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Abstract: Diabetes mellitus is one of the most serious diseases of our century. The drugs used are
limited or have serious side effects. The search for new sources of compounds for effective treatment
is relevant. Magnificamide, a peptide inhibitor of mammalian x-amylases, isolated from the venom
of sea anemone Heteractis magnifica, can be used for the control of postprandial hyperglycemia in
diabetes mellitus. Using the RACE approach, seven isoforms of magnificamide were detected in
H. magnifica tentacles. The exon—intron structure of magnificamide genes was first established, and
intron retention in the mature peptide-encoding region was revealed. Additionally, an x-amylase
inhibitory domain was discovered in the mucins of some sea anemones. According to phylogenetics,
sea anemones diverge into two groups depending on the presence of 3-defensin-like x-amylase
inhibitors and /or mucin-inhibitory domains. It is assumed that the intron retention phenomenon
leads to additional diversity in the isoforms of inhibitors and allows for its neofunctionalization in
sea anemone tentacles. Bioprospecting of sea anemones of the order Actiniaria for 3-defensin-like
a-amylase inhibitors revealed a diversity of inhibitory sequences that represents a starting point for
the design of effective glucose-lowering drugs.
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1. Introduction

Diabetes is one of the fastest-growing chronic diseases, and it is one of the top 10 causes
of death in the world. For this reason, it is one of the largest public health concerns that
is approaching a global epidemic rate [1]. According to the WHO, 536.6 million people
aged 20-79 worldwide suffer from diabetes (data in 2021), and this number is expected
to increase to 783.2 million in 2045 [2]. Previously, it was thought that the prevalence
of diabetes was increasing faster in low- to middle-income countries [3], but new data
confirm that the greatest relative increase in the prevalence of diabetes between 2021 and
2045 is expected to occur in middle-income countries (21.1%) compared to high- (12.2%)
and low-income (11.9%) countries. Moreover, in recent years, the number of cases among
children and adolescents has skyrocketed [2].

Strict control of postprandial hyperglycemia is one of the most important tasks in the
treatment of type 1 (T1DM) and type 2 diabetes mellitus (T2DM), as well as the prevention
of the development of T2DM in people with insulin resistance and impaired glucose
tolerance. The inhibition of a-glucosidases, in particular -amylases, can effectively control
the level of postprandial glucose in the blood, preventing the occurrence of side effects
associated with glucose toxicity [4]. Currently, there are three oligosaccharide inhibitors
of a-glucosidases that are used as pharmacological drugs: miglitol (Glyset™), voglibose
(Voglib™), and acarbose (Precose™ or Glucobay™). The first two compounds inhibit o-
glucosidases and have no significant effects on x-amylase, while acarbose inhibits both
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classes of enzymes. Thus, all three drugs prevent the complete hydrolysis of complex
carbohydrates; however, the oligosaccharides formed during hydrolysis and the inhibitors
themselves can be fermented by intestinal bacteria, which leads to diarrhea and flatulence.
In addition, these inhibitors are well absorbed by body tissues, which is an undesirable
side effect, since the action of these drugs should be limited to the intestine [5-7]. All of
these compounds demonstrate modest inhibitory activity, and a sufficiently large dosage
is required in order to achieve the effect. This is accompanied by moderate side effects,
mainly from the gastrointestinal tract. It is expected that selective inhibitors of x-amylases
will have fewer side effects and greater efficacy.

Recently, two inhibitors of x-amylases, helianthamide and magnificamide, 44 a.a., have
been isolated from the venom of sea anemones Stichodactyla helianthus [8,9] and Heteractis
magnifica [10,11], respectively. Helianthamide was found to inhibit human and porcine
pancreatic x-amylases with Ki 0.01 and 0.1 nM, respectively [8], while magnificamide
inhibited porcine pancreatic and human salivary a-amylases with Ki 0.17 and 7.7 nM,
respectively [11]. Since helianthamide and magnificamide belong to the 3-defensin family,
which is widely distributed in animals, and have a compact fold, their immunogenicity is
expected to be minimal. Moreover, these peptides are resistant to proteolysis, prolonged
exposure to low pH values, and high temperature, which demonstrates the possibility of
their use as oral hypoglycemic agents for the control of postprandial hyperglycemia [8].

Currently, nothing is known about the function, diversity, and occurrence of x-amylase
inhibitors among other sea anemones. It is possible that these molecules regulate the activity
of their own a-amylases and can possibly participate in feeding and defense.

There are already many genomic and transcriptome resources for Cnidarians, as well
as sequence data for public use that allow for the bioprospecting of potential pharmaco-
logical compounds. Thus, [3-defensins in general, and x-amylase inhibitors in particular,
represent a valuable class of biologically active compounds, but to date, only a limited
number of peptides of the class have been described [12]. Herein, we first studied the
diversity of x-amylase inhibitors in sea anemones transcriptomes as well as determined
magnificamide-encoding transcripts and genes in H. magnifica. We identified the intron
retention phenomenon in the a-amylase inhibitor sequences. Moreover, the x-amylase
inhibitor sequence might be included as a domain in sea anemones mucins. Data on the
inhibitor sequence’s diversity may determine the structural patterns which need to be
applied in order to design effective glucose-lowering drugs.

2. Materials and Methods
2.1. Collection and Identification of Sea Anemone Samples

The samples of sea anemone Heteractis magnifica, designated as 91, 116, and 146, were
collected from the South China Sea (Gulf of Siam) near Nam Du Islands, (9.71 N 104.41 E,
9.69 N 104.38 E, and 9.68 N 104.23 E), Vietnam, in 2010 and 2018, respectively, during
a marine expedition aboard the research vessel Academic Oparin. The sea anemones’
tentacles (91, 116, 146) and body pieces (146) were placed into IntactRNA fixed solution
(Evrogen JSC, Moscow, Russia) and stored at —20 °C before use. The identity of the species
was confirmed by phylogenetic analysis of 185 rRNA, COI, and ITS sequences, as was
reported recently for an H. magnifica sample [13].

The study was conducted according to the guidelines of the Convention on Biological
Diversity and approved by the Ethics Committee of the G.B. Elyakov Pacific Institute of
Bioorganic Chemistry (Vladivostok, Russia, Protocol No. 0037. 12 March 2021).

2.2. cDNA Determination of Magnificamide Sequences

Total RNA was isolated from the IntactRNA fixed samples of H. magnifica using
ExtractRNA solution (Evrogen JSC, Moscow, Russia). Full-length-enriched cDNA libraries
were prepared using a Mint cDNA synthesis Kit (Evrogen JSC, Moscow, Russia).

Two degenerate primers, InAmy1b and InAmy2b (Table S1), designed on the N- and
C-terminal amino acid sequences of magnificamide [10], were used for PCR amplification



Biomedicines 2023, 11, 2682

30f13

of cDNA libraries. The PCR products were analyzed by gel electrophoresis, purified, and
cloned in pTZ57R /T vector using an InsTAclone PCR Cloning Kit (Thermo Fisher Scientific,
Waltham, MA, USA) and Escherichia coli BL21(DE3) (Novagen, Darmstadt, Germany). PCR
products from positive colonies were sequenced with M13 universal primers using the
SeqStudio™ Genetic Analyzer System (Thermo Fisher Scientific, Waltham, MA, USA). The
full-length Magnificamide (MGF)-like sequences were established through rapid amplifica-
tion of cDNA ends (RACE), with gene specific and standard step-out (SO-mix) primers
(Table S1) from the RACE primer set (Evrogen JSC, Moscow, Russia), according to Figure
S1. The established 3'- and 5'-RACE sequences were aligned using the MEGA X software
version 11.0.9 [14]. The cDNA sequences were verified by PCR amplification with the
InAmy_5UTR_in_F and InAmy_3UTR_R primers (Table S1). PCR fragments were cloned,
sequenced, and aligned as noted above. All PCRs were conducted with Encyclo® DNA
Polymerase (Evrogen JSC, Moscow, Russia). All primers were synthesized by Evrogen JSC
(Moscow, Russia).

The obtained sequences were deposited into GenBank databases under the accession
numbers OR141967 (magnificamide 1-1), OR141968 (magnificamide 1-2), OR141969 (mag-
nificamide 1-3), OR141970 (magnificamide 1-4), OR141971 (magnificamide 1-5), OR141972
(magnificamide 1-6), and OR141973 (magnificamide 2-1).

2.3. Magnificamide Gene Structure Determination

To determine an exon-intron structure of the MGF gene of H. magnifica (isolate
IRGN:W9CBD1RZLS), the WGS project (JAADYUO000000000.1) and raw data from the
SRA database (SRR8614882, and SRR12065068) were used. A BLAST search with the ob-
tained cDNA sequence was performed. Matched contigs and reads were aligned using
MEGA X software [14]

To validate a gene assembly, a set of primers was designed using the Vector NTI soft-
ware package, version 11.0 (Invitrogen, Carlsbad, CA, USA). Genomic DNA (gDNA) was
extracted from the H. magnifica 116 and 146 samples using the Mag]ET Plant Genomic DNA
Kit (Thermo Fisher Scientific, Waltham, MA, USA), then amplified with following primer
sets: InAmy_SUTR_out_F and InAmy_NF_full_R; InAmy_NF_sig and InAmy_Intron2_R;
InAmy_NF_sig and InAmy_3UTR_R (Table S1). The whole-gene sequence was amplified
using the InAmy_5UTR_out_F and InAmy_3UTR_R primers. PCR amplification, cloning,
and sequencing were carried out as described in Section 2.2.

2.4. Detection of Intron Retention in Transcripts

Magnificamide cDNAs were examined for intron retention using intron-specific and
flanking primers (Table S1). gDNAs (as a control) and cDNAs of the 116 and 146 sam-
ples were used as templates with following primer sets: InAmy_5SUTR_in_F and In-
Amy_NF_full_ R; InAmy_NF_sig and InAmy_insideIn2_R; and InAmy_insideIn3_F and
InAmy_3UTR_R. To check the contamination of cDNAs with gDNA, two pairs of primers
were designed based on the exon and intron regions of glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (Table S1). A GAPDH gene of H. magnifica was assembled using
TBLASTN and BLASTN with queries of GAPDH from Exaiptasia diaphana (KX]J17204.1,
XM_021039629.1) against the databases (GJFJ00000000.1, JAADYU000000000.1, SRR8614882,
and SRR12065068). The GAPDH assembly was validated by direct sequencing.

The obtained sequences were deposited into the GenBank databases under the acces-
sion numbers OR540620 (magnificamide_i3_v.1) and OR540621 (magnificamide_i3_v.2).

2.5. Alignment and Phylogenetic Analysis

A search of magnificamide homologs was performed in the GenBank and TSA
(Transcriptome Shotgun Assembly Sequence) databases (Table 1) using TBLASTN (http:
/ /www.ncbi.nlm.nih.gov/BLAST, accessed on 24 June 2023). The multiple sequence align-
ments were performed using MEGA X software, version 11.0.9 [14], with the ClustalW
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algorithm. The amino acid sequence’s identity was calculated using the AlignX function of
Vector NTI Advance 11.0 (Invitrogen, Carlsbad, CA, USA).

Table 1. NCBI accession numbers of the assembled transcriptomes of sea anemones from the order

Actiniaria, used to search for magnificamide homologs.

Sea Anemone Species Accession Number BioProject BioSample Total Length, bp
Heteractis magnifica GJFJ01000000 SAMN18817342 200,990,580
Heteractis crispa GJFA01000000 SAMN18817339 165,422,863
Heteractis aurora GJFG01000000 SAMN18817340 174,630,657
Stichodactyla mertensii GJFE01000000 PRJNA723429 SAMN18817343 174,763,270
Stichodactyla gigantea GJFK01000000 SAMN18817344 241,449,846
Stichodactyla haddoni GJFH01000000 SAMN18817345 272,447,791
Entacmaea quadricolor GJFF01000000 SAMN18817341 211,899,929
Stichodactyla helianthus GGNY01000000 PRJNA464282 SAMNO09080666 171,139,446
Actinia tenebrosa GEVE01000000 PRJNA295912 SAMNO04093377 79,258,934
o GHCD01000000 SAMNO08913555— 82,021,220
Anemonia viridis GGLT01000000 PRJNA448978 SAMNO8913566 82,153,155
Anthopleura GBYC01000000 SAMNO03168566 110,645,889
elegantissima GBXJ01000000 PRINA266623 SAMNO03168566 233,919,486
HADO01000000 SAMEA3937621 34,622,006
SAMEA3937624 118733.569
HADNO01000000 SAMEA3937637 7000
Nematostella vectensis PRJEB13676 SAMEA3937621-
SAMEA3937626
HADP01000000 SAMEA3937635— 250,709,825
SAMEA3937637
Edwardsiell GGGB01000000 SAMNO08369976 74,917,064
toardsietia carnea GGGD01000000 PRINA430035 SAMNO08369946 121,160,303
Metridium senile GGGC01000000 SAMNO08365318 49,591,943
Exaiptasia diaphana JV077153-JV134524 PRINA159215 SAMNO1178416 -

(syn: Aiptasia pallida)

A maximum likelihood (ML) tree with 100 non-parametric bootstrap replicates was
produced using the IQ-TREE web server (version 1.6.12), according to the best-fit substitu-
tion model WAG + I + G4, determined using ModelFinder [15,16].

2.6. Comparative Analysis of Sequences In Silico

For the comparative analysis of sequences, the NULA algorithm was applied as
described in [17]. After NULA numbers were calculated using Microsoft Excel 2007, a
3D scatter plot was generated using ORIGIN 8.5 software. Homology models of peptides
based on the 3D structure of helianthamide (PDB ID: 4XON [8]) were constructed using the
SWISS-MODEL web server [18]. Dipole moments were calculated using a Discovery studio
4.0 Visualizer (Accelrys Software Inc., San Diego, CA, USA), and plots were generated
using ORIGIN 8.5 software.

3. Results
3.1. cDNA and Gene Structural Organization of Magnificamides

The Step-Out RACE approach was applied to elucidate the existence of isoforms
of magnificamide, an x-amylases inhibitor, which was previously isolated from H. mag-
nifica [10]. The detailed strategy for finding magnificamide-encoding transcripts is shown
in Figure S1. The Magnificamide cDNA sequence obtained by 5'- and 3'-RACE assembly
consisted of 460 bp, including sequences encoding a signal peptide, a propeptide, and a
mature peptide (54, 30, and 135 bp, respectively), as well as non-coding regions (Figure S2).
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Seven magnificamide isoforms were deduced based on the sequencing of 77 clones; two
isoforms—magnificamide 1-1 from the H. magnifica 116 sample and magnificamide 2-1 from
the H. magnifica 91 sample—were found with 39 (50.6%) and 33 (42.9%) copies, respectively.
Other sequences (magnificamides 1-2, 1-3, 1-4, 1-5, and 1-6 from the H. magnifica 116 sam-
ple) were found as single gene copies. All magnificamide isoforms had single amino acid
substitutions in the mature peptides, while the signal peptide and propeptide sequences
were identical (Figure 1).

20 40 6 80 100

I I
Magnificamide 1-1 OR141967_i SEGNSCY | YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
Magnificamide 1-2 OR141968_i SEGNSCY | YH GVYGICKAKC AEDEKAMAGH GVCEGDLCCY
Magnificamide 1-3 OR141969_i SEGNSCY | YH GAYGICKAKC AEDEKAMAGM GVCEGDLCCY
Magnificamide 1-4 OR141970_i SEGNSCY | YH GVYGICKAKC AEDEKAMAGM GVCESDLCCY
Magnificamide 1-5 OR141971_i SEGNSCY | YH GVYGICKAKC AEDEKAMAGM GVCEGNLCCY
Magnificamide 1-6 OR141972_i BEGNSCYHBYH GVYGICKANC AEDEKAMAGM GVCEGDLCCY
Magnificamide 2-1 OR141973_i SEGMSCY | YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
Magnificamide COHK71.1_i SEGESCY | YH GVYGICKAKC AEDMKAMAGM GVCEGDLCCY
H.magnifica GJFJ01065278.1_i SEGNSCY | YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
H.magnifica GJFJ01082313.1_i SEGNSCY | YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
H.crispa GJFA01038088.1_i SEGNSCY I YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
H.aurora GJFG01011452.1_i SEGNSCY | YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
S.gigantea GJFK01179028.1_i SEGNSCY | YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
S.gigantea GJFK01179029.1_i SEGNSCY I YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
S.haddoni GJFH01174057.1_i SEGNSCY | YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
E.quadricolor GJFF01189837.1_i SEGNSCY I YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
S.mertensii GJFE01052469.1_i SEGNSCY | YH GVYGICKASC AEDEKAMEGM GVCEGDLCCY
S.haddoni GJFH01197017.1_i SEGNSCY | YH GVYGICKASC AEDEKWMAGM GVCEGDLCCY
H.aurora GJFG01011451.1_i SEGNSCY | YH GVYGICKASC AEDEKMMAGM GVCKGDLCCY
S.gigantea GJFK01175462.1_i SEGNSCY | YH GVYGICKASC AEDEKWYMAGM GVCKGDLCCY
S.helianthus GGNY01185411.1_i SEGNSCY | YH GVEGICKASC AEDEKAMAGM GVCEGHLCCY
Helianthamide AOAOX1KGZ5.1_i ESGNSCY | YH GVSGICKASC AEDEKAMAGM GVCEGHLCCY
Magnificamide i 3 v.1 OR540620_i SEGNSCY | YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
Magnificamide i 3 v.2 OR540621_i SEGMSCY | YH GVYGICKAKC AEDEKAMAGM GVCEGDLCCY
S.gigantea GJFK01179030.1_i SEGNSCY |YH GVEGICTFASC ABDEKVMAGM GvCKGDLCCY
S.gigantea GJFK01179026.1_i SEGNSCY IYH GVSGICTASC ADDEKMMAGM GVCKGDLCCY
S.gigantea GJFK01179027. SEGNSCYIYH GVEGICTASC ADDEKMMAGM GVCKGDLCCY
Atenebrosa GEVE01079488.1_i SEGKSCY IYH GVYGECKAKC SSKEKSMEGM GECKGDLCCY
A.viridis GHCD01054195.1_i SEGNSCY I YH GVYGECKEVC ADGEKVMMEGM GSCKGDLCCY
A.viridis GGLT01054323.1_i SEGNSCY | YH GVYGECKEMC ADGEKVMEGM GSCKGDLCCY
A.elegantissima GBYC01028190.1_i SEGNSCY | YH GVEGECKASC MAGM GVC@GDLCCY
A.elegantissima GBXJ01057714.1_i SEGNSCY | YH GVEGECKASC GM Gvc@epLcCY
E.quadricolor GJFF01127300.1_i SEGNSCY I YH GVYGICKVAC GM Gvc@GDLCCY
Apallida JV127541.1_i AEGNTCHIYH GVYGACRSTC GV GvcKcliLcey
N.vectensis HADO01000639.1_i ABDGASCY | YH GVEGECHSEC G GVC
N.vectensis HADP01303587.1_i ADGASCY | YH GVIGECHSEC
N.vectensis HADN01005326. ASCY | YH GVEGECHSEC
E.carnea GGGD01090016.1_i BEGN¥CY | YH GVSGECRSTC
E.camea GGGB01063200.1_i AEGNNCY IYH GVSGECRSTC
E.camea GGGB01063199.1_i AEGNYCY |YH GVEGTCRSTC
E.camea GGGB01020634.1_i AEGESCYMYH GVYGECRSTC
E.carnea GGGD01090015. AEGESCYMYH GVYGTCRSTC KPDEDKMY:
M.senile GGGC01009197.1_i ERGPRCY | YH GVEGECKSSC DEBEKSMKGY
M.senile GGGC01009198.1_i ENGPSCY | YH GVSGECKSSC DEGGEKSMKGY
M.senile GGGC01044843.1_i GBTCY I8H GVYGTCRNTC EAWKTKVYGK
Atenebrosa GEVE01035767.1_m LPPAGCY | YH GVSGMCRYTC
A.viridis GHCD01019937.1_m LPKAGCY | YH GVSGMCRY¥TC
A.viridis GGLT01019967.1_m HPKAGCY | YH GVSGMCR¥TC
A.elegantissima GBYC01020288.1_m SPKMGCY | YH GNSGVMCR¥TC

A.elegantissima GBXJ01060167.1_m SPKMGCY | YH GISGUCRY¥TC HAGESK M
A.elegantissima GBXJ01060166.1_m SPKMGCY | YH GISGMCR¥TC AFGM
H.crispa GJFA01081748.1_m EPYAGCYNMYH GVSGMCRYTC AYGM
H.aurora GJFG01028070.1_m &l GVEGMCRYTC AYGM
H.aurora GJFG01028069.1_m I GVSGVCRYTC RRAYGM
A.pallida JV078994.1_m GISGICRFlC
Apallida JV103123.1_m I GVSGHECRYTC
M.senile GGGC01038159.1_m GVSGTCRYTC
M.senile GGGC01044850.1_m GVSGECRYTC
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Figure 1. Multiple alignment (a) and sequence logos (b) for magnificamide inhibitors (i) and mucin-
inhibitory domains (m) among representatives of the order Actiniaria (sea anemones sensu stricto),
predicted using TBLASTN. Alignments were generated using the CLC genomic workbench (CLC
Bio, Qiagen, Redwood City, CA, USA).



Biomedicines 2023, 11, 2682

6 of 13

To date, nothing is known about the gene structure of x-amylase inhibitors from
sea anemones. In the present study, the gene structure was predicted in silico through
mapping of contigs and corresponding raw reads of the H. magnifica genome (isolate
IRGN:W9CBD1RZLS, genome assembly ASM1176337v2) onto a full length cDNA sequence,
then confirmed with gene-specific primers. According to the obtained data, the gene
contains three introns located inside the 5'-UTR region, as well as propeptide- and mature
peptide-encoding sequences (Figure 2a).

412bp Sbp 54bp 21 bp 9bp 130 bp S5bp  185/182bp

(b)

Z
_

420bp S4bp 30bp 13Sbp 185/182 bp

Figure 2. Magnificamide cDNA and gene structures. The gene structure (a) was predicted based on
WGS and SRA data analysis and confirmed by PCR with gene-specific primers. Two different splice
variants of magnificamide cDNAs, (b) obtained as a result of retention or removal of the third intron,
were detected by RACEs and cDNA sequencing. White and grey boxes represent untranslated regions
(5'- and 3’-UTRs) and propeptides, respectively. The diagonally shaded box indicates signal peptides,
and black boxes indicate mature magnificamide sequences. The sequence lengths of magnificamide
1-1 and magnificamide 2-1 are shown by a slash.

Sequence analysis showed that the introns had conventional borders with GT and AG
dinucleotides, located at the 5" and 3’ ends as donor and acceptor splicing sites, respectively.
The gene parts encoding a mature peptide matched with the sequences of major isoforms,
magnificamide 1-1 and magnificamide 2-1. The magnificamide 1-1 and magnificamide 2-1
gene sequences verified by PCR amplification were deposited at GenBank NCBI under the
accession numbers OR499880 and OR499881, respectively. It was surprising that the third
intron was present in the some sequences of magnificamide (Figure 2b).

3.2. Intron Retention Phenomenon in Magnificamide cDNAs

To confirm the reliability of in silico assembly of the magnificamide gene, PCR with
gene-specific primers (Table S1) was performed with the gDNA and cDNA of H. magnifica
116 and 146 samples. Intron retention was tested with intron-specific primers (Table S1).

We applied the methodology described by Moran et al. [19], according to which the
gapdh gene serves as a control determining whether the cDNA is contaminated with traces
of gDNA; the primers were directed to gapdh exon—intron boundaries and the intronic
region (Figure S3). The gapdh intron was absent in the control samples, confirming the
purity of cDNA preparations. The third intron was found in both 116 and 146 tentacle
cDNA samples (Figure S3b).

A detailed sequence analysis showed that the third intron interrupted a codon-
encoding tryptophan, the last residue, but it was in-frame with a magnificamide gene.
Thus, magnificamides 1-1 and 2-1 could be extended by 63 and 46 additional amino acid
residues, respectively. However, after correct splicing according to the GT-AG rule, both
the Trp and Stop codons were recovered. Obviously, intron retention is a phenomenon
leading to the diversity of magnificamide isoforms in the tentacles.

Interestingly, intronic sequences were found in some magnificamide-like transcripts
among other sea anemones under BLASTN search; each such transcript retained one or
two out of three introns. Retention of one of the three introns was detected in Stichodactyla
gigantea (GJFK01179028.1, GJFK01179030.1), Stichodactyla haddoni (GJFH01174057.1), and
H. magnifica (GJFJ01065278.1, GJFJ01065279.1), whereas some transcripts of S. gigantea
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(GJFK01179027.1, GJFK01179026.1) and S. haddoni (GJFH01174056.1) tentacles displayed
retention of two out of three introns.

3.3. Search for Sea Anemone a-Amylase Inhibitor Homologues

To investigate the presence and diversity of «-amylase inhibitor homologues in other
sea anemones, magnificamide 1-1 cDNA was subjected to a BLAST search against the TSA
database of the order Actiniaria (taxid:6103). As a result, the homologous sequences in the H.
magnifica (GJFJ00000000.1), H. crispa (GJFA00000000.1), H. aurora (GJFG00000000.1), E. quadri-
color (GJFF00000000.1), Stichodactyla mertensii (GJFE00000000.1), S. haddoni (GJFH00000000.1),
Stichodactyla gigantea (GJFK00000000.1), and Stichodactyla helianthus (GGNY00000000.1) tran-
scriptomes were identified.

A search for homologues of magnificamide (COHK71 UniProtKB, 44 aa), performed
against the GenBank database using TBLASTN search, revealed 34 sequences with 40-100%
identity between them (Figure 1a). It was found that x-amylase inhibitor sequences are
included into some sea anemone mucins as a domain. To search for x-amylase inhibitory
domains in sea anemone mucins, Actinia tenebrosa mucin (AOA6P8IY78 UniProtKB, 171
aa) was subjected to a TBLASTN search against the TSA database (Table 1). As a result,
14 mucin sequences containing the inhibitory domain, with 34-45% identity of magnifi-
camide (COHK71 UniProtKB, 44 aa), were revealed (Figure 1b). It was shown that the
a-amylase binding site (YIYH) predicted for helianthamide [8] was identical in all discov-
ered sequences (except three), as well as in most domains of mucins. The sequence identity
between magnificamide and x-amylase inhibitory domains of mucins did not exceed 45%,
while their predicted 3D structures were similar (Figure 3).

signal peptide
MLLNRAMERVILIVLLAGVCVFARPSQEDS 30
trefoil (P-type) domain
GECDVASSHRLECGWLGIDEQTCLNRGCCWDSSDRNAKFCFVKKGQH 77
trefoil (P-type) domain
LLEGQCPVAPSERQECGYSGITRDECLKKYCCWDDSVPNAKWCFKEPN 125
inhibitory domain

LPPAGCYIYHGVSGVCRYTCHAEESKAYGMSFCSGRICCYKKTYGK 171

(b)

Figure 3. Sea anemone mucin structure. (a) Overlay of the spatial structures of inhibitory do-
mains was performed using the CLC genomic workbench (CLC Bio, Qiagen): blue—A. tenebrosa
mucin (AOA6P8IY78 UniProtKB, 171 aa); green—magnificamide 1-1 (44 aa); pink—helianthamide
(AOAOQ x 1KGZ5 UniProtKB, 44 aa). (b) Domain organization of A. fenebrosa mucin: violet—trefoil
domains (44 aa); turquoise—inhibitory domain (46 aa).

To determine the evolutionary relationships between x-amylase inhibitors and mucin
a-amylase inhibitory domains of sea anemones, the discovered sequences were used to
construct a ML phylogenetic tree (Figure 4). As a result of the phylogenetic analysis,
two separate groups were revealed. One of them, which was well-formed, consisted of
mucin-inhibitory domain sequences, while the other group, which included «-amylase
inhibitors, was larger, with low bootstrap support of the branches. Interestingly, «-
amylase inhibitors from phylogenetically distant sea anemones (H. crispa (GJFA01038088.1),
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H. aurora (GJFG01011452.1), and E. quadricolor (GJFF01189837.1)) fell into the magnifi-
camide/helianthamide clade (up to 100% identity).

A.tenebrosa GEVEQ1035767.1_m
H.aurora GJFGO1028069.1_m
H.aurora GJFGO1028070.1_m
H.crispa GJFAQ1081748.1_m

A pallida JV078994.1_m

A elegantissima GBXJ01060166.1_m

A.elegantissima GBXJ01060167.1_m
A elegantissima GBYC01020288.1_m
A.viridis GGLT01019987.1_m

58 | A viridis GHCDD1019937 1_m

M _senile GGGCO1055016.1_m
M.senile GGGCO1038159.1_m

Mucin® inhibitory domains

A palida JV103123.1_m
M.senile GEGC01044850.1_m ]
M.senile GGGC01044843.1_i ]
gs| E.camea GGGD01090016.1_i
E.camea GGGB01063199.1_i
8L E£camea GGGBO1063200.1_i
100 E.camea GGGDO1090015.1_i
E camea GGGBO1020634 1_i
N vectensis HADNO1005326 1_i
ﬁ' N.vectensis HADPO1303587.1_i
N vectensis HADOD1000639 1_i
Apallida JV127541.1_i
100 M senile GGGCO1009198.1_i

M _senile GGGC01009197 1_i

83| A.elegantissima GBYC01028190.1_i
-I- A.elegantissima GBXJ01057714.1_i

—E.quadricolor GJFF01127300.1_i

H.aurora GJFGO1011451.1_i

53 S5.gigantea GJFKD1175462.1_i
S.gigantea GJFK01179026.1_i

4 S.gigantea GJFK01179030.1_i
S.gigantea GJFK01179027.1_i

s A tenebrosa GEVEQ1079488.1_i

‘EA viridis GHCDO1054195.1_i etk feytase Infitors

1001 A viridis GGLTO1054323.1_i

L s.haddoni GJFHO1197017.1_i

Helianthamide ADAOX1KGZS5.1_i
-I—S,hehsnthus GGNY01185411.1_i
S.merfensii GJFED1052469.1_i
Magnificamide 1-6 OR141972_i
Magnificamide i 3 v.1 OR540620_i
Magnificamide i 3 v.2 OR540621_i

|- Magnificamide 1-3 OR141969_i
I Magnificamide 15 OR141971_i
“ Magnificamide 2-1 OR141973_i
Magnificamide COHK71.1_i
Magnificamide 1-1 OR141967_i
H.magnifica GJFJ01065278.1_i
E_guadricolor GJFF01189837.1_i
H.magnifica GJFJ01082313.1_i
H.crispa GJFAQ1038088.1_i
H.aurora GJFG01011452.1_i
S.gigantea GJFK01179028.1_i
S gigantea GJFKD1179029.1_i
S.haddoni GJFHO1174057.1_i
- Magnificamide 1-2 OR141968 i
L Magnificamide 1-4 OR141970_i A

Figure 4. The unrooted phylogenetic tree of x-amylase inhibitors (helianthamide and magnificamide)
and their homologs (i) and mucin-inhibitory domains (m) from sea anemones. Numbers next to
branches represent bootstrap support. The ML tree was produced by the IQ-TREE web server
(version 1.6.12), according to the WAG + I + G4 model. B-defensin-like inhibitor branches are shown

in pink, and mucin-inhibitory domains are shown in blue.

Furthermore, sea anemones can be divided into two groups according to the presence
of 3-defensin-like x-amylase inhibitors and /or mucin-inhibitory domains. The non-mucin
group includes representatives of the family Stichodactylidae (H. magnifica, S. helianthus, S.
mertensii, S. gigantea, S. haddoni), as well as the families Edwardsiidae (Nematostella vectensis,
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Edwardsiella carnea) and Actiniidae (E. quadricolor), whose transcriptomes contain only f3-
defensin-like inhibitors. However, other representatives of the family Actiniidae (A. tenebrosa,
Anemonia, Anthopleura elegantissima) belong to the mucin group, which includes both
-defensin-like inhibitors and mucins with x-amylase inhibitory domains. This group
also includes two representatives of the genus Heteractis (H. crispa, H. aurora), as well as
representatives of the superfamily Metridioidea (Metridium senile, Aiptasia pallida).

Almost all 3-defensin-like inhibitors in the non-mucin group have an isoelectric point
(pI) of 4.5-5.7 (except for E. carnea ones, pl ~ 6.9), while all mucin-inhibitory domains exhibit
pl values of 8.5-9.3 (Figure 5). The inhibitors found in these species can be divided into
two groups: pI~5 (from H. crispa, H. aurora, A. viridis, and A. elegantissima) and ~ 7.5 (from
A. tenebrosa, M. senile, and A. pallida).

10
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Figure 5. Histogram of the isoelectric point (pI) distribution of 3-defensin-like inhibitors (black) and
mucin-inhibitory domains (grey) among representatives of sea anemones.

To estimate the structural features of the analyzed sequences, the Number of Lareo
and Acevedo algorithm (NULA) [17] and distribution of dipole moment direction (as a total
indicator of molecule electrostatic properties) were used. It has previously been reported
that sea anemone toxins modulating sodium and potassium channels were successfully
clustered using the NULA algorithm [20]. After the conversion of each sequence into a set of
orthogonal coordinates, a 3D scatter plot was obtained (Figure 6a). It can be seen that mag-
nificamides were distinctly grouped with each other and with other «-amylase inhibitors,
while sequences of mucin inhibitory domains were localized adjacently. The exceptions
were a mucin-inhibitory domain from A. elegantissima (GBXJ01060166.1), which colocal-
ized with magnificamides, and «-amylase inhibitors from E. carnea (GGGD01090015.1 and
GGGDO01090016.1) and A. tenebrosa (GEVE(01079488.1), which were mixed up with mucin
domains. A similar distribution was obtained from the comparison of the dipole moment
direction of peptide molecules (Figure 6b). In general, there were two clusters. One cluster
included implicitly grouped mucin-inhibitory domains with several «x-amylase inhibitors,
and another cluster was formed only by a-amylase inhibitors, including magnificamides.
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Figure 6. Three-dimensional representation of x-amylase inhibitors (purple spheres) and mucin-
inhibitory domains (blue spheres) from sea anemones. (a) A 3D scatter plot of sequence coordinates
prepared by the NULA algorithm. Magnificamides’ locations are shown by the arrow. (b) A 3D
scatter plot of the coordinates of the superimposed molecules’ dipole moments.

4. Discussion

One of the therapeutic approaches for the treatment of diabetes is targeted o-amylases
inhibition [4]. The low-molecular-weight compounds that are used for this purpose today—
miglitol, voglibose, and acarbose—have undesirable side effects [5-7]. The search for new
compounds for the prevention of postprandial hyperglycemia is relevant due to the high
prevalence of this disease among the population [3,4]. Polypeptide-based drugs have
recently been considered as a more effective and safer alternative to low-molecular-weight
compounds [21]. However, most known protein inhibitors of x-amylases, which are bacte-
rial polypeptides (78 aa) from Streptomyces, cannot be used in clinical practice due to their
high immunogenicity [8]. The recently discovered sea anemone peptides helianthamide
and magnificamide belong to the -defensin family, whose representatives are widely
distributed in mammals, including humans, determining their low immunogenicity. Along
with the compactness and stability of the structure, which facilitates oral administration,
such peptides appear to be promising as drug prototypes [8,11].

Biologically active peptides of sea anemones are known to form so-called combina-
torial libraries, the number of representatives of which can reach dozens of compounds.
For example, multigene families of actinoporins [22,23] and Kunitz-type peptides [24] were
found in H. magnifica (=H. crispa). Here, using the RACE approach, we were able to detect
magnificamide transcripts encoding seven isoforms of magnificamide which differed in point
substitutions. Magnificamides 1-1 and 2-1 are of interest for further detailed studies as
major isoforms of H. magnifica 3-defensin-like peptides. According to the TBLASTN results,
transcriptomes of other sea anemones also share a number of magnificamide-like transcripts.
For example, three isoforms were found to be encoded by at least six genes in S. gigantea.

For the first time, the exon-intron structure of magnificamide genes was established;
three introns with lengths of 139, 1037/1034, and 136/138 bp separated exons, includ-
ing the mature peptide-encoding region. It was revealed that the third intron sequence
was retained in some magnificamide transcripts from H. magnifica tentacles. The same
transcripts which retained the third intron were observed in S. gigantea tentacles. Interest-
ingly, an intron retention was characteristic of other 3-defensin-like x-amylase inhibitors
from sea anemones; such transcripts also retained one or two out of three introns. This
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phenomenon leads to a variety of isoforms of 3-defensin-like c-amylase inhibitors in sea
anemone tentacles.

For the first time, we discovered that some sea anemone mucins contain an x-amylase
inhibitory domain in their structure. Mucins are a group of functionally characterized
glycoproteins defined by the presence of PTS repeats (repetitive glycosylation sites rich in
proline (P), threonine (T), and serine (S) residues). The main functions of mucins are the
formation of mucous layers to lubricate various organs and the provision of a protective
barrier against environmental influences [25]. Moreover, mucins form an interface with
commensal and pathogenic microbes, facilitating both colonization by physiological mi-
croflora and host defense against pathogens [26]. Besides the synthesis of 3-defensin-like
a-amylase inhibitors in venomous secretions, some species of sea anemones are able to
synthesize such peptides as domains of mucins. It has been found that the YIYH reaction
site [8] is highly conserved in most sea anemones’ mucin domains. Therefore, it can be as-
sumed that they protect their own carbohydrate components from hydrolysis by glycoside
hydrolases of other marine hydrobionts.

We assume that an inhibitor with a pI of about 9 protects mucin, while an inhibitor
with a pl of about 5-6 regulates x-amylase activity. Interestingly, when an intron was
retained, the pI of magnificamide increased up to 8.5. Apparently, this is one of the
ways to protect mucins in species belonging to the non-mucin group. Therefore, the intron
retention phenomenon contributes to the neofunctionalization of 3-defensin-like x-amylase
inhibitors. Undoubtedly, this hypothesis requires further experimental verification. Thus,
the discovered diversity of inhibitory sequences can serve as a starting point for the design
of effective glucose-lowering drugs.

5. Conclusions

The bioprospecting of biologically active natural products in the early stages of drug
development is a very effective tool. Genomic bioprospecting of marine organisms for
novel therapies is an emerging trend that is currently gaining momentum and is based on
advances in genomic/transcriptome research. Marine ecosystems represent an untapped
reservoir of biodiversity with enormous potential for bioprospecting of pharmacologically
active compounds. Herein, we attempted to systematically explore sea anemones of the
order Actiniaria for 3-defensin-like x-amylase inhibitors in order to elucidate the diversity
of magnificamide-like peptides, which are a-amylase inhibitors, while focusing on our
object of interest, the sea anemone H. magnifica. Our results confirm that transcriptomic data
alone are not sufficient, and that additional molecular genetic studies are needed in order
for us to gain a general understanding of the diversity and function of biologically active
compounds. Thus, the suddenly identified 3-defensin-like x-amylase inhibitor domain in
sea anemone mucins may be promising for drug design.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomedicines11102682/s1, Figure S1: The RACE scheme for
full-length cDNA sequencing determination of magnificamide-encoding genes. Figure S52: cDNA
obtained by rapid amplification of cDNA ends and deduced magnificamide sequence. The exons
are in uppercase letters, while the introns are in lowercase letters. The deduced amino acid residues
are represented as single-letter abbreviations. The signal peptide and propeptide are in bold letters
and underlined in bold, respectively. The sequence corresponding to magnificamide 1-1 is boxed.
Figure S3: Agarose gel images of PCR products obtained by the detection of intron retention with
appropriate primers (a) (Table S1), testing of 116 and 146 tentacle samples (lanes 1 and 3, respectively),
and 146 body sample (lane 2) for the presence of a third intron retained in cDNAs (b). L—100+ bp
DNA Ladder (Evrogen JSC, Moscow, Russia). Table S1: Designations and nucleotide sequences of the
gene-specific primers used in the study.
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