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Abstract

Background: The sea cucumber Eupentacta fraudatrix is a highly interesting model organism for research due to the remarkable ability
of the organism to regenerate lost organs following evisceration. In animals after evisceration, increased expression levels of genes such as
Sox (SRY-related HMG-box, transcription factors), MMP (matrix metalloproteinases), TIMP (tissue inhibitors of metalloproteinases), and
PIWI (ribonuclease-active proteins) have been observed. Since ribonucleases release nucleotides for the synthesis of new molecules and
regulate cellular processes by acting on various RNA species, these enzymes are hypothesized to play a significant role in regeneration.
Methods: Holothurian homogenate was fractionated chromatographically into several protein fractions. Ribonuclease activity was
analyzed using a specific microRNA (miRNA) as a substrate, as well as by an in-gel activity assay. Results: This study examined
the ribonuclease activity of E. fraudatrix proteins precipitated with ammonium sulfate from whole-organism homogenates, focusing on
pH dependence and substrate specificity. The optimal pH for hydrolyzing a specific miRNA related to the sea cucumber Apostichopus
japonicus and a non-specific homo-oligonucleotide, (pA)23, was 5.0 and 6.0, respectively. Inhibition of ribonuclease activity in the
presence of EDTA (ethylenediaminetetraacetic acid), Mg®", and Ca®" indicates dependence on metal ions. Hydrolysis of the specific
substrate was about 25% higher than that of the non-specific substrate and produced five cleavage sites. Using in-gel activity analysis,
five protein bands with ribonuclease activity were detected in E. fraudatrix homogenate, with apparent molecular masses ranging from
15 to 77 kDa. Conclusions: This work represents the first report describing the biochemical properties of a ribonuclease from this
holothurian species. Five protein forms with ribonuclease activity, differing in electrophoretic mobility, were identified. The biochemical
characteristics of these enzymes resemble those of ribonucleases from other echinoderms. Ribonucleases from echinoderms are promising
tools for molecular biology applications, including DNA purification, RNA analysis and mapping, as well as for biomedicine, particularly
in the development of antiviral agents.
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1. Introduction molecules required for rapid cell division and differentia-
tion in the regeneration zone but also ensure precise spa-

Eupentacta fraudatrix is one of the most extensively ) .
tiotemporal control over the restoration processes.

studied holothurian species in terms of its developmen-

tal and regenerative biology [1]. The study also revealed
an upregulated expression of specific gene families in the
cells of the regenerating digestive system. These include
the Sox family (SRY-related HMG-box, encoding transcrip-
tion factors), PIWI (multifunctional proteins with RNA-
cleaving activity, among other functions), as well as Wnt
and Frizzled (key components of multiple signaling path-
ways) [2,3]. Furthermore, it has been demonstrated that,
alongside mRNA, various non-coding RNAs play a critical
role during holothurian regeneration. Circular RNAs (cir-
cRNAs), long non-coding RNAs (IncRNAs), and miRNAs
have been shown to participate in signaling, cell prolifer-
ation, migration, and other cellular events during intesti-
nal regeneration [4,5]. Consequently, it may be hypoth-
esized that ribonucleases, by degrading different types of
RNA, not only release nucleotides for the synthesis of new

RNases, representing a broad class of nucleases, pre-
vent synthesis of mutant proteins by eliminating defective
transcripts [6]. Beyond transcript degradation, RNases par-
ticipate in RNA maturation and translational control [7,8].
Enzymes involved in replication and repair processes also
frequently exhibit RNase activity. Among echinoderms,
only ribonucleases of the T2-type, isolated from the gonads
of sea stars and sea urchins, have been described. These are
acidic enzymes (optimal pH 5.0-5.5) with a relatively low
molecular mass, ranging from 30 to 40 kDa [9,10]. Despite
this broader context, holothurian RNases remain largely un-
characterized. However, transcriptomic analyses of E. frau-
datrix have revealed dynamic changes during evisceration
[11]. Specifically, PIWI protein expression increases in
coelomocytes and digestive system cells following eviscer-
ation compared to intact animals [2,12]. This protein, like

Copyright: © 2026 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

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


https://www.imrpress.com/journal/FBS
https://doi.org/10.31083/FBS48977
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-7430-3683
https://orcid.org/0009-0007-0951-156X
https://orcid.org/0000-0002-0987-7066
https://orcid.org/0000-0002-4988-8923

other members of the evolutionarily conserved Argonaute
family, is expressed in pluripotent and multipotent somatic
stem cells across invertebrate and vertebrate species, typ-
ically in regenerative contexts. PIWI proteins form struc-
tural complexes with piRNAs (small non-coding RNAs es-
sential for maintaining pluripotency, transposon silencing,
and epigenetic regulation) and exhibit preferential RNA hy-
drolysis activity [2,12].

MiRNAs represent another class of short non-coding
RNAs (18-28 nucleotides) that suppress target gene expres-
sion through mRNA binding and degradation or transla-
tional inhibition [13,14]. Consequently, miRNAs regulate
cellular differentiation, proliferation, migration, apoptosis,
homeostasis, and organ regeneration [15,16,17]. While
numerous miRNAs have been identified and character-
ized in various organisms (primarily human), Aposticho-
pus japonicus remains the only holothurian species with
documented miRNA studies, owing to its commercial im-
portance. miRNA expression patterns in A. japonicus al-
ter during skin ulceration [18,19], intestinal regeneration
[20,21,22], aestivation [23], and in response to tempera-
ture, salinity, and hypoxic stress [24,25,26]. Specific miR-
NAs (miR-252 family, Aja-miR-2001, Aja-miR-3615, Aja-
miR-64d-3p, Aja-miR-3963, Aja-miR-7278-5p, and Aja-
miR-1715-5p) have been implicated in intestinal regenera-
tion processes [20]. Notably, Aja-miR-1715-5p (putatively
regulating acetylcholinesterase and sushi-domain contain-
ing genes) shows >1380-fold upregulation in regenerating
intestinal tissue.

Therefore, proteins exhibiting RNase activity likely
can play crucial roles in regeneration. Characterization
of their properties, including miRNA hydrolysis, could
elucidate fundamental mechanisms underlying structural
restoration. Ribonucleases derived from echinoderms can
be utilized in research for removing RNA from DNA prepa-
rations, analyzing RNA structure, performing RNA map-
ping experiments, and in medicine as antiviral agents to
treat diseases caused by RNA-containing viruses. There-
fore, this study presents the first investigation and charac-
terization of ribonuclease-active proteins from the sea cu-
cumber E. fraudatrix. We determined the pH optimum,
metal dependence, and apparent molecular masses of these
RNases.

2. Materials and Methods
2.1 Reagents

Most chemicals used in this study were provided by
Sigma (St. Louis, MO, USA), Superdex 75 HR 10/30
column and Q Sepharose (GE Healthcare Life Sciences,
Chicago, IL, USA). E. fraudatrix adult sea cucumbers
were collected from Peter the Great Bay, Sea of Japan.
All holothuria samples were frozen at —42 °C and then
stored until the experiment. Fluorescently labeled (fluo-
rescein isothiocyanate; Flu) homo-oligonucleotides 5’-Flu-
(pA)23 and hetero-oligonucleotide 5’-Flu-miR-aja-1715-

5p (5'-Flu-CAGUGCAGGGUCCGAGGUAU) and com-
plementary to them unlabeled ONs were used in the study.

2.2 Preparation of E. fraudatrix Sea Cucumber
Homogenate

Given the small size of this species (approximately 3—
5 cm in length and 1 cm in diameter), isolating sufficient
quantities of individual organs for analysis proved to be a
labor-intensive challenge. Therefore, at this stage of the
study, whole-organism homogenates of the sea cucumber
E. fraudatrix were prepared for investigation. Frozen Eu-
pentacta fraudatrix specimens (total mass 262 g) were
thawed and washed with a three-fold volume of Ampho-
tericin B antibiotic solution. The tissue was then homog-
enized with lysis buffer (10 mM Tris-HCI, pH 8.0; 1 M
NaCl; 1 mM DTT; 1 mM EDTA, pH 8.0; Amphotericin
B) in a 1:1.5 (w/v) ratio using a commercial blender. All
subsequent procedures were performed on ice. The ho-
mogenate was incubated for 1 hour followed by centrifu-
gation at 16,500 xg for 40 minutes at 4 °C. The super-
natant was subjected to ultrasonic treatment (15 cycles of
15 seconds each). The pellet was resuspended in the re-
maining lysis buffer and extracted for 1 hour, then cen-
trifuged again under the same conditions (16,500 xg, 40
minutes, 4 °C). The resulting supernatants were combined,
and proteins were precipitated by adding solid ammonium
sulfate to achieve 10%, 25%, 40%, 50%, 60%, 80%, and
90% saturation, with each precipitation step continuing for
24 hours. Following each precipitation, samples were cen-
trifuged (16,500 xg, 40 minutes, 4 °C). The final super-
natant was dialyzed against 10 mM Tris-HCI, pH 7.5. Pro-
tein concentration was determined spectrophotometrically
using the Bradford assay. Bovine serum albumin was used
as the standard.

2.3 Determination of RNA-Hydrolyzing Activity

The relative RNA-hydrolyzing activity of holothurian
proteins was assessed by monitoring the cleavage of flu-
orescently labeled ribooligonucleotides (5’-Flu-(pA)23 and
5’'-Flu-miR-aja-1715-5p). Standard 10-pL reaction mix-
tures contained 50 mM appropriate pH buffer, 0.025 mg/mL
ribooligonucleotide, and 0.0025-0.3 mg/mL protein frac-
tion. For assays with EDTA and metal ions, the 10 pL
reaction mixture consisted of a 50 mM buffer (pH 5.0
or 6.0), 0.025 mg/mL ribooligonucleotide, 0.0025-0.01
mg/mL protein fraction, and either EDTA or metal salts
(MgCl,, CaCly) at concentrations of 1.0, 5.0, 10, 50, or
100 mM. All reactions were incubated at 37 °C for 30 min-
utes and terminated by adding 10 pL denaturing buffer (8
M urea, 0.025% xylene cyanol). Reaction products were
separated by electrophoresis in 20% polyacrylamide gels
(AA:bisAA ratio 29:1) containing 8.0 M urea. Hydrolysis
product identification was performed using an alkaline hy-
drolysis ladder. The 10-uL ladder reaction contained 10%
0.5 M bicarbonate buffer (pH 9.5; 0.5 M sodium carbonate,
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Fig. 1. Electrophoretic analysis of protein fractions from the E. fraudatrix sea cacumber homogenate and the pH dependence of

their relative RNase activity. (A) SDS-PAGE of proteins fractions obtained by ammonium sulfate precipitation at 10%, 25%, 40%,

50%, 60%, 80%, and 90% saturation, (lane 1-7), respectively. Lane M — molecular weight markers. (B) Relative RNase activity of the

fractions at different pH values (4.0-9.0), using 5'-Flu-(pA)23 as a substrate. Results are shown as mean + SEM from three experiments.

0.5 M sodium bicarbonate) and 0.05 mg/mL ribooligonu-
cleotide. This marker reaction was incubated at 90 °C for
15 minutes, cooled on ice, and stopped with 10 uL dena-
turing buffer. Samples (10 puL) were loaded per lane, and
electrophoresis was conducted at 800 V for approximately
1.5 hours. Relative activity was quantified by comparing
band intensities of substrates and products, normalized to
the no-protein control, using ImageQuant v5.2 (Molecular
Dynamics World Headquarters, Sunnyvale, CA, USA) soft-
ware.

2.4 Chromatographic Separation of Sea Cucumber
Proteins

The 50% ammonium sulfate-precipitated protein frac-
tion from Eupentacta fraudatrix was loaded onto a Q
Sepharose column (200 x 10 mm) pre-equilibrated with 20
mM Tris-HCI (pH 8.8). The column was washed with the
same buffer until optical absorption returned to baseline.
Bound proteins were eluted with a linear NaCl gradient (0
to 1 M) in 20 mM Tris-HCI (pH 8.8). Collected fractions
were dialyzed overnight against 10 mM Tris-HCI (pH 8.8)
at4 °C.

The protein fraction corresponding to Peak B (see be-
low section 3.4) from Q Sepharose chromatography was
subsequently subjected to gel filtration chromatography on
a Superdex 75 column (320 x 15 mm). The column was
equilibrated with TBS buffer (20 mM Tris-HCI, pH 7.5,
0.15 M NaCl), and elution was performed with the same
buffer. Resulting fractions were dialyzed against 10 mM
Tris-HCI (pH 7.5) overnight at 4 °C.

2.5 Analysis of RNA-Hydrolyzing Activity in Situ

Proteins were separated by electrophoresis in a gra-
dient SDS-polyacrylamide gel containing yeast RNA (37
pg/mL). The stacking gel consisted of 4% acrylamide
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(AA:BisAA ratio = 29:1), 125 mM Tris-HCI (pH 6.8), and
0.1% SDS, while the separating gel contained a 4-18%
acrylamide gradient (AA:BisAA ratio = 40:1), 375 mM
Tris-HCI (pH 8.8), and 0.1% SDS. Protein samples (10-20
ng) were incubated in loading buffer (50 mM Tris-HCI, pH
6.8; 1% SDS; 10% glycerol; 0.001% bromophenol blue) at
25 °C for 2-3 minutes. Electrophoresis was performed at
100 V for 2.5 hours at 25 °C in 25 mM Tris-glycine buffer
(pH 8.3) containing 0.1% SDS. Following electrophoresis,
the gel was incubated in 2.0 M urea for 1 hour at 20-25
°C to renature proteins, followed by washing with distilled
water for 1 hour (5—6 changes). To detect RNase activity,
the gel was incubated in reaction buffer (20 mM Tris-HCl,
pH 5.5; 1.0 mM EDTA) at 37 °C for 20 hours. The reac-
tion time was optimized in preliminary experiments to yield
ribonuclease activity bands of suitable intensity for densit-
ometric analysis. Positive and negative controls (RNase A
and bovine serum albumin) were included during method
development but are not presented in the final results. The
gel was then stained with 0.5 pg/mL ethidium bromide for
10 minutes. Relative RNase activity was quantified by mea-
suring the intensity of dark zones (indicating RNA hydroly-
sis) against the background ethidium bromide fluorescence,
with the highest activity value set as 100%. Analysis was
performed using Image Lab v6.1 software. Finally, the gel
was stained with Coomassie Blue R-250 (MP Biomedicals,
Santa Ana, CA, USA) for total protein visualization.

3. Results

3.1 Isolation of Protein Fractions From the E. fraudatrix
Sea Cucumber Homogenate

Protein fractions from the sea cucumber E. frauda-
trix homogenate, prepared as described in Section 2.2, were
analyzed by electrophoresis on a gradient (4—18%) SDS-
polyacrylamide gel (SDS-PAGE). As shown in Fig. 1A, the
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Fig. 2. Electrophoretic analysis of RNase activity in the 50% ammonium sulfate fraction from the E. fraudatrix sea cucumber
homogenate. (A) Substrate: 5'-Flu-(pA)23. Lanes: L — RNA molecular weight markers; odd-numbered lanes (1, 3, 5, 7, 9, 11, 13, 15,
17) — no-protein-controls at pH 4.5, 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5, respectively; even-numbered lanes (2, 4, 6, 8, 10, 12, 14,

16, 18) — assays with the protein fraction at corresponding pH values. (B) Substrate: 5’-Flu miR-aja-1715-5p. Lane numbering scheme

identical to A.

fraction precipitated at 50% ammonium sulfate saturation
demonstrated the highest protein content.

3.2 Analysis of RNA-Hydrolyzing Activity in Protein
Fractions From the E. fraudatrix Sea Cucumber
Homogenate

The RNase activity of various protein fractions from
the E. fraudatrix homogenate was investigated using both a
nonspecific homoribooligonucleotide, 5'-Flu-(pA)23, and a
specific miRNA, 5'-Flu miR-aja-1715-5p (a miRNA from
the sea cucumber Apostichopus japonicus). The relative
RNA-hydrolyzing activity was determined by measuring
the hydrolysis of the fluorescently labeled ribooligonu-
cleotide by holothurian proteins across a range of pH val-
ues. Each ammonium sulfate fraction (10, 25, 40, 50, 60,
80, and 90% saturation) was assayed for RNase activity at
pH 4.0, 5.5, 6.0, 8.0, and 9.0. As shown in Fig. 1B, most
protein fractions exhibited RNA-hydrolyzing activity. The
highest RNase activity was observed in the 40%, 50%, 60%,
and 80% ammonium sulfate fractions. The total protein
content in the different fractions was estimated based on
electrophoretic analysis. The 50% fraction contained 1.5
to 3 times more protein than the others. Since this fraction
exhibited the highest protein content (Fig. 1A) and demon-
strated maximal ribonuclease activity (Fig. 1B), it was se-
lected for further investigation.

The RNA-hydrolyzing activity of the 50% ammo-
nium sulfate fraction was further characterized across an
extended pH range (4.0, 5.5, 6.0, 6.5, 7.0, 7.5, 8.0, 8.5,
9.0), with a comparative analysis of its activity towards
the generic substrate 5'-Flu-(pA)s3 and the specific 5'-
Flu miR-aja-1715-5p (Fig. 2A,B). Furthermore, the cleav-
age sites within the 5’-Flu miR-aja-1715-5p oligoribonu-
cleotide were identified. As shown in Fig. 2B, the primary
hydrolysis sites were located between 2A-3G, 6C-7A, 13C-
14G, 14G-15A, and 18U-19A.

Analysis of the data presented in Fig. 3A reveals that
the maximum hydrolysis level of 5'-Flu-(pA)s23 occurs at
pH 6.0, whereas the highest activity for the specific miRNA
substrate is observed at pH 5.0. Next, we investigated the
EDTA and metal ions dependence of the RNase activity
in the 50% ammonium sulfate fraction (substrates: 5’-Flu-
(pA)23 and 5'-Flu-miR-aja-1715-5p). The enzymatic ac-
tivity of the protein fraction under study decreased with in-
creasing concentrations of both Mgt and Ca?*, as well
as EDTA, for both substrates (Fig. 3B-D). Notably, the de-
gree of substrate hydrolysis was approximately 25% higher
for 5’-Flu-miR-aja-1715-5p compared to the non-specific
substrate when equivalent amounts of EDTA or metal ions
were added. This indicates that the ribonuclease activity
in the 50% saturation homogenate fraction is dependent on
metal ions.

3.3 Chromatographic Separation of E. fraudatrix Proteins
by Ion Exchange Chromatography

The protein fraction obtained by 50% ammonium sul-
fate precipitation was further separated using ion-exchange
chromatography on a Q Sepharose column at pH 8.8. Elu-
tion was performed by applying a linear salt gradient (from
0 to 1.0 M NacCl). The resulting chromatographic profile is
presented in Fig. 4A.

Chromatographic separation revealed that the major-
ity of proteins did not bind to the sorbent (Peak A). Pro-
teins eluted with a linear NaCl gradient separated into two
distinct peaks (Fig. 4A). RNase activity of all fractions ob-
tained from the chromatography was measured at pH 6.0
using two substrates: 5'-Flu-(pA)z3 and 5’'-Flu-miR-aja-
1715-5p. The highest hydrolytic activity was associated
with Peak B, while the starting sample showed moderate ac-
tivity. In contrast, the fraction containing proteins that did
not bind to the sorbent (Peak A) exhibited minimal hydrol-
ysis (Fig. 4B). Furthermore, the analyzed fractions demon-
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Fig. 3. Relative RNase activity of the 50% ammonium sulfate protein fraction from the sea cucumber E. fraudatrix as a function
of pH (A) EDTA (B), Mg>* (C) and Ca>* (D) concentration. Results are shown as mean + SEM from three experiments. In the case
of pH dependence (A), the significance of differences was calculated at each point using Welch’s #-test. *p < 0.05, **p < 0.01.
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Fig. 4. Chromatographic separation of homogenate proteins on Q Sepharose and RNase activity profile of proteins from the
E. fraudatrix sea cucumber homogenate. (A) Elution profile of the 50% ammonium sulfate fraction on a Q Sepharose column using
a NaCl concentration gradient. (B) Relative RNase activity of the chromatographic fractions measured using 5'-Flu-(pA)23 and 5'-Flu-
miR-aja-1715-5p as substrates. Results are shown as mean & SEM from three experiments.

strated a significant difference in their ability to hydrolyze Subsequently, the RNase activity of the obtained frac-
the oligoA substrate, whereas their activity against 5'-Flu- tions was analyzed in situ using a gradient (4—18%) SDS-
miR-aja-1715-5p was comparable. PAGE at pH 5.5, with yeast tRNA as the substrate. Rela-

tive RNase activity was quantified based on the intensity of
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Fig. 5. Analysis of RNase activity in protein fractions obtained by chromatographic separation using the in situ method. (A) Gel

electrophoresis analysis: Lane 1 — 50% precipitation fraction before separation; Lane 2 — unbound proteins, Peax A; Lane 3 — Peak B;

Lane 4 — Peak C; M — protein molecular weight markers; pH 5.5, substrate — yeast tRNA. The gel was stained with ethidium bromide

(left) and Coomassie (right). (B) Quantification of RNase activity obtained by the in situ method. The activity of the most active protein

was set as 100%. Results are shown as mean == SEM from three experiments.
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Fig. 6. Gel filtration separation of E. fraudatrix proteins and RNase activity of the obtained fractions. (A) Gel filtration profile of

Peak B proteins obtained by ion-exchange chromatography of the 50% fraction (see Fig. 4A) on a Superdex 75 column. (B) Relative

RNase activity (RA) of the resulting protein fractions. Results are shown as mean &= SEM from three experiments.

dark zones (absence of ethidium bromide, EtBr). As shown
in Fig. 5A, at least two bands exhibiting ribonuclease activ-
ity, with apparent masses of approximately 25 and 15 kDa,
were detected in all fractions. Moreover, the fraction with
no affinity for the sorbent (Peak A) contains a ribonucle-
ase with an apparent mass of approximately 20 kDa, which
exhibits low activity under these conditions and is not de-
tectable by Coomassie gel staining. The comparative dia-
gram (Fig. 5B) reveals that the highest ribonuclease activity
in each fraction is associated with the band corresponding
to a ~25 kDa protein. This activity is maximal in the pooled
fraction and in Fraction B. The ribonuclease activity asso-
ciated with the ~15 kDa band is comparable across all frac-
tions. For the non-binding fraction, the activity of both the
~25 kDa and ~15 kDa bands is minimal and similar to the
activity level of the ~20 kDa band.

3.4 Chromatographic Separation of E. fraudatrix Proteins
by Gel Filtration

Since ion-exchange chromatography failed to resolve
individual proteins, further separation was performed us-
ing gel filtration on a Superdex 75 matrix (Fig. 6A). At this
stage, we aimed to investigate proteins with affinity for Q-
Sepharose, i.e., those from fractions B and C. Since fraction
B proteins demonstrated the highest ribonuclease activity in
hydrolyzing the non-specific homoribooligonucleotide 5'-
Flu-(pA)ss (Fig. 4A,B), this fraction was selected for fur-
ther analysis. The separation yielded five protein peaks,
and the RNase activity of each was measured using 5’-Flu-
(pA)23 and 5’-Flu-miR-aja-1715-5p as substrates at pH 6.0.
The highest enzymatic activity was observed in the fifth
peak. Interestingly, in this case, the extent of hydrolysis for
the non-specific homoribooligonucleotide was nearly iden-
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Fig. 7. Analysis of RNase activity in protein fractions separated on Superdex 75 using the in situ method. (A) Gel electrophoresis

analysis: Lanes 1-5 correspond to Peaks 1-5; M — protein molecular weight markers. Conditions: pH 5.5, substrate — yeast tRNA. Gels

were stained with ethidium bromide (left) and Coomassie Blue (right). (B) Quantification of RNase activity determined by the in situ

method. The activity of the most active protein was set as 100%. Results are shown as mean £ SEM from three experiments.

tical to that observed for 5’-Flu-miR-aja-1715-5p (Fig. 6B).

Subsequent analysis of RNase activity in the obtained
fractions was performed in situ using a gradient (4—18%)
SDS-PAGE at pH 5.5 with yeast tRNA as the substrate
(Fig. 7A). As with the previous separation step, all frac-
tions exhibited at least two ribonuclease-active bands with
masses of approximately 25 and 15 kDa. The band at ~25
kDa demonstrated the highest activity, yet it was not de-
tectable by Coomassie gel staining. Furthermore, fraction
corresponding to Peak 1 contains low-activity RNases with
apparent molecular masses of approximately 40 kDa and 77
kDa under these experimental conditions, which were also
undetectable by Coomassie staining. The comparative dia-
gram (Fig. 7B) indicates that the highest ribonuclease activ-
ity in each fraction is associated with the ~25 kDa protein
band, with peak activity observed in the Peak 2. The ac-
tivity corresponding to the ~15 kDa band is maximal in the
Peak 5. The ribonuclease activities of the bands with ap-
parent masses of ~40 and ~77 kDa are comparable to each
other and to that of the ~15 kDa band.

Table | summarizes the RNase activities in each frac-
tion obtained from the two separation steps that hydrolyze
yeast tRNA. These steps include: (1) ion-exchange chro-
matography of the 50% ammonium sulfate precipitate from
the E. fraudatrix homogenate (Figs. 4,5), and (2) gel fil-
tration of Peak B proteins obtained after the initial ion-
exchange chromatography (Figs. 6,7).

4. Discussion

As previously demonstrated, the stable protein com-
plex from the Eupentacta fraudatrix sea cucumber ho-
mogenate exhibits DNase and protease activities [27,28].
Holothurians are known for their regenerative capabilities,
suggesting their proteins may possess diverse enzymatic
functions. Furthermore, catalytic activities may manifest
when individual proteins form stable complexes, whereas
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isolated proteins may remain inactive [29]. For E. frau-
datrix, data on individual proteins are scarce, and no in-
formation on their RNase activity has been available. This
study aimed to investigate this activity by isolating RNA-
hydrolyzing proteins.

Protein fractions were obtained by precipitating the
whole-organism homogenate of E. fraudatrix with ammo-
nium sulfate at concentrations of 10%, 25%, 40%, 50%,
60%, 80%, and 90% saturation. Substrates included the
non-specific homoribooligonucleotide 5’-Flu-(pA)23 and
the specific miRNA 5’-Flu-miR-aja-1715-5p (derived from
the sea cucumber Apostichopus japonicus). The latter
species is widely consumed and cultivated in Eastern coun-
tries, leading to the isolation and characterization of its
miRNAs [30]. Although the functions of most miRNAs
remain unconfirmed, their differential expression in ab-
normal physiological states implies functional roles in rel-
evant processes. The expression level of miR-aja-1715-
Sp increases over 3000-fold in the regenerating intestine
of A. japonicus compared to normal tissue, though its ex-
pression in E. fraudatrix has not been analyzed. We se-
lected miRNA data from the sea cucumber A. japonicus
as a reference for our analysis due to the known evolu-
tionary conservation of key miRNA families within the
phylum Echinodermata. Numerous comparative genomic
studies confirm that fundamental miRNAs regulating de-
velopment, cell cycle, and apoptosis (e.g., the let-7 , miR-
10, miR-100, and miR-124 families) are highly conserved
among echinoderms and exhibit similar expression patterns
and functions [31,32]. Although species-specific differ-
ences in miRNA repertoires exist, utilizing annotated data
from this well-established model species allows us to for-
mulate informed hypotheses about the potential RNA tar-
gets of RNases in the context of E. fraudatrix biology.
The reaction with 5'-Flu-(pA)23 enabled initial assessment
of RNase activity independent of ribooligonucleotide se-
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Table 1. RNases from the E. fraudatrix sea cacumber homogenate*.

15kDa 20kDa 25kDa 40kDa 77 kDa In total
Pooled fraction (50%)** + _ + _ _ 5
Peak A (Fig. 4) + + + _ _ 3
Peak B (Fig. 4) + - + _ _ P
Peak C (Fig. 4) + - + _ _ P
Peak 1 (Fig. 6) + - + + + 4
Peak 2 (Fig. 6) + - + _ _ 5
Peak 3 (Fig. 6) + - + _ _ 5
Peak 4 (Fig. 6) + - + _ _ 2
Peak 5 (Fig. 6) + _ + _ -~ P

*Summary of ribonuclease-active bands detected by in situ assay at all stages of homogenate

chromatographic purification. Apparent molecular masses determined by electrophoretic anal-

ysis are provided.

**Pooled fraction refers to proteins from the E. fraudatrix homogenate precipitated with 50%

ammonium sulfate. Peaks A—C represent fractions collected after ion-exchange chromatography

(Fig. 4). Peaks 1-5 correspond to fractions obtained by subsequent gel-filtration chromatography

(Fig. 6).

quence, while hydrolysis of the hetero-oligoribonucleotide
allowed detailed study of RNA cleavage mechanisms, in-
cluding sequence-dependent effects. The 50% ammonium
sulfate fraction showed the highest RNase activity, with pH
optima at 5.0 and 6.0 for 5’-Flu-miR-aja-1715-5p and 5’'-
Flu-(pA)as, respectively (Figs. 2,3). The specific substrate
was hydrolyzed more efficiently, with five cleavage sites
identified.

For the sea cucumber E. fraudatrix, data on ribonucle-
ases are lacking. However, in other echinoderms—sea stars
and sea urchins—RNases with a similar pH optimum (5.0—
5.5) have been identified [9,10]. The detection of multiple
forms of ribonuclease activity with distinct pH optima (5.0
and 6.0) in E. fraudatrix tissues may be attributed to sev-
eral factors. If these activities represent different enzymes
with distinct substrate specificities, they likely have differ-
ent intracellular localizations and, consequently, biological
functions. Activity with an optimum at pH 5.0 is charac-
teristic of lysosomal ribonucleases, which are involved in
RNA degradation under acidic conditions. In contrast, ac-
tivity with an optimum at pH 6.0, closer to the neutral pH
of the cytosol, may suggest an enzyme involved in more
specific regulatory pathways, such as RNA processing or
mRNA stability control. If both substrates are cleaved by
a single enzyme, the observed shift in pH optimum for the
ribonuclease activity indicates that the enzyme’s ionizable
groups involved in substrate binding and/or catalysis dif-
fer for the two substrates. Such active-site plasticity would
enable the enzyme to efficiently process a broad spectrum
of nucleic acids by adapting its catalytic mechanism to the
chemical nature of the substrate. From a biological per-
spective, this could reflect the enzyme’s ability to perform
different functions in cellular compartments with varying
pH (e.g., lysosomes vs. cytosol).

The inhibition of ribonuclease activity upon addition
of EDTA, as well as Mg?t and Ca* ions, indicates metal
ion dependence. It is well established that metal-dependent
ribonucleases require divalent metal ions—typically Mg?+,
Ca%t, Ni?T, Mn?*, Zn?*, or Co?t—for catalysis [33].
The observation that ribonucleases in the homogenate frac-
tions are instead inhibited by Mg?* and Ca?* may be ex-
plained by several hypotheses. First, catalysis may require
a different metal ion, possibly Mn?* or Zn%*, as some
RNases show a preference for these ions. Alternatively, a
two- or three-metal catalytic mechanism may be involved.
Furthermore, certain RNases, such as RNase H, are known
to be inhibited by calcium ions [34], and a similar mecha-
nism may apply here. It is also important to note that the
50% fraction is not a homogeneous ribonuclease prepara-
tion and likely contains several distinct RNases; thus, the
observed inhibition profile may represent a superposition
of activities from multiple enzymes. In any case, further
experiments are required to fully elucidate this mechanism
and determine which metal ion(s)—single or multiple—
activate the identified ribonucleases.

To further characterize RNase activity, isolation of in-
dividual RNA-hydrolyzing proteins was necessary. lon-
exchange chromatography yielded three protein fractions;
however, obtaining homogeneous preparations was not
possible, as each fraction contained a mixture of proteins
and exhibited at least two protein bands with ribonuclease
activity (Fig. 5). RNA-hydrolyzing proteins were detected
in all three fractions, but in this study, we proceeded to
investigate only one of them. Undoubtedly, future work
should focus on characterizing the remaining two fractions.
Peak A, demonstrating the highest activity against both
miR-aja-1715-5p and yeast RNA (Figs. 4,5), was selected
for gel filtration, yielding five protein peaks with RNase
activity. All obtained protein fractions were analyzed not
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only for miRNA hydrolysis but also by in-gel activity as-
say. The in situ method simultaneously assesses relative
activity and molecular masses: proteins are separated in
a gel with copolymerized yeast tRNA substrate, and post-
incubation, RNase activity is visualized as dark zones (no
EtBr fluorescence) where tRNA has been hydrolyzed. The
data presented in Table 1 show that the highest number of
protein bands exhibiting yeast RNA hydrolysis is observed
in two fractions: the unbound fraction from ion-exchange
chromatography (Peak A, bands) and Peak 1 from Superdex
75 separation (4 bands).

Notably, two protein bands with ribonuclease activity
(40 and 77 kDa) detected in Peak 1 after gel filtration were
not observed in the original fraction of Peak B (Figs. 5,7),
indicating enrichment of RNA-hydrolyzing proteins dur-
ing purification. Electrophoretic analysis confirmed that
Peak B primarily contained low-molecular-weight proteins,
whereas Peaks 1-5 obtained after its gel filtration retained
multiple proteins from the original 50% ammonium sul-
fate fraction. Peak 1 was rich in high-molecular-weight
proteins, Peaks 2 and 4 contained several low-molecular-
weight proteins, while Peaks 3 and 5 had minimal pro-
tein content detectable by electrophoresis. Most RNases
were undetectable by Coomassie staining, reflecting high
specific activity and challenges in obtaining homogeneous
preparations.

Furthermore, this study has several limitations. First,
the analysis was performed using whole-organism ho-
mogenates. Given that enzyme expression is often organ-
specific, investigating RNases from isolated organs would
likely yield more homogeneous protein preparations and
provide clearer insights into their functions. Second, due
to practical constraints, not all protein fractions obtained
could be characterized, which inherently limits the compre-
hensiveness of the study. Third, the molecular masses of
the RNases reported here are apparent values, as they were
determined solely by electrophoretic mobility. We detected
five distinct ribonuclease-active protein bands with differ-
ent electrophoretic mobilities. To definitively confirm that
each activity corresponds to a unique gene product, further
studies—such as mass-spectrometric protein identification
and primary structure analysis—are required.

The ribonucleases we identified may serve distinct
cellular functions. Enzymes with a pH optimum of 5.0
may play a degradative role, potentially involved in de-
fense against infection or in nucleotide recycling. In con-
trast, enzymes with a pH optimum of 6.0 could operate
in endosomes or specialized secretory granules, participat-
ing in signaling pathways or regulated RNA processing
rather than mere digestion. In the context of regeneration,
these enzymes may facilitate the removal of damaged cells
and extracellular matrix at the injury site, particularly dur-
ing early stages characterized by intense cellular turnover.
Their regulatory functions might also be critical for the co-
ordinated tissue remodeling required for reparative growth.
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The presence of multiple RNases with different properties
suggests they may be activated at distinct stages of the com-
plex regenerative process. It is important to emphasize,
however, that all proposed roles of these RNases in regen-
eration remain speculative and necessitate further in-depth
investigation.

5. Conclusions

In summary, this work characterized the RNase ac-
tivity of E. fraudatrix homogenate proteins, revealing pH
dependence and substrate specificity. This work represents
the first report on the biochemical properties of a ribonucle-
ase from this holothurian species. Using an in situ activity
assay, we identified five distinct protein bands that differ
in electrophoretic mobility and exhibit ribonuclease activ-
ity. It has been shown that, in their key characteristics (pH
optimum and molecular masses), the discovered RNases re-
semble those found in sea stars and sea urchins. This study
provides a solid foundation for the further identification of
these ribonucleases, which should include precise structural
elucidation and functional characterization in intact and re-
generating organisms.
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