salt concentrations on both sides of the protein-containing membrane indicate the influence
of the functionality of the internal channel on the passage of charged particles [26]. In the future we
plan to build a theoretical protein model of MpOmp that will allow us to conduct a detailed analysis of
charge distribution inside the barrel channel.

3.3. Physico-Chemical Properties of Porin from M. primoryensis KMM 3633T

The amino acid composition of porin-like protein from M. primoryensis KMM 3633T has the
same characteristic features as those of the classical gram-negative porins. For example, the protein
composition is distinguished by a high content of acidic amino acids and low content of sulfur-containing
amino acids. Cysteine is completely absent. However, there is a slight difference in the content of
individual amino acids in composition of the protein characterized: it contains 1.4 times less aromatic
acids and almost 1.4 times less tyrosine residues compared to the OmpF porin E. coli. In addition,
the composition and properties of MpOmp are quite remarkable, primarily because of the fact that,
in contrast to the porins of the other Proteobacteria under consideration (except for the porins from
bacteria of the genus Marinomonas and Photobacterium damselae subsp. damselae presented in Table 1),
there are no tryptophan residues in its molecule.

Considering the monomer stability of the analyzed porins, we noticed that predicted instability
index had the lowest value for porins of M. primoryensis KMM 3633T and M. primoryensis AceL. When
characterizing the monomers of these porins as the most stable, we take into account that in the
bacterial cell the stability of the protein may be dependent not only on the intrinsic nature of the
protein but also on the conditions of the protein milieu, as noted Gamage, et al. in their study [43]. In
connection with the foregoing, we should especially dwell on the instability of MpOmp oligomeric
structure that we observe.

Porin M. primoryensis KMM 3633T was isolated in the oligomeric form, however porin trimers
were extremely unstable. The dissociation of MpOmp trimer into monomers, accompanied by an
irreversible conformational transition was already observed at 30 ◦C. In a number of cases, on the
electropherogram of the fraction of OM proteins obtained under denaturing conditions of SDS-PAGE
(0.1% SDS), the protein monomer of MpOmp appeared without prior boiling of the sample. In addition,
MpOmp trimer dissociated into monomers also after protein precipitation with ethanol in the presence
of EDTA, the method used for purification of membrane proteins [25]. So, a trimeric form of the protein
was clearly observed only under mild condition of solubilization. Therefore we cannot exclude that
isolation conditions of target protein chosen by us do not lead to a partial dissociation of its trimeric
form during obtaining of cell envelope and purification from cytoplasmic proteins. Thus, in order to
obtain and preserve OM protein from M. primoryensis KMM 3633T as a trimer with a relatively stable
structure, it is necessary to choose only a mild non-ionic detergent and strictly monitor the temperature
at which the experiment is conducted. Similar instability of native subunit structure of some bacterial
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pore-forming proteins was described in literature [44,45]. Authors of these articles should have used
cross-linking in order to reveal the native oligomers of the proteins studied.

Elucidation of the conformational stability of the porin studied under various conditions using the
methods of optical spectroscopy and electrophoresis made it possible to draw the following conclusion.
It was found that no conformational changes were observed either at the level of the secondary or at the
level of the tertiary structure of the protein upon dilution. However, the presence of ionic and nonionic
detergents influenced the spatial organization of MpOmp differently and introduced characteristic
features into the conformation of the protein molecule. It has been shown that the SDS ionic detergent
has a denaturing effect on the conformation of the porin trimer from M. primoryensis KMM 3633T at
the secondary protein structure, significantly increasing the content of the α-helix and decreasing the
content of the total β-structure. This is consistent with the widespread literature hypothesis that SDS
micelles promote the formation of α-helices in the case of β-structured proteins, containing intrinsically
disordered regions (IDRs) [46]. In contrast, in the presence of a non-ionic detergent, minimal changes
in protein structure were observed. Thus, the data obtained show, that non-ionic detergent POE is most
suitable for solubilization of MpOmp, since in its presence the conformation of the studied protein is
as close as possible to the native one.

According to modern concepts, porins are unusual membrane proteins containing a significant
amount of hydrophilic amino acid residues. They are able to form β-barrels in contrast to the α-helices
of almost all other membrane proteins. The association of monomers within native trimer is stabilized
through the hydrophobic and hydrophilic interaction at the subunit interface and involves 35% of the
barrel surface area [47].

In addition, porins are amyloidogenic proteins capable of forming amyloid-like structures under
certain conditions. This may be facilitated by the availability of hydrophobic sites on the surface of the
monomer, buried in the trimer, but released during its dissociation. At the same time, according to the
recently published theory of the formation of multimeric proteins, the formation of their quaternary
structure occurs because of the balance between the energy of intramolecular interaction and the
energy of adhesion between subunits [48].

Given these facts, it can be assumed that the instability of the trimeric form of MpOmp can be
caused both by the difference in the values of the indicated energies in favor of the predominant
existence of a protein in the form of a monomer, and by differences in the primary structure of porins
from marine and terrestrial bacteria, the trimer form of the last exhibit the high thermal stability. So,
for example, mutation of residues involved in ionic interactions between the two subunits have been
shown to reduce the thermal stability of the trimer significantly [49].

At present, computer models are widely used in investigation of the stabilizing forces in quaternary
structure formation. Currently, there is the possibility of a detailed study of protein–protein interaction
in the formation of the oligomeric structure of beta-barrel proteins [50]. Transmembrane domains of
β-barrel membrane proteins have shown the presence of so called “weakly stable regions” despite
an extensive network of hydrogen bonds, as well as ionic and hydrophobic interactions that give
high strength to the molecule as a whole [51]. In addition, it was found that one of the ways to
stabilize these areas can be by interacting with surrounding lipids [52]. On the other hand, it is known
that oligomerization of the proteins, including membrane proteins, can bring various functionally
important advantages to a particular protein.

Taking into account the foregoing, we can assume the following. Since the MpOmp monomer has
very high stability (Table 1), and the oligomeric structure of the isolated protein, on the contrary, is
extremely unstable under the heating, it is possible that the existence of the MpOmp trimer is crucial
for the manifestation of the functional activity of this porin in the native membrane. This assumption is
based on the fact that isolated MpOmp in monomeric form had a very low efficiency of reconstitution
into an artificial bilayer. Given the fact that lipid–protein interaction can be a factor stabilizing the
trimeric structure of MpOmp, the study of the pore-forming activity of this novel marine porin
depending on the composition of the lipid membrane will undoubtedly be of fundamental interest.
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4. Materials and Methods

4.1. Microorganisms

The bacteria of M. primoryensis KMM 3633T were grown at a low (0 and 6–8 ◦C) and room
temperature (24–26 ◦C) in liquid medium containing sea water as described in [23].

4.2. Isolation of Cell Envelope Fraction

Microbial cells were harvested in the late exponential growth phase (after 48 h) that was determined
by the turbidity of the cell suspension. Cells were collected by centrifugation at 7000 rpm for 20 min,
washed once with a solution of 5% NaCl, and suspended in buffer containing 50 mM Na2HPO4, 100 mM
NaCl, sucrose (5%, w/v), 1.5 mg of DNAase, and sodium azide (0.02%, w/v).The cells were disrupted by
sonication (UZDN-2T insonator, Sumy, Ukraine) at 44 kHz (10 × 1 min cycles on ice). The unbroken
cells were centrifuged at 10,000× g for 15 min at 4 ◦C, and the supernatant was centrifuged at 25,000× g
(Heraeus Biofuge stratus, Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at 4 ◦C. The pellet was
then washed with distilled water and used as cell envelope preparation (crude membrane fraction).
It contained the total fraction of cytoplasmic and OM proteins.

4.3. Isolation and Purification of Porin from M. primoryensis KMM 3633T

4.3.1. Extraction with Nonionic Detergent n-Octylpolyoxyethylene (POE)

Cell envelope pellet (6.4 mg) was resuspended in 5 mL 20 mM Tris-HCl, pH 7.4 (buffer A),
containing 0.5% (v/v) POE incubated subsequently at 37 ◦C for 1 h and at 4 ◦C overnight, and then
centrifuged at 25,000× g for 1 h. This procedure was repeated three times. The pellet was washed once
with buffer A by centrifugation. The residual pellet was extracted consistently three times with 3 mL of
buffer A, containing 0.5, 1, and 2% (v/v) POE. According to the SDS-PAGE data the abundant quantity
of 35 kDa protein (MPOmp) was found in supernatant after extraction with 0.5% POE. Three 0.5%
POE extracts were combined, concentrated to the protein content of 0.5 mg/mL, and subjected to
dialysis against a 10-fold volume of buffer A, containing 0.2% POE and then purified by gel permeation
chromatography on Sephacryl S-300 (Serva, Heidelberg, Germany).

4.3.2. Extraction with N-Lauroylsarcosine (Sarcosyl)

Cell envelope pellet (6.4 mg) was resuspended in 5 mL 10 mM HEPES, pH 7.5 (buffer B), containing
1% (w/v) Sarcosyl (Sigma-Aldrich, St. Louis, MO, USA) and incubated at room temperature for 30 min
with shaking. The pellet obtained by centrifugation at 25,000× g was washed with 10 mL of buffer B
without suspending. According to SDS-PAGE data, this fraction was electrophoretically pure 35 kDa
protein (MpOmp) in oligomeric form (approximately 100 kDa).

4.4. SDS-PAGE

Analysis of protein fractions obtained was carried out using SDS-PAGE according to the method
described in [49,50]. SDS-PAGE procedure was carried out under native (solubilization temperature 25 ◦C)
and denaturing (after heating at 99 ◦C) conditions. Apparent MW of proteins in different fraction was
determined according to relative mobilities of standard proteins using marker proteins (Thermo Fisher
Scientific, Waltham, MA, USA) with MW from 10 to 170 kDa. The proteins separated in the gel
were stained with Coomassie R-250 in 3.5% perchloric acid [53]. The protein content of the samples
was determined spectrophotometrically at 280 nm, assuming an optical density of 1.0 for a protein
concentration of 1 mg/mL.
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4.5. Spectroscopic Methods

All absorption, circular dichroism (CD), and fluorescence measurements were performed using
the protein samples in buffer A, containing 0.25% SDS at 25 ◦C. UV absorption spectra were recorded on
a UV-visible spectrophotometer UV-1601PC (Shimadzu, Japan) in quartz cuvettes with the path-length
of 1 cm. The correction for light scattering of the protein solution was carried out as described in [54].
Specific absorption factor A 0.1%/1 cm of porin was taken equal to 1.00.

Circular dichroism (CD) spectra were recorded on Chirascan Plus CD spectropolarimeter (Applied
Photophysics Limited, Leatherhead, UK) in quartz cuvettes with the optical path length of 0.1 and 1 cm
for the far-UV or peptide (180–250 nm) and the near-UV or aromatic (250–350 nm) regions, respectively.
Samples with the protein concentrations of 1.0 μM and 6.0 μM were used for the CD measurements in
the peptide and aromatic regions, respectively.

In the aromatic spectral region, ellipticity [θ]M was calculated as molar ellipticity taking the
molecular weights of the protein monomer and trimer as 35 and 105 kDa, respectively. In the peptide
region, ellipticity was calculated as the mean residue ellipticity taking the molecular weight of amino
acid residue as 110 Da, in standard units (deg cm2 dmol−1) by the equation:

[θ] = [θ]obs·S·110/10·C·l (1)

where S is the sensitivity; C is the protein concentration, mg/mL; and l is the optical path length, dm.
The content of the secondary structure elements of the protein was calculated with CD Pro

software [34].
Intrinsic protein fluorescence spectra of the porin were measured in quartz cuvettes with optical path

length of 1 cm using a RF-5301PC spectrofluorophotometer (Shimadzu, Kyoto, Japan). Porin samples
with protein concentration of 0.5 μM were prepared in buffer A, containing 0.25% SDS. Fluorescence
was excited by the light with wavelength of 280, 296, and 305 nm. The excitation and emission slits
were set at 5 nm. Fluorescence spectra corrected by rhodamine B (Wako Pure Chemical Industries,
Osaka, Japan) were recorded by subtracking the Raman band of the buffer solution.

4.6. Lipid Bilayer Experiments

The experiments on reconstitution of protein samples into the BLM were performed under
the symmetric conditions, so that the investigated proteins were present on both sides of the BLM.
Fluctuations of the current through the BLM in the presence of the porin were measured in the clamp
mode on the membrane potential. The current from the membrane was conducted by Ag/AgCl
electrodes and registered at a membrane potential of 10–50 mV. The electrical parameters of the BLM
were measured with bilayer clamp amplifier BC-535, pCLAMP 10 and Clampfit 10 software suites.

The BLM was formed from a 1% solution of 1-monooleoylglycerol (monoolein) (Sigma- Aldrich,
St. Louis, MO, USA) in n-heptane with a pipette (a hole of 0.25 mm in diameter) on a Teflon cup placed
in a thermostated optically transparent cuvette filled with an electrolyte. The experiments of protein
reconstitution in the BLM were performed at room temperature (22 ◦C). The aqueous phase contained
0.2–2 M NaCl in buffer A and the studied protein in the range of concentrations of 10–100 ng/mL.

4.7. Amino Acid Composition and N-Terminal Sequencing

Amino acid analysis was performed by using a Biochrom 30 amino acid analyzer (Biochrom Ltd.
CB4 OFJ, Cambridge, UK), after hydrolysis of purified protein with 6 N HCl according to the method
descried in [55]. The amino acid content of the protein sample was calculated in Mol% of each
amino acid.

DNA isolation. Preparation of genomic DNA for whole genome sequencing (WGS) was performed
according to the protocols [56].

Genome sequencing and assembly. Two kits were used for library preparation: KAPA HyperPlus
(Roche, Basel, Switzerland) and Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA, USA).

163



Molecules 2020, 25, 3131

Libraries were checked on a Bioanalyzer (Agilent, Santa Clara, CA, US) and sequenced on an Illumina
MiSeq instrument with paired-end protocol. Genome assembly was performed with CLC Genomic
Workbench v.12.

Genome annotation. Genome was annotated by the Rapid Annotations using Subsystems Technology
(RAST) server [57,58].

GenBank NCBI submission. The obtained Marinomonas primoryensis KMM 3633T genome sequence
was submitted in NCBI SRA database under the BioProject number: PRJNA622482. DNA of Porin_4
was translated, complementary annotated in NCBI by conserved domains detection and submitted in
GenBank with Accession Number MK820371 (Protein Accession-QES04118).

Sequences, used for analysis. Marinomonas primoryensis strain AceL (WP_112140846), Marinomonas
sp. IMCC 4694 (WP_148833815), Polaromonas sp. JS666 (Q123M1), Magnetospirillum magneticum AMB-1
(Q2WBE6), Photobacterium damselae subsp. damselae (KJF82573.1), Escherichia coli (WP_000768382.1),
Basfia succiniciproducens MBEL55E (Q65V42).

Bioinformatic analysis. Alignment of protein sequences was performed by NCBI BLAST, signaling
peptide was predicted by Phobius server (http://phobius.sbc.su.se/) [59]. ProtParam tool was used for
the computation of various physical and chemical parameters for the proteins (https://web.expasy.org/
protparam/) [60].

Polarity index was calculated according to following formula [30]:
(Asx + Glx + Lys + Arg + Ser + Thr)/(Val + Leu + Ile + Met + Pro + Phe). For the polarity

calculation was used formula recommended by [29]:
(Asx + Glx + Lys + Arg) + (Ser + Thr + Tyr + His + Gly)/2
PSORTb program was used for bacterial protein subcellular localization prediction (https://www.

psort.org/psortb/) [61,62].
Pfam server was used for protein classification (http://pfam.xfam.org/) [63].
TCBD (Transporter Classification DataBase) and bioinformatics resources of this base were used

for porin classification [63].
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Abstract: The effect of cultivation temperatures (37, 26, and 18 ◦C) on the conformational quality of
Yersinia pseudotuberculosis phospholipase A1 (PldA) in inclusion bodies (IBs) was studied using green
fluorescent protein (GFP) as a folding reporter. GFP was fused to the C-terminus of PldA to form the
PldA-GFP chimeric protein. It was found that the maximum level of fluorescence and expression of
the chimeric protein is observed in cells grown at 18 ◦C, while at 37 ◦C no formation of fluorescently
active forms of PldA-GFP occurs. The size, stability in denaturant solutions, and enzymatic and
biological activity of PldA-GFP IBs expressed at 18 ◦C, as well as the secondary structure and
arrangement of protein molecules inside the IBs, were studied. Solubilization of the chimeric protein
from IBs in urea and SDS is accompanied by its denaturation. The obtained data show the structural
heterogeneity of PldA-GFP IBs. It can be assumed that compactly packed, properly folded, proteolytic
resistant, and structurally less organized, susceptible to proteolysis polypeptides can coexist in PldA-
GFP IBs. The use of GFP as a fusion partner improves the conformational quality of PldA, but
negatively affects its enzymatic activity. The PldA-GFP IBs are not toxic to eukaryotic cells and have
the property to penetrate neuroblastoma cells. Data presented in the work show that the GFP-marker
can be useful not only as target protein folding indicator, but also as a tool for studying the molecular
organization of IBs, their morphology, and localization in E. coli, as well as for visualization of IBs
interactions with eukaryotic cells.

Keywords: recombinant phospholipase A1; Yersinia pseudotuberculosis; inclusion bodies; fusion
protein; green fluorescent protein

1. Introduction

The production of recombinant proteins in Escherichia coli is often accompanied by
the formation of their insoluble aggregates, the so-called inclusion bodies (IBs), in the cell
cytoplasm [1]. For a long time, it was believed that IBs consist of misfolded proteins, and
the isolation of a recombinant protein from them in a functionally active form is a laborious
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and expensive procedure with a low yield [2]. However, it was later found that a protein
in a native-like conformation can be present in IBs, and its amount can be controlled by
manipulating the genetic and physiological parameters of expression [3]. A growing body
of data confirms the fact that the protein within IBs adopts different conformational states
ranging from unstructured, partly folded, native or native-like, to cross-β-sheet (amyloid-
like) [4]. IBs containing a high percentage of properly folded protein can be functionally
active and be used as nanomaterials in medicine and biotechnology [5]. The target protein
from these IBs can be isolated under mild conditions without the use of renaturing steps
and with high yield.

An important factor influencing the conformational quality of the protein in IBs is the
expression temperature [6]. IBs synthesized at growth temperatures below the optimal
37 ◦C usually have a higher content of properly folded protein. The slower rate of protein
production at low temperatures gives newly synthesized recombinant proteins more time
to fold properly. Using low growth temperature, for a series of water-soluble globular
proteins, including oligomeric ones, it was possible to obtain biologically active IBs with
a high protein content in the native conformation, known as “nonclassical” IBs [7–9].
However, recently there was information that the globular protein L-asparaginase II forms
“nonclassical” IBs, on the contrary, at elevated culture temperatures [10]. Moreover, it
was reported that IBs formed at the optimal bacterial growth temperature contained
a functionally active protein, and that the temperature regime did not affect the protein
structure in IBs [11,12]. These facts demonstrate that the effect of the expression temperature
on the conformational quality of IBs is ultimately determined by the nature of the protein,
i.e., the intrinsic physicochemical properties of its amino acid sequence. At this time,
the correlation between these factors affecting the structural organization of IBs is poorly
understood. Most of the published research findings on this issue were performed on IBs
of soluble globular proteins. IBs formed by membrane proteins are largely unexplored.
In our work, the recombinant phospholipase A1 of Yersinia pseudotuberculosis as a model
integral membrane protein was expressed in E. coli at different growth temperatures and
the resulting IBs were characterized. In addition, determination of the growth temperature,
which promotes the formation of IBs with a high content of correctly folded protein, can
also be useful for developing novel, improved methods for biotechnology production of
active enzyme. Lipolytic enzymes, including phospholipase A1, find wide application in
food, cosmetic, and pharmaceutical industries [13].

The phospholipase A1 from the outer membrane protein of Y. pseudotuberculosis (PldA—
detergent-resistant phospholipase A1, EC 3.1.1.32) is a key enzyme that renews intracellular
lipids (phospholipids) and thereby affects the permeability of the outer membrane, the
functioning of various membrane-bound proteins, and is also one of the pathogenic factors
of Gram-negative bacteria [14]. It has a molecular weight of 31 kDa. The PldA molecule is
a β-barrel formed by a β-sheet, consisting of 12 antiparallel amphiphilic β-strands. In an
active form, PldA is a homodimer [14].

IBs are of interest not only as a potential source of a functionally active recombinant
protein, but also as a model system for studying protein aggregation associated with
so-called conformational diseases, including numerous neurodegenerative disorders and
amyloidosis [15]. Information about the mechanisms of formation and disaggregation of IBs,
as well as their molecular organization, is important for understanding the molecular basis
of conformational diseases, and in the design of drugs for inhibiting or reversing protein
aggregation. However, such data on IBs are limited. This fact is largely determined by the
methodological difficulties of studying these conformationally heterogeneous aggregates.

Green fluorescent protein (GFP) and GFP-like proteins were shown to be unique
genetically encoded fluorescent markers for basic and applied research in the field of
molecular and cellular biology. Currently, GFP are widely used to monitor the expression
and folding quality of a recombinant protein under different bacterial culture conditions [6].
For this purpose, GFP is combined with the target protein so that the formation of a
chromophore is possible only with the correct folding of the target protein [16,17]. This
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approach significantly simplifies the process of searching for the expression conditions of a
recombinant protein in the native conformation.

The aim of our work was to study the structure and properties of phospholipase
A1 IBs formed at the optimal expression temperature in terms of their conformational
quality, using a GFP tag as an indicator of recombinant protein folding. The research was
focused on the following specific objectives: studying the effect of expression temperature
on the conformational quality of PldA-GFP IBs; evaluating the secondary structure and
arrangement of protein molecules inside the IBs; and collecting information about the
stability and behavior of IBs in denaturing agents, as well as their enzymatic activity and
interaction with eukaryotic cells.

2. Results and Discussion

2.1. Effect of the Cultivation Temperature Downshift on the Expression of the PldA-GFP
Fusion Protein

To synthesize the PldA-GFP fusion, we have constructed the recombinant plasmid con-
taining sequences of pldA encoding Y. pseudotuberculosis membrane bound phospholipase
A1 and gfp encoding CopGFP based on pRSETa vector (Figure S1). The expression of the
PldA-GFP at different cultivation temperatures (37, 26, and 18 ◦C) was induced by adding
0.1–1 mM IPTG followed by incubation for 3, 5 and 16 h. The amount of recombinant
protein (based on intensity of the protein band on the SDS-PAGE) and the level of GFP
fluorescence were determined for each experiment.

E. coli strain BL21(DE3) pLysS/PldA-GFP expressed the major protein in the region
of 57 kDa corresponding to the calculated molecular weight of the expected PldA-GFP
fusion protein. It was found that lowering the cultivation temperature from 37 to 26 ◦C
significantly increased the recombinant protein production (Figure 1B). A further decrease
in the growth temperature to 18 ◦C did not have a noticeable effect on the level of protein
synthesis. The maximum GFP fluorescence was observed in E. coli grown at 18 ◦C, it
decreased by almost four times during bacterial cultivation at 26 ◦C, and was close to the
negative control—plasmidless cell level at 37 ◦C (Figure 1A). Such effects of cultivation
temperature on the level of PldA-GFP expression and GFP fluorescence were observed at
all studied time points (data not shown), while the IPTG concentration did not significantly
change the level of recombinant protein synthesis and GFP fluorescence of the fusion
protein (Figure 1).

Thus, the low cultivation temperature promoted an increase in GFP fluorescence in
the chimeric protein and, consequently, an increase in the proportion of the correctly folded
form of phospholipase A1.

Fluorescence confocal microscopy was used to study the morphology of the recombi-
nant protein PldA-GFP and its localization in the cell. Figure 2 shows that homogeneous
fluorescence throughout the cell cytoplasm was observed for bacteria expressing GFP only
(Figure 3A), which is characteristic of the GFP soluble form. At the same time, under
the similar culture conditions, the cells containing the pRSETa/PldA-GFP plasmid accu-
mulated the chimeric protein in the form of aggregates (inclusion bodies), as evidenced
by inhomogeneous fluorescence (Figure 2B). A similar morphology of inclusion bodies
formed by chimeric proteins with GFP and other fluorophores, or mutant GFPs prone to IB
formation, has been described in several works [3,18,19].
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Figure 1. The level of GFP fluorescence in E. coli cells (A) and the expression of PldA-GFP fusion
protein (B) in E. coli cell lysates after 16 h of incubation at different cultivation temperatures and IPTG
concentrations. BL—plasmidless cells (negative control); GFP—cells expressing GFP protein (positive
control). Fluorescence and bacterial mass for cell lysates were normalized according to OD600. The
experiments were performed in three biological replicates. Results show the mean ± standard
deviation (SD). The asterisk (*) indicates a significant difference (p-value < 0.05) in the fluorescence
level between indicated groups.

 

Figure 2. Fluorescence microscopy images of E. coli cells expressing GFP (A) and PldA-GFP (B).
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Figure 3. SDS-PAG electrophoresis (A) and Western blotting (B). (A): Whole cell lysates of E. coli
BL plasmidless (2) and E. coli expressing PldA-GFP (3) and PldA (4); purified PldA-GFP IBs: pellet
(5) and supernatant (6); purified PldA IBs: pellet (7) and supernatant (8); GFP: supernatant (9) and
pellet (10); molecular weight standard (1). (B): PldA-GFP IBs (1); PldA IBs (positive control) (2);
molecular weight standard (3). Western blotting was performed using mouse polyclonal antiserum
to recombinant PldA.

2.2. Isolation and Purification of PldA-GFP IBs, PldA IBs, and GFP

The proteins PldA-GFP, PldA, and GFP were expressed in E. coli at 18 ◦C, IPTG
concentration of 0.1 mM, and cultivation time of 16 h (Figure 1). The bacterial cells were
destroyed by lysozyme in combination with ultrasound, and the resulting suspensions
were centrifuged. Using SDS-PAGE analysis, the recombinant proteins PldA-GFP and
PldA were found only in insoluble fractions (pellets), while GFP was detected only in
the supernatant (Figure 3A). These results confirm that in E. coli cells under mentioned
expression conditions the chimeric protein and phospholipase A1 form IBs, while GFP is in
a soluble form.

PldA-GFP IBs and PldA IBs were purified from impurities by sequential treatment
with detergent solutions: 0.1% Sarcosyl and 1% sodium deoxycholate to remove LPS [20].
Denaturing SDS-PAGE showed that PldA-GFP and PldA migrate in the gel as bands corre-
sponding to proteins with molecular weights of 57 and 31 kDa, respectively (Figure 3A).
Both IBs samples barely contain any concomitant proteins. It should be noted that PldA-
GFP loses GFP fluorescence under denaturing (2% SDS, boiled) and semi-native (0.1%
SDS without boiled) SDS-PAGE. Immunoblotting using antibodies to PldA found the only
protein band with MW of 57 kDa, which belongs to PldA-GFP (Figure 3B).

Recombinant GFP (rGFP) was isolated from the supernatant obtained by centrifuga-
tion of the lysed E. coli cells under the conditions described above using gel chromatogra-
phy on a Superdex 200HR column. The fluorescent fractions were pooled and considered
as containing GFP in its native conformation, as the formation of a fluorophore occurs
spontaneously after this protein folding [21].

According to gel filtration data, GFP in PBS (pH 7.4) has an apparent molecular weight
of approximately 42 kDa and, therefore, exists under these conditions as a dimer. Under
denaturing (2% SDS and boiling) and semi-native SDS-PAGE (0.1% SDS without boiling),
GFP migrates as a monomer with an apparent molecular weight of about 26 kDa, and loses
fluorescence (Figure 3). Therefore, purified GFP is a dimer that has a fluorescence spectrum
with maxima ex/em at 482/502 nm, and may be converted to a non-fluorescent monomer
in the presence of a denaturant (SDS).

In phosphate-buffered saline PldA-GFP IBs have the same fluorescence spectrum as
rGFP, and therefore contain the recombinant protein in a native-like conformation. The
fluorescence intensity of IBs, calculated per mg of GFP, was four times lower than that of
GFP (Figure 4). Therefore, in IBs only 24, 5%, of the chimeric protein is in a fluorescently
active form. However, this value is not entirely correct. It can be either overestimated,
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as according to CD spectroscopy data, recombinant GFP contains a certain amount of an
inactive protein; and underestimated, as is known, the aggregation of GFP leads to the loss
of a large part of its fluorescent activity [22].

Figure 4. GFP fluorescence emission spectra of recombinant proteins in PBS: (1) GFP, (2) PldA-GFP
IBs. The fluorescence intensity of GFP calculated per 1 mg of protein was taken as 100%.

2.3. Stability of PldA-GFP IBs

The IBs of the chimeric protein are rather stable in aqueous suspensions. According to
the dynamic light scattering (DLS) data, IBs have a monomodal size distribution with an
average hydrodynamic radius (RH) of 412 nm in PBS at a concentration of 2 to 20 μg/mL
(Figure 5A). However, repeated passing of the IBs suspension (20 μg/mL) through a 0.1 mm
needle, followed by sonication to homogenize aggregates in PBS, leads to the appearance
of a population of small particles (40–100 nm), which account for about 18% of the total
volume, and a decrease in the average IBs radius (by volume) to 367 nm (Figure 5A). As
was reported earlier, sonication can disturb the structure of IBs and leads to the loss of
some protein from their surface and an increase in porosity [23].

 
Figure 5. Characteristic of PldA-GFP IBs. (A) Particle size volume distribution of IBs in PBS
(20 μg/mL): IBs intact (thin line), IBs after passing through a 0.1 mm needle and sonication (thick
line); (B) Gel filtration chromatography of PldA-GFP solubilized in 0.1% SDS, 50 mM Tris-HCl buffer,
pH 8.0, on a Superdex 200 HR column.

Stability in solutions of denaturants is an important characteristic of IBs, as it is directly
related to their structural organization and conformation of the protein which forms them.
As is known, IBs with the high protein content in native or native-like conformation are
looser and more unstable than IBs, where the protein is mainly in the form of partially
or improperly folded intermediates. They are usually dissolved in mild detergents and
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solutions with a low molar concentration of chaotropic agents [24]. The investigation of
the stability of PldA-GFP IBs in SDS (0.01–0.1%) and urea (1–8 M) was carried out using
the method of turbidimetry and GFP fluorescence.

As we can see from Figure 6A, the optical density at 350 nm of IBs solutions drops
sharply with an increase in the concentration of the detergent from 0.02 to 0.03%, indicating
a reduction in the number of large particles, and reaches zero at 0.05% SDS.

Figure 6. Solubility of PldA-GFP IBs in SDS (A) and urea (B). Dependence of turbidity signal
(solid symbols) and GFP fluorescence (empty symbols) of IBs incubated in denaturant solutions
for 5 min (circle), 1 h (triangle), 2 h (rhombus), and 24 h (square) on the denaturant concentration.
The experiments were performed in three biological replicates. Results show the mean ± standard
deviation (SD).

Simultaneously with the solubilization of IBs, their GFP fluorescence decreases. In
0.05% SDS, the fluorescence intensity of IBs is 47% of the initial value, and remains at this
level for 60 min with an increase in the concentration of the detergent to 0.1%. Increasing
the incubation time to 2 h leads to the GFP fluorescence of solubilized IBs falling to a low
value in 0.03% and being completely absent in 0.05% SDS.

The results obtained show that the correctly folded chimeric protein, which is present
in IBs, interacts with denaturant differently. One portion of the PldA-GFP fusion protein is
solubilized from IBs with a simultaneous its denaturation and loss of activity, while the
other portion goes into solution, retaining the native-like conformation and the fluorescent
properties. This fact may be a consequence of the fluorescently active protein different
localization within IBs [25] and, therefore, the availability for the detergent, as well as
differences in its macromolecular and/or supramolecular structure. The latter assumption
may be supported by gel chromatography data below about the structure of the fluorescent
chimeric protein.

To characterize the fluorescently active protein, IBs were solubilized in 0.1% SDS and
fractionated on a Superdex 200HR column. As shown in Figure 5B, fluorescent PldA-GFP
was eluted from the column as three peaks, one major and two minor, corresponding to
proteins with apparent molecular weights of ~600, 423 (major), and 120 kDa. As shown
above, active GFP obtained by gel chromatography on Superdex 200HR is a dimer. Based
on the data of gel chromatography, we can suppose that the fluorescent chimeric protein is
a dimer (MW 114 kDa), which in 0.1% SDS exists mainly as an oligomer consisting of four
dimers. It is possible that correctly folded PldA-GFP molecules are capable of forming more
densely packed oligomeric structures in IBs and, therefore, more resistant to denaturants
than the rest of the aggregate. As is known, the quaternary structure is an important factor
of the conformational stability of fluorescent proteins [26].

The stability of PldA-GFP IBs in urea was also determined (Figure 6B). The turbidity
of the IBs suspension decreases with an increase in the concentration of urea and the
incubation time and drops to zero at a chaotropic agent concentration of 4 M. At the same
time, in 4 M urea, the protein retains its fluorescence at the level of 53, 43, and 1.2% of
the original value after incubation for 5 min, 2 h, and 24 h, respectively. These data are
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consistent with the findings of the study of IBs solubility in SDS. At the same time, urea is
apparently a milder denaturing agent regarding the recombinant protein than SDS, as in
4 M urea, compared to 0.05% SDS (the minimum concentrations of denaturants providing,
according to the data turbidimetry, complete dissolution of IBs), the recombinant protein
retains its activity for a longer time. The retention of fluorescent activity by the recombinant
protein solubilized from IBs with a short exposure in 0.05% SDS and 4 M urea suggests
that the intermolecular interactions stabilizing IBs are less resistant to the denaturant than
intramolecular contacts that provide the native conformation and activity of GFP. These
results suggest that it is possible to select such solubilization conditions when the network
of intermolecular contacts in IBs will be specifically disrupted, without denaturation of
the correctly folded protein incorporated into the aggregates. As was demonstrated,
maintaining a native-like secondary structure of the protein during its solubilization from
IBs increases the yield of the recombinant protein during its refolding [27].

2.4. The Proteinase K Digestion of the IBs

PldA-GFP IBs were treated with proteinase K. Kinetics of proteolytic digestion of IBs
was monitored by the measurement of turbidity at 350 nm and GFP fluorescence emission
of the suspension over time. As it is shown in Figure 7, the turbidity of the IBs suspension
decreases to its lowest level after 30 min of incubation, while the GFP fluorescence of the
fusion protein remains practically unchanged.

Figure 7. Proteinase K digestion of PldA-GFP IBs. Profiles of IBs fluorescence (circle) and turbid-
ity (square).

The results presented here strongly suggest that more than one chimeric protein
species with different protease resistance coexist within IBs. Non-fluorescent species of the
recombinant protein, which are highly sensitive to proteolysis, appear to be misfolded or
partially folded polypeptides. Proteinase K showed a strong preference for hydrolyzing
unstructured protein regions [28].

The resistance of the active protein to proteinase K digestion suggests that it has a
compact supramolecular structure, as the quaternary structure of GFP has been shown to
be highly resistant to proteases [26]. However, it is also possible that proteinase K partially
cleaves active protein, including GFP, without affecting the chromophore. As is known, the
intensity of fluorescence of the chromophore can be changed insignificantly with major
disturbances of the native structure of GFP [29]. The obtained data show the structural
heterogeneity of PldA-GFP IBs. It can be assumed that compactly packed, properly folded,
proteolytic resistant, and structurally less organized polypeptides susceptible to proteolysis
can coexist in PldA-GFP IBs.
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2.5. CD Spectroscopy

The secondary structure of the recombinant proteins was determined by CD spec-
troscopy in the far ultraviolet region. CD spectra of PldA-GFP, PldA and GFP in 0.03% SDS
(exposure time from 10 min to 2 h and 24 h) and in 0.1% SDS (incubation time 2 and 24 h), as
well as the spectrum of GFP in PBS were obtained (Figure 8A). According to turbidimetry
data (Figure 6A), in these solutions of the detergent, almost complete solubilization of the
recombinant protein from IBs is observed.

Figure 8. Far UV CD spectra of PldA-GFP, PldA and GFP. (A) PldA-GFP (•), GFP (Δ), and PldA (�):
0.03% SDS, 10 min; PldA-GFP (�) and GFP (�): 0.1% SDS, 2 h; GFP: PBS (�); (B) PldA-GFP: 4 M
urea, 2 h (•) and 24 h (�).

Recombinant GFP in PBS has a CD spectrum with a maximum at 198 nm and only one
minimum at 220 nm, characteristic of proteins with β-pleated sheet structure (Figure 8A).
As shown earlier [30], the Y. pseudotuberculosis phospholipase A1, which, similar to GFP, has
the cylindrical β-sheet structure, exhibits a CD spectrum with a positive band at 193 nm
and a broad negative band centered at 215 nm. The CD spectra of the recombinant proteins
PldA-GFP, PldA and GFP in SDS solutions are characterized by a maximum at 197 nm
and two minima at 208–207 nm and 219–217 nm, and are typical for mixed α-β proteins.
Increasing the SDS concentration and incubation time caused an increase in the spectra
amplitude and a decrease in the peak ratio at 218 and 207 nm which indicates an increase
in the content of the α-helix in the protein (Figure 8A).

Using the CDPro software [31] the content of secondary structure elements of the
recombinant proteins was determined (Table 1).

Table 1. Content of secondary structure elements (%) in PldA-GFP, PldA and GFP, dissolved in SDS and PBS.

Sample α-Helix, % β-Sheet, % β-Turns, %
Random coil,

%

GFP, PBS 6.1 40.8 21.3 31.8

GFP, 0.03% SDS, 15 min 20.1 29.6 21.9 28.4

GFP, 0.1% SDS, 2 h 32.0 18.2 22.9 26.9

GFP, 0.1% SDS, 24 h 41.5 9.1 20.9 28.5

PldA-GFP, 0.1% SDS, 2 h 22.3 26.1 21.5 30.1

PldA-GFP, 0.1% SDS, 24 h 21.9 23.0 23.5 31.6

PldA-GFP, 0.03% SDS, 2 h 14.9 30.6 22.1 32.4

PldA, 0.03% SDS, 2 h 39.7 10.1 22.6 27.6

GFP, 0.01 M sodium phosphate, pH 7.5 [32] 20 ± 1 52 ± 2 16 ± 1 13 ± 1

PldA (OMPLA E. coli) * 7.7 61 11.9 19.2

PldA of Y. pseudotuberculosis (predicted
secondary structure) [33] 6.5 56.7 29.0 7.8

* UniProtKB—POA921 (PA1-E.coli).
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As can be seen from Table 1, in 0.03% SDS PldA-GFP, PldA, and GFP have a pro-
nounced secondary structure including α-helices and β-pleated sheets. However, the
content of α-helices and random coil structure in these recombinant proteins is higher
than in the corresponding native proteins. These data suggest that in the studied proteins,
molecules with a native-like structure, which are fluorescently active, coexist with partially
and misfolded polypeptides or segments. An increase in SDS concentration and incubation
time in detergent solutions leads to an increase in the content of α-helices and a decrease in
the content of β-structure. At the same time, the content of regular (α-helix and β-sheet)
and random coil structure remains practically unchanged, and is about 50% and 28–32%,
respectively. The data obtained suggest that SDS induces the β-sheet to α-helix structural
conversion in the recombinant proteins. A similar type of denaturation by SDS has been
found for some globular proteins that have a β-sheet structure [34]. In addition, it has been
shown earlier that SDS-denatured PldA E. coli has a non-native secondary structure with a
high α-helix content [35].

As follows from the data presented in Table 1, PldA-GFP and PldA, dissolved from IBs
with SDS at the same conditions, differ significantly in the content of β-structure, which is
3–4 times lower in PldA than in the fusion protein. Based on these data, it can be assumed
that PldA-moiety in the chimeric protein, as compared to PldA, has a secondary structure
that is closer to the native one, and is more resistant to denaturation by SDS. Thus, the
use of GFP as a fusion partner appears to improve the folding of PldA when expressed
in E. coli.

Comparative analysis of the spectral data of GFP and PldA-GFP solubilized in 0.1%
SDS during incubation for 2 and 24 h showed that the structural changes of GFP induced
by SDS, compared with those of PldA-GFP, occur more slowly and lead to a more sig-
nificant decrease in the content of β-structure in the protein (Figure 8, Table 1). As a
result, we can assume that GFP is more sensitive to SDS-denaturation than GFP-moiety in
chimeric protein.

The secondary structure of PldA-GFP solubilized from IBs with 4 M urea was also
determined. The CD spectrum of the recombinant protein in urea (incubation time 2 h)
has a maximum at 197 nm, minima at 225 and 218 nm, and is specific for proteins with a
β-structure (Figure 8B). The long-wavelength position of the negative band (225 nm) in
the CD spectrum is probably due to the aggregated state of the solubilized protein. An
increase in exposure time of the IBs in urea solution to 24 h leads to the widening of the
PldA-GFP spectrum with a decrease in the ellipticity of the positive and negative (−5294 to
−3220 deg cm2 dmol−1) bands, a shift in the positions of the minima to 217 and 211 nm,
and the appearance of an intense negative band at 193 nm, which indicates an increase in
the content of random coil structures in the protein. A quantitative analysis of CD spectra
of PldA-GFP indicates a decrease in the content of both α-helix (8.8 to 0.6%) and β-sheet
(34.7 to 31.7%) with an increase in random coil structure fraction (33.8 to 45.5%), when the
incubation time of protein in urea increases. We can assume that urea not only dissolves the
recombinant protein from IBs, but also denatures it. It should be noted that denaturation
of E. coli PldA in the presence of urea is accompanied by the formation of a random coil
structure [35]. Thus, urea induces an increase in the content of random coil conformation
in PldA-GFP, while maintaining a high percentage of β-sheet structure. The protein species
with a native-like β-sheet structure appear to be more resistance to urea, than misfolded or
partially folded polypeptides.

2.6. Interaction of PldA-GFP IBs with Amyloid-Specific Dye Thioflavin T

Recent studies have shown that recombinant protein in IBs can have, along with other
conformations, the structure of an intermolecular β-sheet (cross-β conformation), which
is characteristic of amyloid proto-fibrils and fibrils [36]. As is known, the bacterial outer
membrane proteins with the β-pleated sheet secondary structure have a high propensity to
form amyloid-like structures [37]. We have previously shown the presence of amyloids in
PldA IBs formed in E. coli at 37 ◦C [33].
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A specific fluorescent dye, Thioflavin T (ThT), was used for the detection of amyloids
in PldA-GFP IBs [38]. It should be noted that ThT allows detecting the amyloids in IBs in
the presence of a protein with the native β-sheet structure, i.e., to differentiate the β-sheet
conformation of the native protein from the structure of an intermolecular β-sheet in an
aggregated form (amyloid fibrils) of the same protein [39]. This is important in the present
study as the native-like structure of PldA is a β-sheet.

The ThT fluorescence intensity at 484 nm increases by more than 100 times in the
presence of PldA-GFP IBs suspended in PBS, which indicates the existence of amyloid-like
structures in IBs. An increase in the incubation time of IBs in PBS leads to a slight increase
in the dye fluorescence intensity (Figure 9).

Figure 9. Difference fluorescence spectra of Thioflavin T bound to PldA-GFP IBs. IBs were incubated
in PBS (triangle) and 0.04% SDS (circle) for 2 h (solid symbols) and 24 h (empty symbols).

IBs treated with 0.04% SDS also bind ThT, which is accompanied by a 300-fold increase
in the dye fluorescence intensity (Figure 9). The incubation time of IBs in a detergent
solution (10 min and 24 h) does not affect the fluorescence intensity of a bound ThT. A
three-fold enhancement in the fluorescence of ThT in the presence of IBs incubated in SDS
relative to untreated IBs may be due to several reasons: an increase in both the content
of amyloids in IBs and their availability for dye binding, or changes in the structural
and physical characteristics of the amyloids. The supposed changes in the amyloids in
detergent-treated IBs seem to be quite realistic, as IBs solubilization occurs in the presence
of SDS, and it has also been shown that SDS can induce the formation and modification of
amyloid-like structures [40,41].

2.7. Enzymatic Activity of Phospholipase A1 Associated with and Released from IBs

As is known, IBs with a high protein content in the native or native-like conformation
are easily soluble in the presence of relatively low molar concentrations of chaotropic
agents [24,42]. The chimeric protein was solubilized from PldA-GFP IBs in 4 M urea. As
shown above, the efficiency of IBs solubilization under these conditions was rather high,
and the isolated recombinant protein contained a high percentage of β-structure. Parallel
to this, IBs were dissolved under extremely harsh conditions in a traditional manner using
high concentration of denaturant—8 M urea. The specific enzymatic activity of the PldA-
GFP IBs suspended in a Tris-HCl buffer solution and the isolated recombinant protein
solubilized in urea was determined after their incubation in the presence of Triton X-100
micelles, which is necessary for the formation of a functionally active spatial structure of
PldA [35].

No studied samples of isolated PldA-GFP fusion protein and IBs exhibited enzymatic
activity. The lack of phospholipase A1 activity is probably due to oligomerization of GFP,
as it is known that the monomeric state of GFP is a necessary condition for maximum
preservation of the native function of the target protein [43]. In addition, the properties of

179



Molecules 2021, 26, 3936

the linker sequence (flexibility, length, hydrophobicity, etc.) could affect the conformation
and activity of the fusion protein [22].

To confirm the GFP inhibitory effect on the fusion protein enzymatic activity, PldA
was expressed in E. coli at 18 ◦C and PldA IBs were isolated and purified. The PldA IBs
suspended in a Tris-HCl buffer solution showed an enzymatic activity of 5 μmol/min per 1
mg. The detected IBs enzymatic activity despite its low level demonstrates the fundamental
possibility of obtaining functionally active PldA IBs. The PldA, which was solubilized from
IBs with 4 M urea, had a 5-fold higher activity (25–30 μmol/min per 1 mg). Attention is
drawn to the fact that the recombinant protein in the functionally active form was obtained
by passing the stage of complete unfolding in 8 M urea. It should be noted that PldA IBs
expressed at 37 ◦C were inactive [33].

2.8. Interaction of PldA-GFP IBs with Neuroblastoma Cells

The ability of PldA-GFP IBs to penetrate eukaryotic cells was studied. It was found
that IBs of the chimeric protein is not toxic to neuronal cells in the range of concentrations
from 0.4 to 100 μg/mL (Figure 10).

Figure 10. Cytotoxic activity of PldA-GFP IBs on mouse neuroblastoma Neuro-2a cells. The data are
presented as the mean ± SEM values (n = 3).

However, it was found that IBs have the property to bind the neuroblastoma Neuro-2a
cells and subsequently penetrate them (Figure 11A–C). According the analysis of electron
microscopic images of Neuro-2a cells and PldA-GFP IBs, the size of the IBs of the chimeric
protein is in the range of 800–1000 nm (Figure 11D,E).

According to fluorescence image analysis, the average amount of PldA-GFP IBs
penetrating the neuroblastoma Neuro-2a cell in control (0 h) is not detectable (data not
shown), in 1 h is 0.05 ± 0.03, in 4 h is 1.4 ± 0.5, while in 24 h this value increases almost
5 times to 5.5 ± 1.4 IBs particles per cell in comparison with 1 h (Figure 11F).

In summary, phospholipase A1 fused with GFP was expressed at different growth
temperatures (37, 26, and 18 ◦C). The conformational quality of PldA-GFP IBs, as reflected
by its specific fluorescence emission, enhanced by producing them at low expression
temperatures. In this regard, the membrane beta-barrel protein phospholipase A1 is similar
to most soluble globular proteins. The maximum content of the fusion protein in the native-
like conformation was found in IBs produced at 18 ◦C. We studied the size, stability in
denaturant solutions, and enzymatic and biological activity of these IBs, and the secondary
structure of the recombinant protein forming them.
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Figure 11. Fluorescence image of mouse neuroblastoma Neuro-2a cells after incubation with PldA-GFP IBs (20 μg/mL)
for 4 (A) and 24 h (B). Images are obtained by superimposing the passing and fluorescent channels. Fluorescence of IBs is
shown in green (GFP), cell nuclei are shown in blue (Hoechst 33342). An enlarged image (×5) of a neuroblastoma cell with
included PldA-GFP IBs inside (C); Scanning electron microscopy of Neuro-2a mouse neuroblastoma cells with adsorbed
PldA-GFP IBs (D); and magnified image (×5) of PldA-GFP IBs alone (E). The average amount of PldA-GFP IBs in a single
neuroblastoma Neuro-2a cell after incubation for 1, 4, and 24 h (F). The fluorescent images of 150 randomly selected cells for
each time point were inspected, and the amount of fluorescent IBs penetrating the cell surface was calculated and expressed
as number of PldA-GFP IBs per cell. The data are presented as the mean ± SEM values (n = 150); * p < 0.05 compared
with 1 h.

PldA-GFP IBs have fluorescent activity which indicates the presence of the recombi-
nant protein in a native-like conformation. According to the CD spectroscopy data, isolated
PldA-GFP has a high β-sheet content. Amyloid-like structures were also found in the stud-
ied IBs. Solubilization of the chimeric protein from IBs with urea and SDS is accompanied
by a modification of its secondary structure. The nature and degree of structural changes
in the protein induced by these denaturants depends on the nature of the denaturant, its
concentration, and incubation time of IBs. It was found that intermolecular interactions
holding properly folded PldA-GFP molecules in IBs may be less resistant to denaturant
action than intramolecular ones, which provide the spatial structure of the protein. This
suggests that the recombinant protein can be released from IBs while maintaining the
native-like conformation when using mild conditions for its solubilization.

The presence of a fluorescent marker in a properly folded chimeric protein provided
additional information on the molecular organization of IBs. According to the data ob-
tained, PldA-GFP IBs are structurally heterogeneous: compactly packed, properly folded,
proteolytic resistant and structurally less organized, more sensitive to the action of denatu-
rants and proteinase K, protein molecules coexist in IBs. We also found differences in the
structural organization of the fluorescently active polypeptides in IBs.
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Comparative characteristics of PldA-GFP IBs and PldA IBs, produced in E. coli under
the same conditions, showed that fusion with GFP enables more correct folding of PldA,
but negatively affects its enzymatic activity. This fact is possibly due to the GFP type and
the linker structure, used in these experiments. At the same time, IBs formed by PldA at
18 ◦C had enzymatic activity. It was firstly found that a membrane protein embedded in
IBs showed functional activity. As can be assumed from the data obtained, PldA fused
with a monomeric type of GFP will form enzymatically active IBs at low temperatures; this
remains to be clarified in our further studies.

Chimeric protein IBs is not toxic to eukaryotic cells and has the property of penetrating
into neuroblastoma cells.

In the course of the work, it was shown that the GFP marker can be useful not
only as an indicator of the target protein folding, but also as a tool for studying the
structural organization of IBs, their morphology and localization in E. coli cells, as well as
for visualizing IBs interaction with eukaryotic cells.

The culture of neuroblastoma cells was selected for experiments as eukaryotic cells
do not have the ability to phagocytosis and, therefore, do not absorb PldA IBs in this way.
In addition, Neuro-2a neuroblastoma cells are brain tumor cells. Our data confirm the
possibility of delivering functionally active proteins to tumor cells using IBs, including for
antitumor therapy.

3. Materials and Methods

3.1. Construction of Chimeric Insertion

The coding sequence of phospholipase PldA Y. pseudotuberculosis strain 488 (Gen-
Bank: MW848438) without signal sequence was amplified with primers: PldA-NdeI
5′-CCGCATATGGAAGCAACGATTGAAAAGATTC-3′ (forward) and PldA-Linker-R 5′-
gttaattaaaccagcaccgtcaccAAGGACATCGTTCAACATGATAC-3′ (reverse). The pTurboGFP
plasmid (Evrogen, Russia; GenBank: ASW25889.1) was used as a template for gfp amplifi-
cation with primers: GFP-linker-F 5′-ggtgacggtgctggtttaattaacGCAGAAATCTATAACAAA
GATGG-3′ (forward) and GFP-R 5′-TGATCTCGAGTTATTCTTCACCGGCATCTGCATC
CG-3′ (reverse). Bases in uppercase letters indicate pldA and gfp specific regions. Two
restriction sites, NdeI and XhoI, (in bold letters) were incorporated at the 5′ and 3′ ends
of the resulting insertion. In order to connect and improve the assembly of pldA and gfp
we added the sequence coding flexible linker (GDGAGLIN) to the pldA reverse primer
and the gfp forward primer (in lowercase letters). The gene fusion was assembled by
II-rounded asymmetric PCR. At the first round, the pldA and gfp fragments were amplified
in total volume of 20 μLeach. Reaction mixes included 250 μM of each dNTP, 0.2 U of Q5
High-Fidelity DNA Polymerase (Promega, Madison, WI, USA), 5× Q5 Reaction Buffer,
0.05 μM forward primer, and 0.5 μM reverse primer (for pldA production), or 0.5 μM
forward primer and 0.05 μM reverse primer (for gfp production). The PCR conditions were
as follows: initial denaturation at 95 ◦C for 5 min, then 21 cycles of 94 ◦C for 30 s, 55 ◦C for
30 s, and 72 ◦C for 40 s, followed by a final extension step at 72 ◦C for 2 min. In the second
round, the reaction products were mixed, then an additional 0.2 U of Q5 High-Fidelity
DNA Polymerase was added, and the combined reaction mix was amplified for 15 cycles
at 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 1 min, followed by a final extension step
at 72 ◦C for 5 min. After amplification, the PCR fragment corresponding to the expected
length of the chimeric insertion was purified and used for cloning.

3.2. PCR and Sequencing

PCR amplification of the pldA gene was performed using the primers PldA_NdeI 5′-
CCGCATATGGAAGCAACGATTGAAAAGATTC-3′ and PldA_XhoI-Rev 5′-ACTCGAGTT
AAAGGACATCGTTCAAC-3′, which included restriction sites for NdeI and XhoI (in bold
letters). The expected amplicon size was 833 bp. PCR amplification of the gfp gene was per-
formed using the primers GFP-F 5′-CCGCATATGGAGAGCGACGAGAGCGGCCTGCC
CG-3′ and GFP-R 5′-TGATCTCGAGTTATTCTTCACCGGCATCTGCATCCG-3′. The ex-
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pected amplicon size was 715 bp. The PCR conditions were as follows: initial denaturation
at 95 ◦C for 5 min, then 25 cycles of 94 ◦C for 15 s, 55 ◦C for 10 s, and 72 ◦C for 30 s, followed
by a final extension step at 72 ◦C for 5 min. PCR-colonies was performed with standard
T7-promoter/T7-terminator primers. The PCR fragments were evaluated on a 1.5% agarose
gel stained with ethidium bromide. For subsequent cloning or sequencing, unincorporated
primers and dNTPs were removed from PCR products with a GeneJET PCR Purification
Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Sequencing was performed on
a 3130xl Genetic Analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) according to the manufacturer’s instructions.

3.3. Molecular Cloning

The plasmid vector pRSETa (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA), designed for gene expression in prokaryotic cells such as E. coli BL21 (DE3) pLysS
strain, was used. Vector and inserts (pldA, gfp, and pldA-gfp) were digested by NdeI
and XhoI restrictases (Thermo Scientific). Then, inserts were ligated into vectors. The
ligated products were transformed into E. coli TOP10′F cells (Invitrogen) and the resultant
transformants were selected on carbenicillin plates and subjected to PCR-colony with T7
promoter primers. Several of the PCR-positive clones were inoculated into 3 mL test-tube
cultures and allowed to grow overnight at 37 ◦C in a shaker at 200 rpm. Then, plasmid
DNA were extracted from these cultures with GeneJET Plasmid Miniprep Kit (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Appropriate insertions of genes into the pRSETa
vector were verified by DNA sequencing.

3.4. Expression

For protein expression, pRSETa/pldA-GFP, pRSETa/mPldA, and pRSETa/GFP con-
structs were transformed into E. coli BL21(DE3)pLysS competent cells. Single colonies
were picked and inoculated in 10 mL of LB broth containing carbenicillin (100 mg/mL)
and chloramphenicol (35 mg/mL) and grown overnight at 37 ◦C with shaking at 200 rpm.
After 12 h, 250 mL of LB broth containing the same antibiotics was inoculated with 2%
(v/v) of overnight grown primary culture and the culture was kept in incubator set at 37 ◦C
with constant shaking at 200 rpm. IPTG induction was conducted at different concentra-
tions (from 0.1 to 1 mM) when culture OD600 reached 0.5–0.7. The culture was further
maintained at different temperatures, 37, 26, and 18 ◦C, for 3, 5, and 16 h. Before and
after induction, approximately equal numbers of cells from various cultures (normalized
according to OD600 values) were lysed in sample buffer and analyzed by SDS–PAGE.
The GFP fluorescence of the chimeric protein PldA-GFP in E.coli cells was measured on
the FL-600 Fluorescence/Absorbance Plate Reader (Bio TEK Instruments, Winooski, VT,
USA). Absorption measurements (OD600) and fluorescence intensity measurements (λexc.
488 nm/λexp. 530 nm) were made on 100 μLcell suspension. Plasmidless E. coli BL21(DE3)
strain was used as negative control, and E.coli BL21(DE3) with pRSETa/GFP as positive
control under all expression conditions. The E. coli BL21(DE3)pLysS/mPldA strain was
expressed at 18 ◦C for 16 h.

All measurements were performed in three biological replicates. Results were ex-
pressed as the mean ± standard deviation (SD). The Student’s t-test was used to evaluate
the data. Statistical significance was considered for p-values < 0.05.

3.5. Isolation of IBs and GFP

PldA-GFP IBs and PldA IBs were isolated as described in previous work [33]. Briefly,
wet bacterial biomass was lysed by lysozyme and exposed to ultrasound. IBs were sed-
imented from the cell biomass lysate by centrifugation at 4500× g for 30 min. IBs pel-
lets was sequentially treated with 10 mM Tris-HCl buffer (pH 8.0) containing 0.1% N-
Lauroylsarcosine (Sarcosyl) and with the same buffer containing 1% sodium deoxycholate
and 1 M urea for 15 min, with the aim to achieve a more thorough purification from
contaminants (proteins, LPS, and nucleic acids). The protease inhibitor PMSF (1 mM) was
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used at all stages of IBs isolation. IBs obtained by this scheme were stored at −70 ◦C for a
maximum of 30 days.

E. coli cells expressing GFP were lysed by lysozyme and exposed to ultrasound under
the conditions described in previous work [33] and centrifugated at 4500× g for 30 min.
GFP was isolated from supernatant by size-exclusion chromatography on a Superdex
200HR column in PBS with an elution rate of 0.5 mL/min using a FPLC system (Amersham
Pharmacia Biotech).

3.6. Determination of PldA-GFP and GFP Oligomeric Structure

The molecular weight of GFP (in PBS) and PldA-GFP (in 0.1% SDS, 50 mM Tris-HCl
buffer, pH 8.0) was estimated by size-exclusion chromatography on a Superdex 200 column
10/300 GL using a FPLC system (Amersham Pharmacia Biotech) with an elution rate of
0.5 mL/min. The column was calibrated using proteins with known molecular weights
(“ICN Biomedicals”, Costa Mesa, CA, USA): apoferritin, bovine serum albumin, egg
albumin, chymotrypsinogen, myoglobin, and cytochrome c (480, 67, 45, 24, 18, and 13 kDa,
respectively). The relative error of the determination of the molecular weight was 5%.

3.7. Fluorescence Confocal Microscopy

Bacterial cells were pre-diluted in PBS to a concentration of 1 × 106 cells/mL and
20 μL of this solution was placed between two circle cover slips (Thermo Scientific) with a
thickness of 0.08 to 0.12 mm. GFP fluorescence was visualized using a confocal microscope
assembled based on Olympus FV1200 system equipped with a 488 nm argon laser with
EX DM 405/488 and gallium arsenide phosphide (GaAsP) detector with filter set (DM
570, BA 505–540) and a 100× objective lens (UAPON100XOTIRF, Olympus). Transmission
channel was visualized using 635 nm diode laser and transmission light detector. All
images were obtained using Olympus FLUOVIEW software v.4.1.a with 4 us/pix exposure,
1600 × 1600 resolution and 4 kalman for digital noise elimination.

The murine neuroblastoma cell line Neuro-2a (CCL-131TM) was purchased from
American Type Culture Collection ATCC (ATCC). A cell suspension in DMEM medium
(BioloT, Russia) containing 10% fetal bovine serum and 1% penicillin/streptomycin solution
(BioloT, Russia) was introduced into the wells of chamber for confocal microscopy at a
concentration of 1 × 103 cells per well and left for adhesion for 24 h in a CO2-incubator (5%
CO2, 37 ◦C). After that, a suspension of PldA-GFP IBs in PBS (20 μg/mL) was added to the
cells and the chambers were additionally incubated for 0, 1, 4, and 24 h. The accumulation
of IBs in Neuro-2a cells was studied using laser scanning confocal microscopy and scanning
electron microscopy. The fluorescent images of 150 randomly selected cells for each time
point were inspected and the amount of fluorescent IBs penetrating the cell surface was
calculated and expressed as number of PldA-GFP IBs per cell.

Fluorescence images of PldA-GFP IBs and neuroblastoma Neuro-2a cells were ob-
tained using an LSM 710 LIVE AxioObserver laser scanning confocal microscope (Carl
Zeiss GmbH, Jena, Germany). Cell nuclei were stained using a Hoechst 33,342 fluorescent
dye (Invitrogen, USA) at a concentration of 5 μM. Fluorescence was excited at 488 nm, and
emission was recorded at 493–652 nm. Processing and subsequent analysis of cell images
was performed using the ZEN 2011 software (Carl Zeiss GmbH, Jena, Germany).

3.8. Scanning Electron Microscopy

Neuroblastoma cells on cover slides were fixed in 4% (v/v) glutaraldehyde in 0.1 M
phosphate buffer (pH 7.2) for 2 h at room temperature. After dehydrating the cells by
passing them through an ethanol series, the ethanol was replaced by isoamyl acetate.
Then, parts of the cover glass with cells were dried under Critical point dryers K850
equipment (Quorum Technologies, London, UK), mounted on stubs, and coated with
carbon. The samples were examined at the Instrumental Centre of Biotechnology and Gene
Engineering of FSCEATB FEB RAS using a Scanning electron microscope EVO (Carl Zeiss,
Jena, Germany).
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3.9. Cytotoxic Activity

The cytotoxic activity of PldA-GFP IBs was determined by MTT method. After
incubation of mouse neuroblastoma Neuro-2a cells with IBs in 96-well microplate for 24 h
at 37 ◦C and 5% CO2, the supernatant was replaced with pure medium. Then, 5 mg/mL
MTT reagent solution (Sigma-Aldrich, St. Louis, MO, USA) was added to each well and
microplate was incubated for additional 4 h, after which SDS-HCl solution (1 g SDS/10 mL
dH2O/17 μL 6 N HCl) was added and incubated at 37 ◦C for 4–18 h. Absorption was
measured at a wavelength of 570 nm using a Multiskan FC spectrophotometer (Thermo
Scientific, Canada). The cytotoxic activity of IBs was expressed as the concentration of EC50
at which the metabolic activity of cells is inhibited by 50%.

3.10. Dynamic Light Scattering (DLS)

The size of PldA-GFP IBs was determined using the DLS technique with a ZetaSizer
Nano ZS instrument (Malvern, UK) equipped with a He-Ne-laser (λ 633 nm, 4 mW) at
173◦ angle. The hydrodynamic radius (RH) of the protein particles was calculated using
the software supplied with the instrument. IBs samples (0.1–0.6 mg/mL) were suspended
in PBS, pH 7.5, by passing 10 times through a syringe microneedle and incubation at
room temperature for a specified time with mixing. Data was accumulated for 5–60 min.
Measurements were conducted in a 10 mm × 10 mm cuvette. Time of data accumulation
for the correlation function was selected automatically via the instrument software, and it
was 5–30 min. All measurements were replicated 2–3 times.

3.11. Solubility of PldA-GFP Ibs in Urea and SDS

IBs were suspended in 50 mM Tris-HCl buffer, pH 8.0, containing SDS from 0.01 to
0.1% or urea from 1 to 8 M, and incubated for a specified time (from 5 min to 24 h). Turbidity
of the samples was measured at 350 nm with a μQuant spectrophotometer (BioTEK Instru-
ments, Inc., USA). Fluorescence intensity of the PldA-GFP IBs solutions in urea and SDS
was recorded with a FL-600 Fluorescence/Absorbance Plate Reader (BioTEK Instruments,
USA) with excitation wavelength at 495 nm and emission at 530 nm. The experiments were
performed in three biological replicates. Results show the mean ± standard deviation (SD).

3.12. Proteolytic Digestion of Inclusion Bodies

Purified PldA-GFP IBs were diluted to 1 OD at 350 nm in 980 mL of 50 mM Tris-
HCl, 150 mM NaCl buffer of pH 8.0. Proteolytic digestion of IBs was initiated by adding
40 mL proteinase K (stock, 1 mg/mL) to the inclusion body solution (at 40 μg/mL final
concentration). Proteolytic digestion was monitored for 120 min by measuring the changes
in OD at 350 nm and in GFP fluorescence intensity (λexc. 488 nm/λexp. 530 nm).

3.13. The Thioflavin T Assay

To assess the presence of amyloid protein structure in IBs, we used the amyloid-
specific dye Thioflavin T [34]. IBs were suspended in PBS (10 mM phosphate buffer, pH
7.4, containing 137 mM NaCl), or PBS containing 0.04% SDS, and incubated for a specified
time (from 10 min to 24 h). The final reaction mixture for ThT assay consisted of 20 μg/mL
protein and 20 μM ThT. The fluorescence measurements of the IBs samples were carried
out at low SDS concentrations (0.004%) in order to avoid the influence of the detergent
on the fluorescence intensity of ThT [44]. The samples were incubated for 10 min at room
temperature. The fluorescence spectra were recorded in the range from 460 to 650 nm at
λex = 440 nm. The background intensity from Raman scatter and ThT free samples were
subtracted from each measurement sample of fluorescence intensity. Buffer controls did
not show any significant ThT fluorescence.

3.14. Enzymatic Activity Measurement

The IB samples suspended in 50 mM Tris-HCl buffer (pH 8.0) or dissolved in the same
buffer containing 4 or 8 M urea, were diluted 10 times with buffer solution (20 mM Tris-HCl,
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pH 8.3, 10 mM Triton X-100, 0.87 M urea) to a protein concentration of 10–40 μg/mL and
incubated for 16 h at room temperature. The enzymatic activity of PldA was determined
by the quantitative analysis of free oleic acid C18:1 formed during the hydrolysis of the
substrate 1,2-dioleoyl-snglycero-3-phosphatidylcholine (Sigma-Aldrich, St. Louis, MO,
USA) by GLC as described earlier [33]. The specific activity of PldA was expressed in μmol
of the acid formed in 1 min per 1 mg of protein (IU/mg).

3.15. SDS-PAGE and Western Blotting

Whole cell-lysate proteins and recombinant proteins were separated by electrophore-
sis on 12% PAG under the standard denaturing conditions according to the method of
Laemmli [45] with prior heating of the sample (5 min at 100 ◦C) in a buffer containing
2% SDS, as well as under non-denaturing conditions, using the method of semi-native
PAGE [46]. In the latter case, the samples were dissolved at 0 ◦C in a buffer containing
0.1% SDS, without β-mercaptoethanol, and separated on a gel without SDS at 10 mA for
2.5 h at 5 ◦C. A set of colored proteins (Fermentas, Lithuania) with molecular weights of 10,
15, 25, 35, 40, 55, 70, 100, 130, and 170 kDa were used as markers. The proteins separated
in the gel were stained with Coomassie R-250 in 10% acetic acid and 30% methanol. GFP
fluorescence after SDS-PAGE was recorded using the VersaDoc imaging system (Bio-Rad,
USA). The determination of the recombinant proteins molecular weight was carried out
from the graph of the linear relationship between log MW of marker proteins (from 15 to
70 kDa) and relative migration distance (Rf) of these proteins according to the formula
y = −0.0147x + 2.0684 (R2 > 0.994).

The localization of PldA in PldA-GFP IBs was assessed by Western blotting. After SDS-
PAGE, proteins were transferred from non-stained gel on nitrocellulose membrane (0.2 μm,
Merk Millipore, Burlington, MA, USA) by equipment for semi-dry transfer at the current of
0.8 mA/cm2 overnight at 4 ◦C according to the standard procedure [47]. Immunodetection
was carried out by the protein detection system SNAP i.d. according to the instruction of
the manufacturing company (Merk Millipore, Burlington, MA, USA). A murine polyclonal
antiserum to recombinant PldA was prepared as described in [48]. HRP-Goat Anti-Mouse
antibodies (Invitrogen, Waltham, MA, USA) were used according to the instruction of the
manufacturing company. Antigen-antibody complexes were identified on nitrocellulose
membrane by the hydrogen peroxide detection with 3,3′-diaminobenzidine for 20 min at
the room temperature.

3.16. Spectroscopic Methods
3.16.1. Circular Dichroism (CD)

CD spectra were recorded on Chirascan Plus CD spectrometer (Applied Photophysics,
UK) in quartz cuvettes with an optical path length of 0.1 and 1 cm for the far-UV, or
peptide for the near-UV or aromatic regions. The measurements were performed at room
temperature (22 ◦C). Protein solutions in urea and detergent were centrifuged at 15,000× g
for 20 min before taking the spectra. The presented data are the average of two independent
measurements, each averaged of three scans. Each averaged CD spectrum was corrected for
the buffer baseline by subtracting an averaged buffer CD signal over the same wavelength
region. The content of the secondary structure elements in the recombinant proteins was
calculated according to Sreerama method from software package CDPro [31].

3.16.2. UV-Spectra

Absorption spectra were recorded using a UV-Visible spectrophotometer UV-1601
PC (Shimadzu, Japan) in quartz cuvettes with an optical path length of 1 cm, 0.1 cm, 0.01
cm in the range from 190 to 400 nm. Protein concentration of GFP in the PBS and PldA
and PldA-GFP in the urea and SDS solutions was determined (following centrifugation at
15,000× g for 20 min) from the UV spectra at absorption maximum of 280 nm assuming that
the A0.1%

1cm value was 2.74—for Y.pseudotuberculosis phospholipase A1; 1. 36—for PldA-GFP
and 1.34—for GFP.
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3.16.3. Fluorescence Spectra

The ThT and GFP fluorescence spectra were recorded on a RF-5301 PC spectrofluo-
rophotometer (Shimadzu, Japan) in quartz cuvettes with an optical path length of 1 cm in
the range from 460 to 650 nm at λex = 450 nm. The excitation and emission slit widths were
set at 5 nm. The measurements of GFP fluorescence activity of the recombinant proteins
were performed in the range of low concentrations (0.1–1.1 mg/mL), where the intensity of
GFP fluorescence is directly proportional to its concentration. For comparison, all the GFP
fluorescence data were normalized by the maximum fluorescence signal.

4. Conclusions

Despite their fundamental and practical importance, IBs are not well understood. To
date, there are many unresolved and controversial issues regarding the conformational
states and arrangement of protein molecules inside the IBs, as well as the exact nature of
intermolecular interactions. Various biophysical methods have been used to characterize
proteins aggregated in IBs, including NMR one, which enables detailed structural informa-
tion at the specific residue level up to the three-dimensional structure of the protein to be
obtained. However, no significant progress has been made in these studies so far.

Here, we used GFP as a fusion tag to provide further opportunities for structural
studies of IBs. Therefore, some details of the inner organization IBs were revealed. The
data obtained indicate the presence of highly structured clusters of correctly folded protein
molecules inside the IBs, which can differ from one another in the degree of order in the
structure. Intramolecular interactions that maintain the native-like conformation of the
protein in these clusters may be more resistant to denaturants than intermolecular contacts
in IBs.

According to our data, PldA-GFP IBs formed at low temperatures contain a notice-
able percentage of the protein in the native conformation, and the recombinant protein
solubilized from IBs has a high content of β-structure. This fact suggests that IB formation
occurs at a relatively late stage of protein folding, when the degree of protein structural
organization is high enough and proteins retain most of their secondary structure dur-
ing aggregation. The results of the structural analysis of PldA-GFP IBs contribute to
understanding the mechanisms of IB formation and their structure.

The accumulation of knowledge about IBs formed by proteins of different nature
under various expression conditions provides a deeper understanding of their molecular
organization, opening possibilities for controlling their structure and the process of forma-
tion. Further progress in the study of IBs will require new methodological approaches, as
well as powerful biophysical research methods.

Supplementary Materials: The following are available online: Figure S1. Recombinant plasmid for
the expression of the PldA-GFP fusion protein.
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Abstract: Marine bacteria of the genus Cobetia, which are promising sources of unique enzymes and
secondary metabolites, were found to be complicatedly identified both by phenotypic indicators
due to their ecophysiology diversity and 16S rRNA sequences because of their high homology.
Therefore, searching for the additional methods for the species identification of Cobetia isolates is
significant. The species-specific coding sequences for the enzymes of each functional category and
different structural families were applied as additional molecular markers. The 13 closely related
Cobetia isolates, collected in the Pacific Ocean from various habitats, were differentiated by the
species-specific PCR patterns. An alkaline phosphatase PhoA seems to be a highly specific marker
for C. amphilecti. However, the issue of C. amphilecti and C. litoralis, as well as C. marina and C. pacifica,
belonging to the same or different species remains open.

Keywords: Cobetia amphilecti; Cobetia litoralis; Cobetia pacifica; Cobetia marina; Cobetia crustatorum;
identification markers; alkaline phosphatase PhoA

1. Introduction

Bacteria of the genus Cobetia are Gram-negative, aerobic and halotolerant and belong to
the Halomonadaceae family. For the first time, a bacterium of the genus Cobetia was described
in 1970 by Cobet et al. [1] and was originally assigned to the species Arthrobacter mari-
nus sp. nov. In further studies, it was assigned to various genera, such as Pseudomonas [2],
Deleya [3], and Halomonas [4]. Then, based on an analysis of the 23S and 16S rRNA se-
quences and amending the description of the species Halomonas marina, including new
features, the authors [5] proposed assigning it to a new genus, Cobetia gen. nov., within the
Halomonadaceae family. The type species is Cobetia marina, with the type strain LMG 2217
(= CIP 104,765 = IAM 14,107 = CECT 4278 = DSM 4741 = NCIMB 1877 = CCUG 49,558 =
NBRC 102,605 = JCM 21,022 = ATCC 25374).

At present, a few species are characterized for marine bacteria of the genus Cobetia,
namely: C. marina [5], C. crustatorum [6], C. amphilecti [7], C. pacifica [7], and C. litoralis [7].
The whole genome sequence analysis is presented only for three strains of the genus Cobetia,
including a type strain C. marina JCM 21022T [8], and the non-type strains C. amphilecti
KMM 296 (formerly C. marina KMM 296) [9] and Cobetia sp. cqz5-12 [10]. At the same time,
more and more information appears about Cobetia isolates, which are promising sources
of unique enzymes and secondary metabolites degrading oil [11], bacterial biofilms [12],
alginate [10,13], and phenol [14]. However, their species identification are complicated due
to the high level of identity for their 16S rRNA genes and the absence of whole genome
sequences for the type strains of known species, excluding from C. marina JCM 21022T [8].
The 16S rRNA gene usually is highly specific to each bacterial species that makes it a
good target for identification of both environmental and clinical bacterial isolates [15–17].
However, the 16S rRNA sequences were found to be indistinguishable for a few species [18].
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The usage of 16S rRNA gene as a marker is limited for the closely related species, which
have a high percentage of the sequence similarity and lack enough variations. Thus, a
conventional method of 16S rRNA phylogeny has often failed to correctly identify Vibrio
species [19]. Similarly, we found that the Cobetia species have 99–100% identity of their com-
pared 16S rRNA sequences. In this regard, searching for the additional molecular markers
and/or methods for the species identification of the Cobetia isolates is especially relevant.

In this work, we have applied the genome-based found species-specific coding se-
quences for the essential enzymes from each functional category and different structural
families, such as nucleases, proteases, phosphatases, and phospholipase, as the additional
molecular markers in the polymerase chain reaction (PCR)-based method, to differentiate
the species of the closely related isolates of the marine bacteria Cobetia, collected in the
Pacific Ocean from various habitats. In general, we have raised the issue of the possible
species reclassification, due to their highly homologous 16S rRNA sequences, PCR-patterns
with the use of the additional molecular markers, which were suggested here, and a high
similarity between two whole genome sequences of the closely related non-type strains.

2. Results and Discussion

Thirteen strains of the marine bacteria, isolated from coastal seawater and sediments
from the Sea of Japan, marine invertebrates, the mussel Crenomytilus grayanus from the Sea
of Japan and the deep-water sponge Esperiopsis digitate from the Sea of Okhotsk, and the red
algae Ahnfeltia tobuchiensis from the Sea of Okhotsk, which are deposited in the Collection of
Marine Microorganisms (KMM, G.B. Elyakov Pacific Institute of Bioorganic Chemistry, Far
Eastern Branch, Russian Academy of Sciences, http://www.piboc.dvo.ru/), were assigned
to the genus Cobetia by physiological, biochemical and molecular genetic parameters, using
sequencing and phylogenetic analysis of their 16S rRNA genes (Table 1). However, the
strain-specific metabolic versatility and ecophysiological diversity of these Cobetia isolates
could not allow distinguishing between their species [9,20,21]. Thus, our study showed that
7 from 13 strains have 99.86–100% identity of the 16S rRNA genes simultaneously to two
type strains C. marina LMG 2217T (JCM 21022T) and C. pacifica KMM 3879T (NRIC 0813T),
one strain has 100% identity to the type strain C. crustatorum JCM 15644T, and three strains
have 100% identity to the type strain C. amphilecti KMM 1561T (NRIC 0815T) (Table 1). The
strain Cobetia sp. 2AS (KMM 7514), isolated from a coastal seawater, showed 99.93 and
99.86% similarities with C. amphilecti KMM 1561T and C. litoralis KMM 3880T, respectively
(Table 1). From four independent replicates, half of the 16S rRNA DNA samples from the
clones of the strain Cobetia sp. 29-18-1 (KMM 7000), isolated from the sponge, were of
100% identity with the type strain C. amphilecti KMM 1561T (NRIC 0815T), and the other
half had 100% identity with the 16S rRNA gene of the type strain C. litoralis KMM 3880T

(NRIC 0814T) (Table 1). Therefore, the EzBioCloud identification, based on the use of 16S
rRNA gene sequences of the type strains [22], showed only one of the identical reference
records in its database (Table S1). Furthermore, the results of similarity calculation by
EzBioCloud 16S database showed that the 16S rRNA genes are completely identical for
C. marina JCM 21022T and C. pacifica KMM 3879T (100% identity), and the only single
nucleotide polymorphism (99.93% identity) is between the type strains C. amphilecti KMM
1561T and C. litoralis KMM 3880T (Tables S2 and S3).

The comparative genomics of Cobetia isolates is also impossible due to the absence of
the type strains’ whole genome sequences to date except for C. marina JCM 21022T [8]. More-
over, the next-generation sequencing (NGS) solutions cannot always allow resolving this
problem quickly without detailed bioinformatics analysis. Thus, the whole genome shot-
gun sequencing for the strain Cobetia sp. 2AS1, KMM 7005 (GenBank: JADAZN000000000.1)
has led to the loss of its complete 16S rRNA gene, and consequently, indicated the same
similarity (100%) of its partial sequence to both C. amphilecti KMM 1561T and C. litoralis
KMM 3880T with the use of EzBioCloud identification system “Genome-based ID” [22].
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Table 1. The species identification of Cobetia isolates from the Pacific Ocean.

Isolate Isolation Source
Collection Number,

KMM *

Results of Identification 16S rRNA
Genbank ID16S rRNA, % Identity PCR-Based Method

Cobetia sp. 1AS1 Coastal seawater,
Vostok Bay, Sea of Japan KMM 7516 C. amphilecti, 100% C. amphilecti MW332480

C. amphilecti KMM 296 Coelomic liquid, mussel
Crenomytilus grayanus KMM 296 C. amphilecti, 100% C. amphilecti NZ_JQJA01000078

Cobetia sp. 29-18-1

Sponge Esperiopsis
digitata, Sea of Okhotsk,
Is. Sakhalin, Piltun bay,

107 m.

KMM 7000 C. amphilecti, 100%/
C. litoralis, 100% C. litoralis MW332487

Cobetia sp. 2AS Sediments, Vostok Bay,
Sea of Japan KMM 7514 C. amphilecti, 99.93%/

C. litoralis 99.86% C. litoralis MW332483

Cobetia sp. 2AS1 Sediments, Vostok Bay,
Sea of Japan KMM 7005 C. amphilecti, 100% C. litoralis MW332484

Cobetia sp. 41-10Alg46

The red algae Ahnfeltia
tobuchiensis, collected
near Is. Paramushir,

Kuril Isles, Sea of
Okhotsk

KMM 6284 C. marina/C. pacifica,
100% C. marina MK587632

Cobetia sp. 2S Coastal seawater,
Vostok Bay, Sea of Japan KMM 7508 C. marina/C. pacifica,

99.86% C. pacifica MW332481

Cobetia sp. 3AS Coastal seawater,
Vostok Bay, Sea of Japan KMM 7515 C. marina/C. pacifica,

99.86% C. pacifica MW332482

Cobetia sp. 11Alg1

The red algae A.
tobuchiensis (long-time
cultivated), collected

near Island Paramushir,
Kuril Isles, Sea of

Okhotsk

KMM 6816 C. marina/C. pacifica,
100% C. pacifica MW332485

Cobetia sp. 11Alg14

The red algae A.
tobuchiensis (long-time
cultivated), collected

near Island Paramushir,
Kuril Isles, the Sea of

Okhotsk

KMM 6818 C. marina/C. pacifica,
100% C. pacifica MW332486

Cobetia sp. 3AK Coastal seawater,
Vostok Bay, Sea of Japan KMM 7505 C. marina/C. pacifica,

100% C. pacifica MW332488

Cobetia sp. 41-10Alg146

The red alga A.
tobuchiensis, collected

near Is. Paramushir,
Kuril Isles, Sea of

Okhotsk

KMM 6731 C. marina/C. pacifica,
100% C. pacifica KC247358

Cobetia sp. 11Alg4

The red algae A.
tobuchiensis (long-time
cultivated), collected
near Is. Paramushir,

Kuril Isles, Sea of
Okhotsk

KMM 6817 C. crustatorum, 100% C. crustatorum MW332489

* KMM—Collection of Marine Microorganisms, G.B. Elyakov Pacific Institute of Bioorganic Chemistry, Far Eastern Branch, Russian
Academy of Sciences, http://www.piboc.dvo.ru/.

To clarify the species identity of this coastal seawater isolate Cobetia sp. 2AS1 (KMM
7005), we have tried to obtain PCR-products, using the sequences of structural genes encod-
ing for the key metabolic hydrolases of the non-type strain C. amphilecti KMM 296 associated
with a mussel, which were selected for the functional genomic studies for this species
(GenBank: JQJA00000000.1). Putative coding DNA sequences (CDSs) for the following
enzymes were selected as identification markers: alkaline phosphatases of the structural
families PhoA (DQ435608) and PhoD (WP_043333989); EEP-like (DNaseI-like) nuclease
(WP_084589364) and DNA/RNA non-specific (S1-like) endonuclease (WP_043334786), ATP-
dependent protease Clp (KGA03297), phospholipase A (WP_084589432), and periplasmic
serine peptidase with thrypsin-like peptidase domain of the Do/DeqQ family (KGA03014).
The Do/DeqQ family serine peptidase has a chaperone function at low temperatures and
proteolytic activity at elevated temperatures, thus protecting bacteria from thermal and
other stresses [23]. Clp proteases are involved in a number of cellular processes, such as
degradation of misfolded proteins, regulation of short-lived proteins and housekeeping
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removal of dysfunctional proteins, the control of cell growth, and targeting DNA-binding
protein from starved cells [23]. The large EEP (exonuclease/endonuclease/phosphatase)
domain superfamily (structural family: cl00490) includes a diverse set of proteins, including
the ExoIII family of apurinic/apyrimidinic (AP) endonucleases, inositol polyphosphate
5-phosphatases (INPP5), and deoxyribonuclease I (DNaseI), which share a common catalytic
mechanism of cleaving phosphodiester bonds, with the substrates range from nucleic acids
to phospholipids and, probably, proteins [23]. The DNA/RNA endonuclease belonging to
the structural cl00089: NUC superfamily can non-specifically cleave both double- and single-
stranded DNA and RNA, whose domain may be present in phosphodiesterases [23]. Thus,
all these enzymes are fundamental for bacteria survival [24–29]. If the strains Cobetia sp.
2AS1 (KMM 7005) and C. amphilecti KMM 296 are of the same species, they should have a
high level of their CDS similarity and the same pattern of the presence and distribution of
the PCR products by electrophoresis. In addition, the same PCR primers were also applied
to all type strains and new isolates belonging to the genus Cobetia (Figures 1 and 2).

 
Figure 1. Gel-electrophoresis of PCR products of the new molecular markers: (A) C. amphilecti
KMM 1561T, C. amphilecti KMM 296 and KMM 7516; (B) C. marina LMG 2217T and KMM 6284; (C)
C. litoralis KMM 3880T, KMM 7000, KMM 7005 and KMM 7514; (D) C. pacifica KMM 3879T, KMM
6731, 7505, 7508, 7515, 6816, and 6818. Lane numbers: 1—DNA/RNA non-specific endonuclease
precursor; 2—DNA/RNA non-specific endonuclease; 3—EEP-like (DNaseI-like) nuclease; 4—alkaline
phosphatase/phosphodiesterase PhoD; 5—phospholipase A; 6—ATP-dependent protease Clp; 7—
periplasmic serine peptidase Do/DeqQ; 8—CmAP-like alkaline phosphatase PhoA; M—1 kb DNA
ladder marker (Evrogen).

Figure 1 shows the results of gel-electrophoresis of the PCR products for the type
strains of the Cobetia species: C. amphilecti NRIC 0815T (KMM 1561T) (A), C. marina LMG
2217T (B), C. litoralis NRIC 0814T (KMM 3880T) (C), C. pacifica NRIC 0813T (KMM 3879T)
(D), and C. crustatorum JCM 15644T (Figures 1 and 2). The type strain of each species is
characterized by an individual distribution of the PCR products that could allow classifying
the new Cobetia isolates by these patterns (Figures 1 and 2). Because of the PCR-based
method for the molecular differentiation, using the gene-specific primers and the genomic
DNA of the strains under study, they can be divided into five groups belonging to the five
species of the genus Cobetia. The type strain C. amphilecti NRIC 0815T (KMM 1561T) and the
strains C. amphilecti KMM 296 and KMM 7516 had an identical pattern of distribution for
the PCR products of all new eight molecular markers, which indicate their 100% homology
accordingly to the results of 16S rRNA analysis (Figure 1A, Table 1 and Table S1).
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Figure 2. Gel electrophoresis of PCR products of the new molecular markers in the strains C. crus-
tatorum JCM 15644T and C. crustatorum KMM 6817. Lane numbers: 1—DNA/RNA non-specific
endonuclease precursor; 2—DNA/RNA non-specific endonuclease; 3—EEP-like (DNaseI-like) nucle-
ase; 4—alkaline phosphatase/phosphodiesterase PhoD; 5—phospholipase A; 6—ATP-dependent
protease Clp; 7—periplasmic serine peptidase Do/DeqQ; 8—CmAP-like alkaline phosphatase PhoA;
M—1 kb DNA ladder marker (Evrogen).

The next group of the strains, with an identical PCR pattern, includes two C. marina
strains: LMG 2217T and KMM 6284 (Figure 1B), which expectedly lost most PCR products
due to the more distant relation to C. amphilecti by both their 16S rRNA genes and whole
genome sequences [8,9].

Remarkably, the strain Cobetia sp. KMM 7000, and two strains KMM 7514 (2AS) and
KMM 7005 (2AS1), which have higher homology by 16S rRNA sequences with the species
C. amphilecti (Table 1 and Table S1), showed the complete identity of the PCR product
distribution with the type strain C. litoralis KMM 3880T (Figure 1C). However, both type
strains of C. amphilecti and C. litoralis have been found to possess highly homologous CDSs
for all the predicted hydrolases (Figure 1A,C), used here as the molecular markers, except
for the well-studied highly active PhoA-like alkaline phosphatase CmAP (Figure 1A,C,
lanes 8) [30]. The question arose as to how close these strains can be to each other, taking
into account the fact that their physiological parameters and the results of DNA:DNA
hybridization allowed them to be attributed to different biological species [7]. A compara-
tive analysis of the whole genome sequence of Cobetia sp. 2AS1 (KMM 7005) (GenBank:
JADAZN000000000.1), with the use of the SEED Viewer at the Rapid Annotation using
Subsytems Technology (RAST) server [31], confirmed that the most CDSs for the enzymes,
used as the marker genes (Table S4; column B: 2373, 3075, 2144, 1612, 617, 1748, 322), are
similar with those of C. amphilecti KMM 296 by 99.32–99.64%, except for phospholipase A1
(97.14%) and protease Cpl (100%). However, an alkaline phosphatase PhoA, structurally
similar to the alkaline phosphatase CmAP from C. amphilecti KMM 296, is absent in Co-
betia sp. 2AS1 (KMM 7005) (Table S4). A putative orthologue (alkaline phosphatase EC
3.1.3.1), which should carry a similar function, showed only 38.39% identity with CmAP
(Table S4, column B: 1612). Generally, 94.84% from 3253 CDSs of Cobetia sp. KMM 7005
(GenBank: JADAZN000000000.1) showed an average similarity of 83.5% with CDSs of
C. amphilecti KMM 296 (GenBank: JQJA00000000.1) that is approximately correspondent to
88% average nucleotide identity (ANI) of their genomes (Table S4).

The high percentage of 16S rRNA genes’ (99.93–100%) and whole genomes’ (88%)
identities may mean that the strains of C. amphilecti and C. litoralis belong to the same
species, but currently they are undergoing significant phenotypic and genotypic divergence
because of adaptive evolution [32]. Possibly, the highly active alkaline phosphatase PhoA
was acquired by the cosmopolite Cobetia strains during their trying colonization of an inver-
tebrate digestive tract due to the putatively significant role of the enzyme in the relationship
(symbiotic or pathogenic) between marine habitants, such as C. amphilecti KMM 296 and
the mussel C. grayanus or C. amphilecti KMM 1561T, and the eponymous sponge Amphilectus
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digitatus [7,9,20,24]. Meanwhile, their closely related strains of C. litoralis, including the type
strain KMM 3880T, were isolated predominantly from coastal sediments, therefore, they
may not need such enzymatically active and specific alkaline phosphatase as CmAP [7,30].
The 16S rRNA heterogeneity of C. litoralis KMM 7000 may be an additional evidence of the
species divergence due to the adaptation to colonization of marine invertebrates, which
are the predominant habitats of the closely related strains of the species C. amphilecti, in-
cluding KMM 296 and KMM 1561T [7,20,21]. Thus, a squid-vibrio symbiosis is feasible by
modulation of the bacterial symbiont lipid A signaling by the host alkaline phosphatases
facilitating its colonization of the juvenal squid’s light organ [33]. The urgent need for
mineralization and repair of the invertebrate’s exoskeleton can also be a key factor in
symbiosis with a carrier of a highly efficient nonspecific phosphatase like CmAP [9,30,34].
However, the conclusion should be drawn only after sequencing the whole genomes of the
type strains of Cobetia and elucidation of biological functions of their species- and strain-
specific genes and proteins. In addition, such a high adaptability and metabolic versatility
in various environmental conditions requires investigating the possible contribution of
the bacterium to the toxicity or pathogenicity of shellfish, particularly, for the humans
consuming them raw.

A similar situation may be with other closely related species C. marina and C. pacifica.
The largest group of our isolates, assigned to the species C. marina/C. pacifica (KMM 7508,
7515, 6816, 6818, 7505 and 6731), have 100% identity by 16S rRNA with both species, but
their results from the suggested PCR-based method correspond to the species-specific
pattern inherent for the type strain C. pacifica KMM 3879T (Figure 1D, Table 1 and Table S1).
The dominant differences between these species were in the lanes 1, 4, and 5, indicating the
differences in their PCR-targeted sequences (Figure 1B,D).

Finally, C. crustatorum KMM 6817 and the type strain C. crustatorum JCM 15644T

significantly differ from other groups of the Cobetia isolates in the number and location
of the bands of PCR products that correspond to the 16S rRNA analysis results (Figure 2,
Table 1 and Tables S1–S3).

Thus, the suggested molecular markers used in the PCR-based method allowed
distinguishing the isolates of C. marina and C. amphilecti from the isolates of C. pacifica and
C. litoralis, respectively. From seven isolates of indistinguishable 16S rRNA sequences, only
one from the red algae seeds was identified as C. marina (KMM 6284) and the others were
of C. pacifica (KMM 7508, 7515, 6816, 6818, 7505, and 6731), isolated from algae and coastal
seawater (Table 1). Five isolates of C. amphilecti and C. litoralis, indistinguishable by 16S
rRNA analysis, were assigned as two C. amphilecti (KMM 296 from the mussel and KMM
7516 from coastal seawater) and three C. litoralis (KMM 7005, KMM 7514 from sediments
and KMM 7000 from the sponge). The strain Cobetia sp. KMM 6817 was easily assigned
to the C. crustatorum species according to the results of both methods of analysis, which
proves the validity of the suggested molecular markers (Table 1).

According to the results of the Cobetia species identification at this stage of investiga-
tion, there is a tendency for the predominant association of the Pacific Ocean populations
of C. pacifica, C. amphilecti and C. litoralis with algae, invertebrates and sediments or coastal
water, respectively (Table 1). However, to confirm these observations, a more extensive
search for isolates from different habitats should be carried out.

3. Materials and Methods

3.1. Isolation of the Strains Belonging to the Genus Cobetia

Bacterial strains were isolated from the different marine environments, including
coastal waters, sediments, seaweeds and animals, using the standard dilution-plating
method. Strains KMM 6284 and KMM 6731 were directly isolated from the red alga
Ahnfeltia tobuchiensis collected near Island Paramushir, Kuril Isles, the Sea of Okhotsk, and
the Pacific Ocean. Strains KMM 6816, 6817 and 6818 were isolated from the same alga after
its long-term continuous cultivation in the natural seawater for 6 months. Strain KMM 7000
was recovered from the sponge Esperiopsis digitata, collected near Island Sakhalin, Piltun
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Bay, the Sea of Okhotsk, from depth of 107 m by plating on medium A containing (L−1): 2 g
Bacto peptone (Difco), 2 g Bacto yeast extract (Difco), 1 g casein hydrolysate, 0.2 g KH2PO4
and 0.1 g ferric ammonium citrate prepared with 50% (v/v) natural sea water and 50%
(v/v) distilled water. For strains isolation, 0.1 mL of tissue homogenate was transferred
onto plates of marine agar 2216 (MA; Difco) (strains KMM 6284, 6731, 6816, 6817, and
6818) or medium A or medium B. After primary isolation and purification, the strains
were cultivated at 28 ◦C on the same medium and stored at –80 ◦C in marine broth (Difco)
supplemented with 20% (v/v) glycerol. Strains KMM 7516, 7505, 7515 and 7508, and 7514
and 7005 were isolated from coastal seawater and sediment samples, respectively, collected
from Vostok Bay, the Sea of Japan, by plating on medium B, containing: 1 g (NH4)2SO4,
0.2 g MgSO4 7H2O, 1 g K2HPO4, 1 g KH2PO4, 0.02 g CaCl2, 0.05 g FeCl3, and 20 g NaCl
in 1000 mL distilled water, with the addition of 1 mL per liter of sterile crude oil to the
prepared medium. Strain Cobetia sp. KMM 296, previously identified as Deleya marina by
Ivanova et al. [35], was received from the Collection of Marine Microorganisms (KMM,
Russia). The type strains of the recognized species Cobetia amphilecti KMM 1561T (NRIC
0815T), Cobetia litoralis KMM 3880T (NRIC 0814T), Cobetia pacifica KMM 3879T (NRIC 0813T),
and Cobetia marina LMG 2217T were used as reference strains and kindly provided to us by
the NODAI Culture Collection Center, (University of Agriculture, Tokyo, Japan) and from
the BCCM/LMG Bacteria Collection (Universiteit Gent, Gent, Belgium), respectively [7].
The reference type strain C. crustatorum JCM 15644T was kindly provided by the Japan
Collection of Microorganisms (RIKEN BioResource Centre (BRC), Tsukuba, Japan).

3.2. Isolation and Analysis of DNA from the Strains

All strains of marine bacteria were cultivated in Petri dishes on sterile agar LB medium
of the following composition (g/L): bacto-tryptone—10; yeast extract—5; NaCl—5; agar-
agar—15; distilled water—0.98 l; the pH of the medium is 7.7. Five passages were made
for each type of bacterium. Then, DNA was isolated from the grown colonies using the
PureLink Genomic DNA Mini Kit protocol (Invitrogen). The isolated bacterial DNA was
used to carry out a polymerase chain reaction (PCR), with universal primers to 16S rRNA
sequences (BF/20: 5′-AGAGTTTGATCMTGGCTCA -3′; BR2/22: 5′- TACGGTTACCTTGT-
TACGACTT -3′) or the primers corresponding to the coding DNA sequences (CDSs) for
housekeeping enzymes used in this work as molecular markers for the Cobetia species
identification (Table 2).

Table 2. Oligonucleotides for molecular differentiation of Cobetia species.

Name Sequence Molecular Marker * Reference **

1CmNucF 5′–TATACCATGGACGATATTCGCTCGGCCGGCCGCAA-3′
DNA/RNA non-specific endonuclease

precursor (1) and without leader peptide (2) WP_043334786CmNucR 5′–TATAGAGCTCTCAGTAACGTGATGGCGTACGACTG-3′
2CmNucF 5′-TATACCATGGTATGGCAGGAGCGCGACTACCAGCA-3′
CmNucR 5′–TATAGAGCTCTCAGTAACGTGATGGCGTACGACTG -3′
CmEEPf 5′–TATACCATGGGACTCGACGAGACGGCACCTCCCCT -3′ exonuclease/

endonuclease/phosphatase (EEP) WP_084589364CmEEPr 5′–TATAGAGCTCTTATGCTAGCCCGATCGCCTTGCGGCA-3′
CmPhoDf 5′–TATACCATGGAAGGACGGCGCCCGCGCATGCCCTC-3′ alkaline phosphatase/phosphodiesterase PhoD WP_043333989CmPhoDr 5′–TATAGAGCTCTTAGACACTGGCGGCGGCGGGGGTC-3′
CmPLA_f 5′–TATACCATGGTACTCGATGAAAGCCTGGCCCAGCA-3′ phospholipase A WP_084589432CmPLA_r 5′–TATAGAGCTCTTAGGTCTCTGGCGAGCCGGCGAAG-3′

Tryp_F 5′–TATACCATGGTACGTGAATTGCCCGACTTCACCCA-3′ periplasmic serine peptidase Do/DeqQ KGA03014Tryp_R 5′–TATACTCGAGTCACTTGTCGCTGTCGGCACGCATG-3′
CmClp_F 5′-TATCCATGGTAAACGACTTCGACATCAAGAATGCT-3′ ATP-dependent caseinolytic protease Clp KGA03297CmClp_R 5′-TATAGAGCTCTCACTCCACGTCGGGACGGCGTTCC-3′
X-PhoN_F 5′-TTAACCATGGCAGAGATCAAGAATGTCATTCTGAT-3′ alkaline phosphatase PhoA DQ435608CmAP_R 5′-TTAAGAATTCCTTCGCTACCACTGTCTTCAGATACTGTCC-3′

* The molecular markers are the enzymes, predicted according to the structural classification of the National Center for Biotechnology
Information (NCBI) Conserved Domain Database [23]; ** the reference genes’ IDs are from the whole genome sequence annotation of the
C. amphilecti KMM 296 (GenBank ID: JQJA00000000.1).

Reaction conditions for PCR of 16S rRNA sequence in DNA amplifier C1000TM
Thermal Cycler (Bio-Rad Laboratories, Inc., California, USA) or Mastercycler gradient
(Eppendorf, Hamburg, Germany): 10× buffer for polymerase, 50× mixture of Encyclo
polymerases (“Encyclo PCR kit”, Evrogen, Moscow), 50× mixture of dNTP (10 mM each),
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mixture of forward and reverse primers (5 μM each), and 20 ng DNA of a bacterial clone.
The amplification process consists of the following stages: 30 PCR cycles × (15 s—95 ◦C;
30 s—55 ◦C; 1 min 30 s—72 ◦C), then incubation at 72 ◦C for 5 min. After amplification,
PCR products were used for sequencing. The PCR products from each clone of each strain
(four replicates) were sequenced and verified with the use of an ABI Prism 3130xl sequencer
and Chromas program (version 2.5.1), respectively. Homology searches were performed
against EzBioCloud 16S database using the Blast program to find sequences that provide
significant alignment [22].

Reaction conditions for marker genes (Table 2) in DNA amplifier C1000TM Thermal
Cycler (Bio-Rad Laboratories, Inc., California, USA) or Mastercycler gradient (Eppendorf,
Hamburg, Germany): 10× Encyclo buffer, 50× Encyclo polymerase mixture (Encyclo
PCR kit, Evrogen, Moscow), 50× dNTP mixture (10 mM each), a mixture of forward and
reverse primers (5 μM each), and 20 ng DNA of a bacterial clone. The amplification process
consisted of the following stages: 38 PCR cycles x (2 min—95 ◦C; 15 s—95 ◦C; 1 min
40 s—72 ◦C). After amplification, the PCR products from each clone of each strain (four
replicates) were separated by gel electrophoresis in a 1% agarose gel stained with ethidium
bromide. The PCR product visualization and documentation were performed with Herolab
imaging system (Herolab GmbH Lab., Wiesloch, Germany). The PCR products for the
species-specific coding sequencing regions of C. amphilecti and C. litoralis were confirmed
by sequencing as described above.

Comparative analysis of the marker genes and whole genome sequences of Cobetia sp.
2AS1 (GenBank: JADAZN000000000.1) and C. amphilecti KMM 296 (GenBank: JQJA-
00000000.1) was carried out by the SEED Viewer at the RAST server [31].

4. Conclusions

The gene-specific oligonucleotides corresponding to the coding DNA sequences for the
enzymes responsible for the vital bacterial cell functions, such as EEP-like and DNA/RNA
nonspecific nucleases, alkaline phosphatases PhoA and PhoD, proteases Cpl and Do/DeqQ
family, and phospholipase A1, may be used for rapid molecular differentiation of the
closely related species of the marine bacteria Cobetia in addition to the traditional 16S rRNA
assay. Furthermore, the highly active alkaline phosphatase CmAP of the structural family
PhoA is a highly specific marker for the species C. amphilecti, probably indicating the
adaptability to the host–microbe relationships. However, the genus needs further study,
including verification of the suggested molecular markers with the use of a higher number
of isolates to develop the MLST-based method of identification. Primarily, comparative
genomics of the type strains of Cobetia should be carried out to a final decision about the
valid interspecies phylogeny of the genus, particularly towards the closely related species
(C. amphilecti and C. litoralis; C. marina and C. pacifica), as well as about their genetic drivers
and causes of such divergent evolution within the genus.

Supplementary Materials: The following are available online, Table S1: Similarity calculation of
16S rRNA gene sequences of Cobetia isolates by EzBioCloud 16S database, Table S2: Similarity
calculation of 16S RNA gene sequence of the type strain Cobetia marina LMG 2217T, Table S3: Similarity
calculation of 16S RNA gene sequence of the strain Cobetia amphilecti KMM 296, Table S4: Comparative
analysis of coding DNA sequences of Cobetia sp. 2AS1 (KMM 7005) and C. amphilecti KMM 296.
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Abstract: Here, we investigated general porin regulation in Yersinia pseudotuberculosis 488, the
causative agent of Far Eastern scarlet-like fever, in response to sublethal concentrations of antibiotics.
We chose four antibiotics of different classes and measured gene expression using qRT-PCR and
GFP reporter systems. Our data showed temporal regulation of the general porin genes ompF
and ompC caused by antibiotic stress. The porin transcription initially decreased, providing early
defensive response of the bacterium, while it returned to that of the untreated cells on prolonged
antibiotic exposure. Unlike the major porin genes, the transcription of the alternative porin genes
ompX and lamB was increased. Moreover, a short-term ompR- and marA-mediated porin regulation
was observed. The main finding was a phenotypic heterogeneity of Y. pseudotuberculosis population
manifested in variable porin gene expression under carbenicillin exposure. This may offer adaptive
fitness advantages for a particular bacterial subpopulation.

Keywords: porin gene expression; Yersinia pseudotuberculosis; antibiotic stress; phenotypic heterogeneity

1. Introduction

The global rise of antibiotic resistance in pathogens represents a serious threat to
medicine, as it is the predominant cause of treatment failure and increased mortality [1].
Recent evidence suggests that sublethal concentrations of antimicrobials frequently found
in the human body and nature play an important role in the development of antibiotic
resistance [2]. Initially, susceptible bacterial populations survive and propagate under such
conditions due to adaptive gene expression responses that have been observed in a variety
of bacterial species [1,3–5]. In Gram-negative bacteria, altering the gene expression of outer
membrane proteins or porins, resulting in decreased membrane permeability, is considered
one of the first defense mechanisms of adaptation to antibiotic stress [1].

Yersinia pseudotuberculosis, a Gram-negative bacterium belonging to the Enterobacte-
riaceae family, is a human pathogen causing pseudotuberculosis infection. In Russia and
Japan, it causes outbreaks of the disease known as Far Eastern scarlet-like fever (FESLF),
with serious systemic inflammatory symptoms [6].

Y. pseudotuberculosis produces two major nonspecific porins, OmpF and OmpC, which
we study intensively [7–11]. These porins consist of 16-stranded β-barrel trimers, each of
which forms a central channel [12]. The channels control the permeability of the cell enve-
lope for low molecular compounds, including β-lactam, tetracycline, chloramphenicol, and
fluoroquinolone antibiotics [13–16]. Thus, the porins provide cell defense against certain
antibiotics and subsequently mediate antimicrobial resistance by downregulating their
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gene expression or inducing beneficial mutations [17]. Moreover, the reversible phenotypi-
cal response offers advantages over conventional irreversible mutations [18]. Furthermore,
transcriptional porin regulation is considered a rapid adaptive mechanism to environ-
mental and antibiotic stresses occurring within the first 60 min [19]. The porin-mediated
stress response has been widely studied in various enterobacteria, including Escherichia
coli, Klebsiella pneumonia, Salmonella enterica, Serratia marcescens, and others [20–22]. Still,
little is known about the effect of antibiotic stress on the general porin regulation in Y. pseu-
dotuberculosis. Most research focuses on the effect of lethal antibiotic concentrations on
bacterial physiology and resistance, while subinhibitory antimicrobial doses have been
mostly disregarded [23]. Y. pseudotuberculosis genetic response to low concentrations of
antibiotics is of particular interest because successful treatment of pseudotuberculosis
infection largely depends on antibiotic therapy to maintain lethal drug concentrations in
different human tissues.

Therefore, we aim to investigate the role of general porin regulation in Y. pseudotuber-
culosis adaptation to sublethal concentrations of four antibiotics utilizing porin channels
for cell entrance.

2. Results and Discussion

2.1. Antibiotics and Y. pseudotuberculosis 488 Susceptibility

Y. pseudotuberculosis 488 (= strain 117), serotype O:1b, was isolated from a patient with
FESLF in the Russian Far East region. To elucidate Y. pseudotuberculosis porin regulation un-
der antibiotic stress, we chose carbenicillin, tetracycline, kanamycin, and chloramphenicol.
These antibiotics have been shown to use porin channels to enter into a bacterial cell [13,14].
Several studies have demonstrated that porin regulation, resulting in decreased penetra-
tion of antimicrobials into the cell, contributes to bacterial adaptive resistance [24]. We
determined the MIC ranges of the selected antibiotics for Y. pseudotuberculosis 488 at 27 ◦C
(optimal for bacterial cultivation) and 37 ◦C (human body temperature) since it is known
that porin expression is tightly regulated by environmental factors [25,26], predominantly
by temperature [27,28]. Such regulation is shown for Y. pseudotuberculosis strains in the
interactive RNA atlas www.pathogenex.org (ompF YPK_2649; ompC YPK_2839).

Y. pseudotuberculosis 488 showed high susceptibility to the tested antibiotics (Table S1).
However, cells cultivated at 27 ◦C exhibited a 2-fold increased resistance to kanamycin
and tetracycline compared with 37 ◦C, whereas the MICs of carbenicillin and chloram-
phenicol were not affected by incubation temperature. To induce antibiotic stress, we used
subinhibitory concentrations (sub-MICs) of antibiotics corresponding to 1

2 MICs. Such
sublethal antibiotic concentrations reflect the conditions that bacteria may encounter in
the natural environments and the human body [29]. Moreover, exposure to sublethal
concentration has been reported to play a protective role in the bacterial cell against a wide
range of antimicrobials and alter the expression of various bacterial genes that can lead to
nonspecific resistance [22].

2.2. An Early Transcriptional Response of General Porin Genes to Antibiotic Stress

Rapid modulation of porin gene expression is the first line of bacterial defense against
harmful compounds, including antibiotics, which increases the chances of survival and
adaptation of microorganisms to stressful conditions [19].

To study the early porin response in Y. pseudotuberculosis 488, we treated bacterial cells
by sub-MICs of antibiotics for an hour, followed by measuring the level of ompF and ompC
transcripts using qRT-PCR. The results obtained (Figure 1) indicate that kanamycin and
tetracycline cause a transcription decrease in both general porins, regardless of tempera-
ture. ompF and ompC expression were downregulated 2.3- to 4-fold and 2.2- to 4.4-fold,
respectively, in the presence of these antibiotics. It is not surprising because the reduced
porin expression is considered to be a common strategy for protection against antibi-
otics. However, tetracycline and kanamycin downregulated only OmpF synthesis and
upregulated OmpC production in Escherichia coli [30–33]. Nevertheless, Agafitei et al. have
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shown that reduced expression of the OmpC porin contributes to kanamycin resistance [34].
Viveiros et al. also found a coupled downregulation of the E. coli OmpF with the OmpC
during exposure to increasing concentrations of tetracycline [24].

Figure 1. Relative expression levels of Y. pseudotuberculosis ompF and ompC after short-term antibiotic
exposure detected by qRT-PCR. (A) 27 ◦C incubation temperature; (B) 37 ◦C incubation temperature.
All results are expressed as mean ± standard deviation from three independent experiments. An
asterisk indicates p-value < 0.05 vs. respective untreated control. Significance was calculated using
one-way ANOVA. Km—kanamycin, Tet—tetracycline, Cb—carbenicillin, and Cm—chloramphenicol.

Interestingly, two other antibiotics caused different transcriptional responses of the
porins in Y. pseudotuberculosis 488. After one-hour exposure of cells to carbenicillin, the
expression level of ompF showed a 2.3- to 3-fold decrease, while the expression of ompC
was not changed significantly (Figure 1). This result supports the findings that OmpF is
the preferred route of entry for β-lactams [35]. We suppose that a decrease of ompF mRNA
level observed at both temperatures could be a protective response of Y. pseudotuberculosis
cells to the carbenicillin stress. This opinion agrees with the previous finding that lack or
inhibition of OmpF contributes to increased resistance to β-lactams [36,37]. It was also
unexpected that under short-term chloramphenicol stress, the ompF expression was not
significantly altered, whereas the ompC expression was downregulated 3.9 to 4.6 times
(Figure 1). Chloramphenicol has been reported, unlike β-lactams, to utilize both porins
equally well [16]. However, there is no observation to indicate any effect of a reduced level
of OmpC alone on the penetration of this antibiotic [38].

Considering the qRT-PCR results, we assumed that the general porins OmpF and
OmpC of Y. pseudotuberculosis are involved in the early response to various antibiotic
stresses caused by sublethal concentrations and provide the cells with the first defense
mechanism by reducing the transcription level of one or both of their genes depending on
the antibiotic type.

2.3. Transcriptional Response of General Porin Genes to Prolonged Antibiotic Stress

Several studies consider the modulation of porin gene expression as a rapid but
temporary response of the cell to stress, which develops within the first 60 min [19,23].
However, in the case of antibiotic treatment, this mechanism can be replaced by more
specific ones over time [1]. The data on the porin gene expression in time series are
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important for a comprehensive understanding of Y. pseudotuberculosis defense against
different antimicrobials.

To evaluate the effect of prolonged antibiotic exposure on the porin gene expression,
Y. pseudotuberculosis 488 was cultivated in the presence of sub-MICs of these antibiotics for
16 h. In contrast to the early porin response, here we did not see significant changes in the
expression of ompF and ompC genes in most samples treated with antibiotics (Figure 2).
The data obtained indicate that transcription of general porins in Y. pseudotuberculosis cells
transiently decreased within the first hour and subsequently returned to levels comparable
to those of the untreated cells.

Figure 2. Relative expression levels of Y. pseudotuberculosis ompF and ompC after prolonged antibiotic
exposure detected by qRT-PCR. (A) 27 ◦C incubation temperature; (B) 37 ◦C incubation temperature.
All results are expressed as mean ± standard deviation from three independent experiments. An
asterisk indicates p-value < 0.05 vs. respective untreated control. Significance was calculated using
one-way ANOVA. Km—kanamycin, Tet—tetracycline, Cb—carbenicillin, and Cm—chloramphenicol.

Previously, Viveiros et al. observed that ompF and ompC transcript levels in E. coli
remained comparable to the untreated controls after prolonged exposure to tetracycline [24].
However, post-translational marA-mediated porin regulation to antibiotic stress has been
shown to inhibit their synthesis.

Surprisingly, we found a 2.4- and 2.6-fold increase in the expression of ompF under
prolonged tetracycline and chloramphenicol stresses at 27 ◦C, which no one had reported
earlier. At the same time, incubating cells with these two antibiotics at 37 ◦C did not affect
porin transcription. One of the possible reasons for the ompF upregulation in the presence of
tetracycline and chloramphenicol could be the decreased expression of alternative porins.

We hypothesized that observed changes in the porin regulation under antibiotic stress
over time could be caused by several factors. For example, stationary-phase bacteria must
respond and adapt to a variety of environmental stresses (nutrient exhaustion, pH changes,
oxygen limitation, and others). In such a case, the regulation of porins provides the balance
of outer membrane permeability between self-defense and competitiveness [39,40]. The
significantly reduced expression of general porins, protecting cells from antibiotics within
the first hour, might entail high metabolic costs at the stationary phase, since vital nutrients
are simultaneously excluded.
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It should be noted that in addition to the transcriptional regulation of porin genes,
post-transcriptional regulation might play a major role in the physiological adaptation to
prolonged antibiotic exposure, as was mentioned previously [24].

Moreover, the acquisition of mutations in porin genes, leading to loss of proteins, size,
and conductance modification of their channels or decreasing their expression level, is
known as another common mechanism for reducing the sensitivity of bacteria to antibiotics.
It was observed that porin-related mutations substantially influence resistance to β-lactams,
fluoroquinolones, tetracycline, and chloramphenicol [1]. However, we performed ompF
and ompC sequence analysis of Y. pseudotuberculosis samples after prolonged antibiotic
treatment and did not reveal any changes within the porin-encoding parts and their
regulatory regions.

2.4. ompR and marA Effect on Porin Response under Antibiotic Stress

Next, we investigated the contribution of transcriptional factors in the regulation of
porin genes.

The best-described input into controlling porin levels involves OmpR, which regulates
ompC and ompF directly through OmpR–promoter DNA association [41]. The OmpR/EnvZ
two-component system may play a major role in antibiotic resistance by modulating
porin expression [42]. It was shown that OmpR deficiency in Y. pseudotuberculosis and Y.
enterocolitica reduces bacterial sensitivity to the β-lactams, tetracycline, and polymyxin B,
caused by the lack of OmpF and OmpC porins [43,44].

qRT-PCR analysis revealed differential expression of ompR in Y. pseudotuberculosis
depending on the duration of antibiotic stress (Figure 3). Short exposure to antibiotics
excluding carbenicillin and tetracycline at 27 ◦C slightly reduced (1.7- to 2.3-fold) its tran-
scription associated with the downregulation of porin genes. On the contrary, prolonged
antibiotic stress increased the level of ompR transcripts up to 5.3-fold; however, this did not
affect the expression of ompF and ompC. A similar observation was described in the work
of Viveiros et al., where the response of the ompC and ompF genes, despite the increased
expression of ompR, remained comparable to their levels in E. coli cells not exposed to
tetracycline [24]. Moreover, it was shown that OmpR positively controls the expression of
the AcrAB-TolC efflux pump involved in the adaptive response of the Y. enterocolitica strain
to different chemical stressors [45]. It is tempting to speculate that a high level of ompR
transcription in Y. pseudotuberculosis may be required to induce this efflux pump system as
another general defense mechanism against antibiotics.

Multiple studies have shown that general porin expression is post-transcriptionally
regulated by global regulator MarA, involved in multidrug resistance response during
antibiotic stress [46,47]. marA locus can directly or indirectly increase the level of micF, a
non-coding RNA stress response gene, causing a post-transcriptional downregulation of
ompF mRNA and reducing the OmpF synthesis [47]. Two MarA-like proteins have been
reported in Yersinia pestis: MarA47 and MarA48 [48,49].

To test their involvement in the regulation of Y. pseudotuberculosis porin expression
under short- and long-term exposure to antibiotics, we measured the levels of marA47 and
marA48 mRNA using qRT-PCR (Figure 3). We found different activities of marA transcripts
depending on the time of antibiotic exposure. A short treatment of cells with the antibiotics
caused upregulation of at least one marA gene, except for chloramphenicol, which did not
affect the marA expression. In the case of long-term exposure to the tested antibiotics, the
level of marA expression remained comparable to those of the control samples.

The obtained results led us to conclude that regulation of Y. pseudotuberculosis general
porins mediated by MarA was observed only for early antibiotic stress caused by sublethal
concentrations of tetracycline, kanamycin, and carbenicillin. During long-term antibiotic
presence, marA transcription remained unaltered and therefore MarA did not play a
significant role in porin regulation at the post-transcriptional level.
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Figure 3. Relative expression levels of Y. pseudotuberculosis ompR, marA47, and marA48 under an-
tibiotic stress detected by qRT-PCR. (A) 1 h antibiotic exposure, (B) 16 h antibiotic exposure. All
results are expressed as mean ± standard deviation from three independent experiments. An asterisk
indicates p-value < 0.05 vs. respective untreated control. Significance was calculated using one-way
ANOVA. Km—kanamycin, Tet—tetracycline, Cb—carbenicillin, and Cm—chloramphenicol.

2.5. Transcriptional Response of Y. pseudotuberculosis Alternative Porins to Prolonged
Antibiotic Stress

In addition to major porins, Enterobacteriaceae can express alternative outer membrane
proteins that may contribute to the adaptation of bacteria to antibiotic stress by modulating
OmpF and OmpC levels or directly changing the cell permeability [35,50].

Therefore, to better understand the mechanism of Y. pseudotuberculosis adaptation, we
investigated the transcriptional response of the genes coding for OmpX, OmpA, LamB,
and OmpY porins to prolonged antibiotic stress.

Using qRT-PCR, we observed the increased activity of ompX transcripts (1.7–3.2-fold)
in the presence of most antibiotics (Figure 4), which is consistent with previously reported
results [50]. It is believed that overexpression of OmpX may impair the normal assembly
of major porins, which leads to their subsequent degradation by Deg proteases [51]. From
this, we hypothesized that OmpF and OmpC expression of Y. pseudotuberculosis could be
regulated by this mechanism at the post-translational level.

We also observed the induction of lamB transcription in the presence of kanamycin,
carbenicillin, and chloramphenicol at 37 ◦C (Figure 4), when its initial mRNA level was
significantly lower compared to 27 ◦C (data not shown). It is interesting to note that
overexpression of LamB previously found for Enterobacter aerogenes-resistant isolates was
associated with a low amount of its major porins [52].

The transcription of ompA, playing a more important role in the maintenance of
membrane integrity, rather than antibiotic transport [35], remained unaltered in Y. pseudo-
tuberculosis, except for chloramphenicol exposure, where the ompA expression increased up
to 2.5-fold (Figure 4).
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Figure 4. Relative expression levels of Y. pseudotuberculosis ompX, lamB, ompA, and ompY under prolonged antibiotic stress
detected by qRT-PCR. All results are expressed as mean ± standard deviation from three independent experiments. An
asterisk indicates p-value < 0.05 vs. respective untreated control. Significance was calculated using one-way ANOVA.
Km—kanamycin, Tet—tetracycline, Cb—carbenicillin, and Cm—chloramphenicol.

Previously, we described a new quiescent porin OmpY in Y. pseudotuberculosis initially
predicted from the genomic data [53]. To date, our knowledge of such porins has been
very limited. Both the functional role of OmpY and the conditions significantly affecting its
expression in Yersinia are still unknown. qRT-PCR analysis revealed ompY upregulation
under chloramphenicol and tetracycline exposure at 27 ◦C, while at 37 ◦C its level did not
change (Figure 4). Several studies have shown that the expression of quiescent porins was
induced by antibiotics; however, the impact of such regulation on antibiotic susceptibility
remains questionable [20,54].

2.6. ompF and ompC Expression within Y. pseudotuberculosis Population

Current experimental evidence suggests that bacterial cultures are constituted of hetero-
geneous subpopulations [55] with differential responses to environmental stresses [56,57].
For instance, Sánchez-Romero and Casadesús have observed the population heterogeneity
of S. enterica cells in the expression level of ompC under kanamycin exposure [57]. Moreover,
a low level of ompC correlates with high kanamycin resistance of the cell.

Our qRT-PCR results based on average Ct values did not reveal any significant tran-
scriptional response of porins to long-term antibiotic exposure for most samples. They
said nothing about the variability of ompF and ompC expression in the Y. pseudotuberculosis
population or the amount of their gene products in the cell. To answer these questions,
we first developed fluorescent reporter strains of Y. pseudotuberculosis 488. The GFP re-
porter systems were constructed by fusion of the ompF/ompC regulatory regions, including
binding sites for transcription and translation factors (5′UTRs and signal sequences for
sRNAs, C-terminal YQF amino acids for proteases), to the GFP reporter gene in a low
copy number plasmid pACYC184 (Figure S1). Thus, the fluorescence of Y. pseudotubercu-
losis transformants potentially not only provided a high-resolution method for assaying
ompF/ompC promoter activity but also indirectly indicated OmpF and OmpC amounts. We
excluded chloramphenicol from the experiments due to the plasmid containing the gene
for its resistance. However, we additionally verified that the presence of this antibiotic in
the medium did not affect the level of sample fluorescence (Figure S2).

There was little evidence of any change in the mean fluorescence intensity, and hence
OmpF and OmpC expression, after prolonged exposure to tetracycline and kanamycin
(Figure 5), while qRT-PCR revealed the ompF upregulation in the presence of tetracycline
at 27 ◦C (Figure 2). This difference indicates an additional post-transcriptional regulation
of OmpF.
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Figure 5. GFP fluorescence intensity in Y. pseudotuberculosis 488 transformed with ompF/ompC promoter-fused GFP
reporter constructs following 16 h antibiotic treatment monitored by flow cytometry. (A) 27 ◦C incubation temperature;
(B) 37 ◦C incubation temperature. All results are expressed as mean ± standard deviation between three experimental
trials. An asterisk indicates p-value < 0.05 vs. respective control. Significance was calculated using one-way ANOVA. The
histograms from a single representative experiment are shown. Control—without antibiotic treatment, Km—kanamycin,
Tet—tetracycline, and Cb—carbenicillin.

After treatment with sub-MIC of carbenicillin at 27 ◦C, there was a 2.3-fold decrease
in the ompF level and, on the contrary, a 2.5–3-fold increase in the ompC level. This is
consistent with the previous observation that adaptation to β-lactams can involve increased
expression of OmpC relative to OmpF since an increase in OmpC proportion hinders their
penetration [37]. It is worth noting that carbenicillin inhibited the expression of ompF only
at 27 ◦C. We observed that this transcript was prevailing compared to ompC in the untreated
samples at both incubation temperatures; however, at 37 ◦C, its level decreased by more
than 18 times (Figure S3). This initially low amount of ompF transcripts and additional
nutrient deficiencies due to the stationary growth phase could prevent a further decrease
in its expression at 37 ◦C under carbenicillin stress.

The distribution of GFP fluorescence within the sample cultures under kanamycin
and tetracycline exposure was comparable to the untreated controls. Only carbenicillin
presence led to the appearance of two Y. pseudotuberculosis subpopulations with different
fluorescence intensities, most notably at 27 ◦C (Figure 6). F1 subpopulation responded
to carbenicillin stress by 1.9-fold inhibition of ompF expression, while the cells from F2
increased it by 1.8 times. ompC was upregulated under carbenicillin exposure in both
subpopulations; however, in C2, its level was significantly higher. Moreover, most of the
cells formed subpopulations with a lower level of both ompF and ompC expression (71%
and 78% of the total cell amount, respectively; Figure 6C).

We thus propose that modification of the bacterial envelope by reduced ompF/increased
ompC expression confers adaptive fitness advantages to carbenicillin in a fraction of the
bacterial population.

Previously it was shown that heterogenous responses improve the survival of bacterial
cultures under the effect of stress factors [58]. Moreover, gene expression variability,
including porin genes, is considered to underly adaptive resistance in phenotypically
heterogeneous microbial populations [57,59].
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Figure 6. Fluorescence heterogeneity of Y. pseudotuberculosis 488 transformed with ompF/ompC
promoter-fused GFP reporter constructs following treatment with a sublethal dose of carbenicillin
monitored by flow cytometry. (A) Fluorescence histograms; (B) fluorescent intensity of subpopula-
tions; (C) the percentage of cells in each subpopulation. All results are expressed as mean ± standard
deviation between three experimental trials. An asterisk indicates p-value < 0.05 between groups.
Significance was calculated using one-way ANOVA. The histograms from a single representative
experiment are shown. F1, F2, and C1, C2—subpopulations of Y. pseudotuberculosis 488 with low/high
GFP fluorescence.

3. Materials and Methods

3.1. Bacterial Strain and Growth Conditions

Y. pseudotuberculosis 488 strain (= 117 strain, O:1b serotype) isolated from a patient
with FESLF in the Russian Far East region was used in the present study.

To study short-term porin response to antibiotic stress, bacterial cells were grown in
LB broth overnight at 27 ◦C with shaking. The next day, overnight cultures were diluted
at a ratio of 1:50 into fresh LB medium and incubated with agitation at 27 ◦C (optimal
growth temperature) and 37 ◦C (host temperature) to mid-exponential growth phase
(OD600 = 0.4–0.6). Then, the antibiotics kanamycin (Sigma-Aldrich, St. Louis, MA, USA),
tetracycline (Sigma-Aldrich, St. Louis, MA, USA), chloramphenicol (Sigma-Aldrich, St.
Louis, MA, USA), and carbenicillin (Sigma-Aldrich, St. Louis, MA, USA) were added to
the media in sublethal concentrations (0.5 MIC). After a 1 h antibiotic treatment (180 rpm,
27 ◦C and 37 ◦C), the cells were mixed with RNAprotect Bacteria Reagent (Qiagen, Hilden,
Germany) and centrifuged.

To study porin response to long-term antibiotic exposure, overnight cultures were
diluted and inoculated into LB broth media to obtain a final concentration of 5× 105

CFU/mL. Bacteria were incubated with sublethal concentrations of antibiotics (kanamycin,
tetracycline, chloramphenicol, and carbenicillin) for 16 h at 27 ◦C and 37 ◦C. RNAprotect
Bacteria Reagent (Qiagen, Hilden, Germany) was added to the culture samples.

Three independent bacterial cultures for each test or control condition were prepared
as biological replicates for RNA isolation.
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3.2. MIC Determination

The MIC for antibiotics against Y. pseudotuberculosis strain was determined by the
broth microdilution method in a 96-well microplate. Tetracycline (Sigma-Aldrich, St. Louis,
MA, USA), carbenicillin (Sigma-Aldrich, St. Louis, MA, USA), kanamycin (Sigma-Aldrich,
St. Louis, MA, USA), and chloramphenicol (Sigma-Aldrich, St. Louis, MA, USA) were
tested in the concentration range of 0.12–256μg/mL obtained after a series of 2-fold
dilutions in the LB broth. Bacterial colonies were cultured in LB broth at 27 ◦C to reach
McFarland standard 0.5. The suspensions were further diluted and inoculated into the
wells with antibiotics to obtain a final concentration of 5× 105 CFU/mL. The plates were
incubated for 16 h at 27 ◦C and 37 ◦C. The MIC value was determined as the lowest
concentration of an antibiotic at which visible growth was inhibited.

3.3. Gene Expression Measurement by qRT-PCR

The expression of ompF, ompC, ompA, ompX, ompY, ompR, marA47, and marA48 genes
in Y. pseudotuberculosis 488 was studied using qRT-PCR. Total RNA was isolated from
the prepared bacterial pellets using the Aurum total RNA mini kit (Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s protocol. The RNA concentration and purity
were assessed by electrophoresis and a microvolume spectrophotometer (Implen GmbH,
Munich, Germany). Of the purified total RNA, 2 μg was reverse-transcribed into cDNA
with MMLV RT Kit (Evrogen, Moscow, Russia) and random hexamer primers (Evrogen,
Moscow, Russia). The cDNAs were subsequently used to quantify the relative level of
ompF, ompC, ompA, ompX, ompY, ompR, marA47, and marA48 by qRT-PCR in Light Cycler
96 (Roche, Basel, Switzerland). The nucleotide sequences of the studied genes are listed in
Table S2. The gene-specific primers used in this experiment are listed in Table S3.

RT-PCR was carried out with HS GoTaq Polymerase (Promega, Madison, WI, USA)
and the dye Eva Green (Biotium, Fremont, CA, USA). The following thermal cycling
parameters were used for the reaction: initial denaturation at 95 ◦C for 8 min; and 40 cycles
of amplification: 95 ◦C for 15 s, 55 ◦C for 10 s, and 72 ◦C for 20 s followed by fluorescence
reading. A melting curve was drawn at the end to evaluate the specificity of the PCR.
Quantification for each target gene expression was determined by the 2−ΔΔCT method [60]
using the 16S rDNA gene as a reference.

qRT-PCR was carried out on three independent biological replicates, each containing
two technical replicates. The results are presented in Table S4 as mean ± SD. One-way
ANOVA was performed to assess the differences between the means of the test and control
groups, with a p-value of ≤ 0.05 considered significant.

3.4. Porin Gene Sequencing

The coding and regulatory parts of ompF and ompC genes were amplified using
OmpF/C-Bam_for and OmpF/C-Hind_rev primers and sequenced with internal primers
(Table S3) to cover all regions. DNA sequencing was done with an ABI 3130 xl automated
sequencer (Applied Biosystems, Waltham, MA, USA) and the ABI Prism dye terminator
sequencing kit (Applied Biosystems, Waltham, MA, USA) according to the manufac-
turer’s directions.

3.5. GFP Reporter System Construction

The recombinant plasmids pACYC184-F-GFP and pACYC184-C-GFP containing the
Y. pseudotuberculosis ompF and ompC regulatory regions fused to GFP were constructed
as previously described [7]. To obtain the coding region of GFP, the plasmid DNA pTur-
boGFP (Evrogen, Moscow, Russia) was digested with BamHI and HindIII (Fermentas,
Waltham, MA, USA), and the resulting gfp fragment was dephosphorylated with CAP
alkaline phosphatase (Fermentas, Waltham, MA, USA). The ompF/ompC promoter, and
terminator regions were amplified using specific primers, which contained BamHI and
HindIII restriction sites, respectively (Table S3). The resulting PCR products were digested
with the same endonucleases and ligated together (separately for ompF and ompC) with
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gfp in a three-way ligation. Next, ligation mixtures were used as templates for amplifying
ompF-gfp and ompC-gfp reporter constructions with OmpF-Bam_for/OmpF-Hind_rev or
OmpC-Bam_for/OmpC-Hind_rev primers (Table S3). The PCRs were carried out using
the following reagents: 2 U of GoTaq DNA polymerase (Promega, Madison, WI, USA), 1×
buffer for GoTaq DNA polymerase, 0.2 mM dNTPs, 0.5 μM primers, and 25–50 ng of the
template. The following reaction conditions were used: 1 cycle of 5 min at 95 ◦C for denatu-
ration, 30 cycles of 20 s at 94 ◦C, 30 s at 55 ◦C, 1 min 30 s at 72 ◦C, and 1 final cycle of 5 min
at 72 ◦C. The PCR fragments of expected lengths (1300–1400 bp) were cut from the agarose
gel and phosphorylated with T4 polynucleotide kinase (Fermentas, Waltham, MA, USA).
The resulting reporter cassettes were inserted in the dephosphorylated vector pACYC184
via EcoRV (Figure S1). Recombinant plasmids were transformed into E. coli DH5alpha
strain by electroporation. The colonies were selected on LB agar plates supplemented
with chloramphenicol. All constructs were verified by PCR and DNA sequencing with
pACYCSal_seq and pACYCEcV_seq primers (Table S2). The final recombinant plasmids
were introduced into competent cells of the Y. pseudotuberculosis 488 using electroporation.

3.6. Flow Cytometry

To obtain comparable measurements with flow cytometry, the Y. pseudotuberculosis 488
containing recombinant plasmid pACYC184-F-GFP or pACYC184-C-GFP were grown in
the same conditions as for qRT-PCR analysis. All cultures were incubated in 96-well plates
without/with a sublethal concentration of antibiotics (Tet, Km, and Cb) and the addition of
chloramphenicol (10 μg/mL) at 37 ◦C and 27 ◦C with shaking. After 16 h of cultivation,
the cells were washed with PBS, pH 7, and diluted to an OD600 of 0.01. The flow cytometry
measurements were made with a FACSCanto flow cytometer (BD Biosciences, San Jose,
CA, USA). The excitation beam for the GFP was set at 488 nm, and the emission signal was
captured with a 530/30 nm bandpass filter. The signals were amplified with the logarithmic
mode for SSC, FSC, and fluorescence. For each sample, 100,000 events were recorded. The
data were captured with the BD FACSdiva software (version 6.1.2) (BD Biosciences, San
Jose, CA, USA), and for data analysis FCS Express 6 (De Novo Software Inc., Los Angeles,
CA, USA) was used. The mean fluorescence value of the whole population was chosen as
a global indicator of porin expression level in each bacterial culture. Y. pseudotuberculosis
488 without plasmids was used as a negative control to exclude background fluorescence.

4. Conclusions

In summary, we revealed temporal regulation of Y. pseudotuberculosis generalporin
genes ompF and ompC caused by sublethal concentrations of different antibiotics. The
porin transcription initially decreased, providing early defensive response of the bacterium,
while it returned to that of the untreated cells on prolonged antibiotic exposure. Unlike
the major porin genes, the transcription of the alternativeporin genes ompX and lamB was
increased. Such modulation of porin transcription reflects the model of Y. pseudotuberculosis
physiological adaptation to antibiotic exposure.

The main finding was a phenotypic heterogeneity of Y. pseudotuberculosis population
manifested in variable porin gene expression under carbenicillin exposure. To verify
whether such phenotypic heterogeneity offers a competitive advantage and contributes to
low carbenicillin susceptibility for a particular Y. pseudotuberculosis subpopulation, future
research is warranted.

Supplementary Materials: The following are available online, Figure S1: GFP reporter constructions;
Figure S2: GFP fluorescence intensity in Y. pseudotuberculosis 488 transformed with ompC/ompF
promoter-fused GFP reporter constructs under increasing Cm exposure; Figure S3: GFP fluorescence
intensity in Y. pseudotuberculosis 488 transformed with ompF/ompC promoter-fused GFP reporter
constructs at 27 ◦C and 37 ◦C incubation temperature; Table S1: MIC of antibiotics against Y.
pseudotuberculosis 488; Table S2: Nucleotide sequences of Y. pseudotuberculosis 488 genes used in the
study; Table S3: Oligonucleotide primers used in the study; Table S4: Average Ct values for ompF,
ompC, and 16S rRNA of Y. pseudotuberculosis 488.
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Abstract: We carried out a detailed investigation of PL7 alginate lyases across the Zobellia genus.
The main findings were obtained using the methods of comparative genomics and spatial structure
modeling, as well as a phylogenomic approach. Initially, in order to elucidate the alginolytic potential
of Zobellia, we calculated the content of polysaccharide lyase (PL) genes in each genome. The genus-
specific PLs were PL1, PL6, PL7 (the most abundant), PL14, PL17, and PL40. We revealed that PL7
belongs to subfamilies 3, 5, and 6. They may be involved in local and horizontal gene transfer and
gene duplication processes. Most likely, an individual evolution of PL7 genes promotes the genetic
variability of the Alginate Utilization System across Zobellia. Apparently, the PL7 alginate lyases may
acquire a sub-functionalization due to diversification between in-paralogs.

Keywords: Zobellia; genomes; polysaccharide lyase family 7; alginate utilization system; paralogs;
orthologs

1. Introduction

Marine algal polysaccharides are an important nutrient source for marine bacteria. To
utilize these polysaccharides, which significantly differ from terrestrial plant ones, marine
bacteria have developed unusual degradation mechanisms. Key players in the degradation
of complex polysaccharides are the marine Flavobacteriia of the phylum Bac-teroidetes [1,2].
The microorganisms feature different polysaccharide utilization loci (PULs), which encode
a set of enzymes and other proteins involved in the breakdown of specific polysaccharides.
The first recognized PULs were alginolytic operons associated with alginate utilization
in marine Bacteroidetes [3]. The current studies of PULs are based on the sequencing of
the genomes of cultured bacteria and metagenomes as a valuable resource of CAZymes
and CAZyme machineries [4–10], allowing us to expand our knowledge of the bacterial
degradation of algal polysaccharides.

The major bacterial players in marine polysaccharide degradation have become the
subject of extensive research studies using genomic and transcriptomic approaches. Repre-
sentatives of the genus Zobellia are marine Flavobacteriia and they specialize in algal polysac-
charide degradation. The genus Zobellia was proposed by Barbeyron et al. (2001) [11]. First,
the genus included two species: Zobellia galactanivorans and Zobellia uliginosa. Later, three
new species were added [12]: Zobellia russellii, Zobellia laminariae, and Zobellia amurskyensis.
To date, the five species of the genus Zobellia have validly published names (as listed
at https://lpsn.dsmz.de/genus/zobellia, February 2021), and all originate from marine
environments.

Members of the Zobellia genus are frequently found associated with red and brown
algae [13]. Z. galactanivorans DsijT, a marine species isolated from a red alga, was chosen as
the type species [11]. Its genome exhibits a number of adaptive features such as consump-
tion of algal polysaccharides, resistance to algal defense, and large amounts of CAZymes
and sulfatases [14]. Numerous biochemical and structural studies have begun to unveil the
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complex enzyme systems for the degradation of various polysaccharides, such as agars,
carrageenans, and laminarin [3,15–21].

In this work, we have applied genome-based approaches to investigate PL7 alginate
lyases across the Zobellia genus.

2. Results and Discussion

2.1. Genomic Comparison of Zobellia Species

The characteristics of the ten publicly available Zobellia genomes and two unpublished
ones (Z. russellii, KMM 3677T, and Z. barbeyronii, KMM 6746T, our data) were compared.
Their genome sizes and GC content ranged from 4.92 to 5.52 Mb and from 36.7% to
42.8%, respectively. To clarify, the phylogenomic relationships of the Zobellia species, a
phylogenetic tree of these genomes together with two other genomes of type strains from
related genera, were built using PhyloPhlAn [22] based on 400 concatenated proteins.
According to the genome tree (Figure 1a), all of the Zobellia strains clustered together, and
the five subclades could be distinguished. The first subclade included a type strain of Z.
uliginosa together with Z. galactanivorans strains, while other subclades consisted of type
strains of Z. laminariae and ‘Z. barbeyronii’, as well as Zobellia sp. strains (Asnod2-F07-B
and Asnod3-E08-A). The separated subclades were formed by strains of Z. russellii, Z.
amurskyensis strains, and Zobellia sp. (Asnod1-F08 and Asnod2-F02-B). This clustering
indicates a closer genome sequence similarity of the strains within subclades. Interestingly,
the subclade Z. uliginosa/Z. galactanivorans was at the base of the Zobellia clade, implying
an evolutionary divergence from other species of the genus.

Figure 1. The phylogeny and CAZome of the genus Zobellia: (a) maximum-likelihood phylogeny based on 400 universal
markers selected by PhyloPhlAn3.0 and reconstructed by RAxML with non-parametric bootstrapping using 100 replicates;
(b) the bar plot showing the number of carbohydrate-active enzyme genes according to the CAZy classification for each
strain. GH, glycoside hydrolase; GT, glycosyltransferase; PL, polysaccharide lyase; CE, carbohydrate esterase; AA, auxiliary
activity; CBM, carbohydrate-binding module.

Previous studies have revealed that the Zobellia genomes are abundant with CAZymes
genes, which encode the ability to efficiently degrade complex polysaccharide
substrates [14,23]. It has been known that carbohydrate degraders are characterized by
a high proportion of CAZymes found in their genomes (more than 5% of the predicted
protein-coding genes). To identify CAZymes in the Zobellia genomes, we used the dbCAN2
meta server (http://cys.bios.niu.edu/dbCAN2, December 2020) [24].
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We found that in all Zobellia genomes CAZymes account for more than 6% (from 6.4%
in Zobellia sp. Asnod3-E08-A to 7.6% in Z. galactanivorans DsijT), which reflects the outstand-
ing specialization of representatives of this genus in the degradation of polysaccharides.
The total statistics of CAZyme classes predicted across the genomes are shown in Figure 1b.
We found that Z. galactanivorans DsijT possesses the highest number of CAZymes (336),
followed by Z. amurskyensis MAR 2009 138 (320), Z. uliginosa DSM 2061T (315), and Z. galac-
tanivorans OII3 (311). The smallest numbers of CAZymes were in Zobellia sp. Asnod3-E08-A
(263) and Asnod2 B07BT (266). Notably, the genome of Z. galactanivorans DsijT encodes the
largest and most diverse CAZYme repertoire, with approximately 60.7 CAZyme genes per
Mb, in contrast to Zobellia sp. Asnod3-E08-A (52.5 CAZyme genes per Mb). However, these
values indicate again a broad degradation potential conserved at the genus level [23].

Z. galactanivorans is well known to degrade alginates of brown algae [25] due to
its alginolytic system including alginate lyases of distinct polysaccharide lyase families.
PLs are a group of enzymes that cleave uronic acid-containing polysaccharides via a β-
elimination mechanism [26]. In order to elucidate the alginolytic potential of Zobellia, we
calculated the content of the PL genes in these genomes (Figure 2). The heat map shows the
frequency of the PL genes dedicated to PL families. Notably, the genomes of Z. amurskyensis
MAR 2009 138 and Z. galactanivorans DsijT encode 25 and 24 PLs, while the genomes Zobellia
sp. Asnod3-E08-A and Asnod2 B07BT encode only 17 and 16 PLs, respectively. Among the
identified PLs, the genus-specific ones were PL1, PL6, PL7, PL14, PL17, and PL40. Since
all Zobellia genomes contain PL genes of families PL6, PL7, PL14, and PL17, this indicates
that they all have a functional alginate utilization pathway. PL7 is an important enzyme in
the utilization of alginate. Surprisingly, PL7 genes are the most abundant PLs in Zobellia
genomes, accounting for one to five copies (Figure 2).

Figure 2. The distribution of polysaccharide lyase families across Zobellia genomes. The heat map
shows the number of genes assigned to individual PL families. Rows are clustered using Euclidean
distances. ZspF08, Zobellia sp. Asnod1-F08; ZspB02B, Zobellia sp. Asnod2-B02-B; ZrusT, Z. russellii
KMM 3677T; ZgOII3, Z. galactanivorans OII3; ZulT, Z. uliginosa DSM 2061T; ZgaT, Z. galactanivorans
DsijT; ZspB07B, Zobellia sp. Asnod2-B07-B; ZspE08A, Zobellia sp. Asnod3-E08-A; Zammar, Z.
amurskyensis MAR 2009 138; ZbarT, Z. barbeyroni’ KMM 6746T; ZlamT, Z. laminariae KMM 3676T;
ZamT, Z. amurskyensis KMM 3526T.

2.2. PL7 Phylogenic and Structural Analyses

Alginate lyases from the PL7 family are widely distributed in bacteria and have a
typical β-jelly roll fold, which can possess both endolytic and exolytic activities. To date,
crystal structures of eleven PL7 algninate lyases have been elucidated, and at least 40 repre-
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sentatives were characterized from the PL7 family (CAZy database, February 2021). Based
on the sequence similarity of catalytic domains, the family of PL7 has been subdivided
into five subfamilies (SF1-SF5) [26]. Subfamily 6 (SF6) was proposed by Thomas et al. in
the extensive study of the PL7 alginate lyases from Z. galactanivorans DsijT [21]. It has
been suggested that PL7 enzymes from SF6 appear to be conserved only in marine repre-
sentatives of the Flavobacteriaceae. Later, alginate lyase Aly7B_Wf from Wenyingzhuangia
funcanilytica CZ1127T was characterized and classified as belonging to subfamily SF6 of the
PL7 family [27]. Recently, the crystal structure of a novel PL7 alginate lyase AlyC3 from
Psychromonas sp. C-3 was reported [28]. The AlyC3, along with several other unclassified
PL7 alginate lyases, was attributed to subfamily SF6, which implies belonging to the novel
subfamily SF7. Thus, despite some confusion in the literature, subfamilies SF6 and SF7
could be distinguished in addition to the well-known subfamilies SF1-SF5.

Initially, to clarify the classification of predicted alginate lyases from Zobellia within
the PL7 family, a phylogenetic tree was constructed with all the available characterized PL7
alginate lyases derived from CAZy database (data not provided). To avoid redundancy
one more phylogenetic tree was obtained, which included only the most representative
alginate lyases for each subfamily along with their target sequences (Figure 3).

In accordance with the ML tree, 41 PL7 alginate lyases from Zobellia fall strictly
into SF3, SF5, and SF6. Although AlyA1 and AlyA5 from Z. galactanivorans DsijT have
been biochemical and structural characterized in detail [21], it is worth noting that close
inspections of orthologous and paralogous genes are of great value for investigation of
the PL7 enzymes evolution at the genus level. For convenience, paralogs and orthologs in
subclades were numbered from one to six on the phylogenetic tree.

It was revealed that only 6 of the 12 Zobellia representatives encode PL7 lyases belong
to subfamily SF3—namely, Z. galactanivorans DsijT, Z. galactanivorans OII3, Z. uliginosa,
Zobellia sp. Asnod2-B07-B, Zobellia sp. Asnod3-E08-A, and ‘Z. barbeyronii’. Five of these,
including AlyA1, were clustered together as presumptive orthologs, while ZbarT_PL7sf3_3
was reliably clustered with AlyQ from Persicobacter sp. CCB-QB2. We identified that
the studied PL7-SF3 lyases had a modular organization and that all of them contain
cleaved lipoprotein signals and CBM32 in addition to the catalytic domain. The same was
determined earlier for AlyA1 [3]. Furthermore, domains moderately resembling CBM16
and CBM6 were also found in the architectures of AlyQ and ZbarT_PL7sf3_3, respectively.

The AlyA1 is an endolytic guluronate lyase [21], and AlyQ is most active on alginate,
although it can also act on polyguluronate (poly-G) and polymannuronate (poly-M) [29].
For putative PL7-SF3 lyases from Zobellia, homology modeling based on the AlyA1 and
AlyQ crystal structures was carried out (data not provided). The congruence of the phy-
logeny and structural similarities between these so-called orthologs indicate that they
may possess similar activities. Considering that AlyA1 appears to have been acquired via
horizontal gene transfer (HGT) from marine Actinobacteria [19], it becomes obvious that
ZbarT_PL7sf3_3 was laterally acquired from other taxa. It is possible that CBM modules
were fused with catalytic domains in ancestral genes before their transfer.

We consider that the PL7 alginate lyases belonging to subfamily SF5 are conserved
within the Zobellia genus because at least one homolog was found in each genome. Accord-
ing to the phylogenetic tree, a well-supported (bpp = 94) orthologous group (OG) composed
of 12 sequences is clearly distinguished and designated as 4 in Figure 3. Genes encoding
putative PL7-SF5 lyases were duplicated and presented by paralogous pairs (marked as
5 on Figure 3) in seven Zobellia representatives—namely, Z. russellii, Z. laminariae, ‘Z. barbey-
ronii’, Zobellia sp. Asnod2-B07-B, Zobellia sp. Asnod3-E08-A, Z. amurskyensis KMM 3526T,
and Z. amurskyensis MAR 2009 138. It should be noted that Zobellia sp. Asnod1-F08 and
Asnod2-B02-B encode only one copy of the PL7 alginate lyases attributed to OG of the
subfamily SF5. All the predicted PL7-SF5 lyases possess cleaved lipoprotein signals and
PL7 catalytic domains. The amino acid sequence identities of PL7 catalytic domains be-
tween in-paralogous SF5_4 and SF5_5 were in the range of 65.0% to 67.51%. The identities
between AlyA5 from Z. galactanivorans DsijT and orthologs from OG SF5_4 varied within
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the range of 83.16% to 98.97%, while they were in the range of 64.98% to 66.79% across the
AlyA5 and out-paralogs from SF5_5 (Table S2).

Figure 3. The phylogenetic tree of PL7 family alginate lyases from Zobellia and selected characterized representatives of
PL7 family. For characterized PL7 family members, the corresponding GenBank accession numbers are given; for PL7
proteins of Zobellia, locus tags or RAST ORFs identifiers are listed. The organism names are listed in brackets. Proteins with
a clarified crystal structure are marked as violet diamonds, and identifiers from unpublished genomes are marked with
asterisks. Bootstrap values lower than 50 are not indicated.
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In comprehensive study, it was determined that AlyA5 cleaves monomers from the
non-reducing end of oligoalginates in an exolytic fashion [21]. The three-dimensional
structures of in-paralogous ZlamT_PL7sf5_4 and ZlamT_ PL7sf5_5 were modelled using
AlyA5 (PDB ID: 4BE3) as the template and superimposed. Based on structural alignment
(Figure S1), the main divergences between the catalytic domains of the ortholog and par-
alogs were colored in ribbon representation (Figure 4a). It was revealed that the orthologs
from OG SF5_4 shared a closer similarity in 3D structures to each other in contrast to
in-paralogs, which confirms the conclusions following from the pairwise sequence identity
analysis. Although the overall fold of Zobellia representatives PL7-SF5 is mostly similar,
particularly in terms of the catalytic groove, there are slight differences in the external
loop configurations.

Figure 4. The superimposition of paralogous alginate lyases PL7 from SF5 and SF6 to known structures: (a) ribbon represen-
tation of the superimposition of the predicted 3D models for paralogous PL7-SF5_4 and SF5_5 from Z. laminariae KMM
3676T onto prototype AlyA5 from Z. galactanivorans DsijT (PDB code 4BE3); (b) ribbon representation of the superimposition
of predicted 3D models for paralogous PL7-SF6_1 and SF6_2 from Zobellia sp. Asnod3-E08-A and AlyA2 SF6_1 from Z.
galactanivorans DsijT onto prototype FlAlyA from Flavobacterium sp. UMI-01 (PDB code 5Y33). Ribbon representations of
superimpositions are presented in shades of grey. Differences between spatial structures of the paralogous alginate lyases in
types of external loops are shown in color. The color corresponding to each structure is indicated.

The most curious and puzzling insights were obtained regarding the PL7 enzymes
belonging to the subfamily SF6. It was revealed that 10 of 12 Zobellia representatives encode
PL7-SF6 lyases, except Zobellia sp. Asnod1-F08 and Asnod2-B02-B. A suppositive OG for
subfamily SF6 was distinguished (bpp = 55) and designated as one at the phylogenetic tree
(Figure 3). In the same representatives, except Z. russellii, these lyases were presented by
in-paralogs, as was revealed for subfamily SF5. All putative PL7-SF6 lyases contain only
cleaved lipoprotein signals along with PL7 catalytic domains. Pairwise identities, calculated
for as in-paralogs (59.92–61.54%), AlyA2 versus alleged orthologs (66.80–100%), and out-
paralogs (64.78–68.83%, Table S2), were insufficient for reliable delineation of orthologous
group in SF6 because obtained values did not agreed with generally accepted criteria.
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To date, among the PL7 alginate lyases from subfamily SF6, only two enzymes have
been studied. The Aly7B_Wf from W. funcanilytica CZ1127T was characterized as endo-
acting bifunctional alginate lyase and preferably cleaved polyM [27]. The FlAlyA from
Flavobacterium sp. UMI-01 was first characterized as an endolytic enzyme with a preference
for polymannuronate [30], and later, its crystal structure was clarified [31]. The three-
dimensional structures of the orthologous AlyA2, and in-paralogous PL7-SF6 from Zobellia
sp. Asnod3-E08-A, were modeled using FlAlyA (PDB ID: 5Y33) as the template and
superimposed. The most significant divergences between 3D structures were colored
in ribbon representation (Figure 4b). The overall fold of Zobellia PL7-SF6 lyases was
mostly matched to prototype structure, but there were moderate differences in external
loop configurations, which may imply the sub-functionalization of PL7-SF6. Considering
the observed peculiarities of 3D structures, which are reflected in structural alignment
(Figure S2), it has become clear that the PL7-SF6 are characterized by high diversification
within the Zobellia genus.

A detailed exploration of genetic loci containing genes for PL7 lyases may shed light
on the debatable issue regarding both the OGs delineation and the role of gene duplication.

2.3. Comparative Analysis of PL7-Containing Loci between Zobellia Genomes

The marine flavobacterium Z. galactanivorans DsijT constitutes a model organism for
studying algal polysaccharide bioconversions, including alginates [14]. For the first time,
the Alginate Utilization System (AUS) for marine bacterium has been identified in Z. galac-
tanivorans DsijT and studied in detail [3]. One more comprehensive investigation regarding
alginate utilization loci was carried out for the marine ‘Gramella forsetii’ KT0803 [6]. Recently,
it was reported that key enzymes for alginate utilization are widespread across 60 strains,
which were isolated from marine environments and belong to the phyla Proteobacteria and
Bacteroidetes [7].

According to the literature, in Z. galactanivorans DsijT the AUS is encoded by two
operons and two genes isolated in the genome [14]. The activity of the system is tightly
controlled by the presence of alginate in the medium [32] and AusR, a GntR family repres-
sor [33]. As described in [33], the current model of alginate degradation by Z. galactanivorans
DsijT implies stepwise depolymerization of alginate by coherent action of extracellular
lyases AlyA1 (PL7) and AlyA7 (PL14) then oligosaccharides, recruited by surface-exposed
PKD-containing and SusD-like proteins, are imported to the periplasm via TBDT where
they are subjected to further degradation into unsaturated mono-uronic acid by the alginate
lyases AlyA2 (PL7), AlyA3 (PL17), AlyA4 (PL6), AlyA5 (PL7) and AlyA6 (PL6). Further
conversions in the cytoplasm occur through the consecutive action of KdgF, SDR, and
KdgK1. Finally, KDPG (2-keto-3-deoxy-6-phosphogluconate) is eventually assimilated into
the central metabolism through the Entner-Doudoroff pathway.

In order to clarify the issues mentioned above, we performed a comparative analysis
of loci containing PL7 genes across the Zobellia genomes (Figure 5).

It was revealed that PL7 genes are localized in six genetic loci (I–VI), which are part of
a complex and evolved AUS, in agreement with previously those defined for the AlyA1,
AlyA2, and AlyA5 from Z. galactanivorans DsijT [14]. Thus, the trend toward the distribution
of PL7 alginate lyases genes over separate loci is conserved within the Zobellia genus. It
is noteworthy that PL7 of subfamilies SF3 and SF6 are encoded strictly in separate loci V
or VI, and I, respectively. Whereas, in-paralogous genes from PL7-SF5 might be located
adjacently in locus II and separately in loci II, III, and IV.
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As presented on the synteny plot, the orthologs PL7-SF3 from Z. galactanivorans DsijT,
Z. galactanivorans OII3, Z. uliginosa, Zobellia sp. Asnod2-B07-B and Asnod3-E08-A were
encoded in locus V in the same surroundings, whereas orthologs from ‘Z. barbeyronii’ was
collocated within another environment in locus VI. This confirms that all of them were
laterally acquired, in agreement with phylogenetic analysis points. It can be assumed
that such dispersed genes are plastic in genomes and more frequently participate in
HGTs processes.

Ten PL7 genes from OG SF5_4 are collocated along with PL6 lyases genes in locus
II, which was previously described in Z. galactanivorans DsijT genome as small operon
zgal_4130-4132 [3]. Seven PL7-SF5 genes are presented by in-paralogs; among them, three
SF5_5 paralogs are collocated with SF5_4 in locus II (in Z. russellii, Z. amurskyensis KMM
3526T, Z. amurskyensis MAR 2009 138), whereas four other SF5_5 paralogs are in different
locus IV (in Z. laminariae, ‘Z. barbeyronii’, Zobellia sp. Asnod2-B07-B and Asnod3-E08-A).
Interestingly, SF5_4 genes of Zobellia sp. Asnod1-F08 and Asnod2-B02-B are placed in
locus III, which is not represented in Z. galactanivorans DsijT genome. We suppose that the
processes of gene duplication and local gene transfer represent the evolution of PL7-SF5
genes at the Zobellia genus level. Summarizing insights from phylogenetic and synteny
analyses, in the case of SF5 in-paralogs colocation, the SF5_4 from the orthologous group is
located upstream. Surprisingly, the pairwise identities of PL7 catalytic domains between
SF5_4 and SF5_5 remained about 66% on average, regardless of whether they collocated
or not.

Altogether, except genomes of Zobellia sp. Asnod1-F08 and Asnod2-B02-B, all the
genomes contain the PL7-SF6 orthologs, localized in a large operon (locus I) along with
other carbohydrate-related genes. The operon zgal_2624-2612 containing AlyA2 from Z.
galactanivorans DsijT was described in detail [3]. Six PL7-SF6 genes are presented by in-
paralogs, for which upstream localization is a reliable criterion for belonging to OG PL7-SF6,
as was identified for PL7-SF5 and discussed above. A hypothesized sub-functionalization
of in-paralogs SF6_1 and SF6_2 is supported by the presence of additional non-paralogous
transporters and PKD-containing protein genes, as well as by the duplication of the re-
pressor AusR, at the locus I. Our highlight of the variations in PL lyases content is another
interesting observation based on synteny analysis of locus I. The first type of locus I contains
genes for PL17 and PL7-SF6_1 (strains of Z. galactanivorans, Z. uliginosa, and Z. russellii); the
second one comprises PL17, PL7-SF6 in-paralogs, and PL6 (Z. laminariae, ‘Z. barbeyronii’,
Zobellia sp. Asnod2-B07-B and Asnod3-E08-A, strains of Z. amurskyensis); the third type
contains PL17 and PL6 (Zobellia sp. Asnod1-F08 and Asnod2-B02-B).

3. Materials and Methods

3.1. Phylogenomic Analysis

Representative genomes for Zobellia and related genera were retrieved from GenBank,
NCBI. Accession numbers for the genomes used in this study are provided in Table S1.
Single-copy marker genes (n = 400) were selected from protein sequences, concatenated,
and aligned using the PhyloPhlAn (version 3.0) pipeline [22]. A maximum-likelihood tree
was reconstructed by RAxML (version 8.2.12) under the LG+Γ model with non-parametric
bootstrapping using 100 replicates [34].

3.2. Annotation of Carbohydrate-Active Enzymes

The carbohydrate-active enzymes and carbohydrate-binding modules were annotated
using the dbCAN2 Meta server (version 9.0) with default settings [24]. Predictions by at
least one of the three algorithms integrated within the server (DIAMOND, HMMER, and
Hotpep) were considered sufficient for CAZy family assignments. The relative abundances
of CAZymes and PLs were visualized by stacked bar plots and heat maps using the ggplot2
(version 3.3.3) and pheatmap (version 1.0.12) packages in RStudio (version 1.3.1093) with R
(version 4.0.3, R Foundation for Statistical Computing) [35,36].
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3.3. Sequence Analyses and Homology Modelling

The PL7 lyases were inspected for the presence of additional functional domains via
the Interproscan server (version 83.0) [37]. For phylogenetic analysis protein sequences of
11 alginate lyases with solved structures belonging to the PL7 family were selected in the
CAZy database [38]. Multiple sequence alignment of PL7 catalytic domains was performed
using ClustalX implemented in MEGA-X (version 10.1.8) and manually corrected [39].
A maximum-likelihood phylogeny with 100 non-parametric bootstrap replicates was
calculated using the IQ-TREE web server (version 1.6.12) and the WAG+I+G4 substitution
model determined using ModelFinder [40,41].

The pairwise sequence identities were calculated by Clustal (version 2.1) using EMBL-
EBI Services [42]. The 3D-structures of paralogous PL7 alginate-lyases from SF3, SF5, and
SF6 were generated using homology modeling by the Molecular Operating Environment
(MOE, version 2020.09) [43]. The crystal structures of the AlyA1 and AlyA5 from Z.
galactanivorans DsijT, AlyQ from Persicobacter sp. CCB-QB2, and FlAlyA from Flavobacterium
sp. UMI-01 with PDB codes 3ZPY, 4BE3, 5XNR, and 5Y33, respectively, were used as the
initial templates. Structure-based sequence alignments were visualized with ESPript 3 [44].

3.4. Comparative Analysis of PL7-Containing Loci

The genomic regions containing PL7 genes were extracted from the GBK files of the
Zobellia genomes using Geneious Pro software (version 4.8) [45]. Due to the lack of genome
annotations for Zobellia spp. and Z. amurskyensis MAR 2009 138, their genomes were
initially annotated by the RAST server [46]. Identifiers for PL7 and adjacent genes included
in selected loci are listed in Table S3. Generated GBK files were modified by adding custom
color feature qualifiers. Pairwise comparisons of each locus between twelve genomes
were carried out using BLASTn (BLAST version 2.11.0+) run in EasyFig (version 2.2.5) [47].
Synteny plots were visualized by Easyfig with the minimum BLAST hit of 680 bp.

4. Conclusions

We revealed that PL7 family alginate lyases are the most abundant among the polysac-
charide lyases identified in Zobellia genomes. Based on phylogenomic, structural, and
comparative analyses, the PL7 lyases belong to SF3, SF5, and SF6 and are involved in local
and horizontal gene transfer, as well as gene duplications processes. It is most likely that
an individual evolution of PL7 genes may promote Alginate Utilization System variability
across the Zobellia genus. The PL7 alginate lyases may acquire a sub-functionalization due
to diversification between in-paralogs.

Supplementary Materials: Figure S1: Structure-based sequence alignment of PL7 alginate lyases
from subfamily SF5; Figure S2: Structure-based sequence alignment of PL7 alginate lyases from
subfamily SF6; Table S1: List of accession numbers for genomes used in the phylogenomic analysis;
Table S2: Identity matrix of catalytic domains from PL7 alginate lyases identified in Zobellia genomes;
Table S3: Identifiers of PL7 and adjacent genes included in loci I–VI.
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