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SIMILARITIES AND DIFFERENCES BETWEEN THE CHAETOPTERUS VARIOPEDATUS POLYCHAETE
LUCIFERASES DEPENDING ON THE TYPE OF HABITAT
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The marine polychaete Chaetopterus variopedatus (Renier) (family Chaetopteridae) is a cosmopolitan species complex, consisting of distinct populations/
subspecies. The worms release glowing (460 nm) clouds of mucus when disturbed, and their parapodia often glow brightly. Currently, it is still unclear how exactly the
bioluminescence system of these polychaetes functions. It has been previously assumed that the C. variopedatus luciferase may be used for detection of ferroptosis,
the recently explored pathway of programmed cell death, resulting from accumulation of the ferrous ions. This study was aimed to extract and characterize the
C. variopedatus luciferases, as well as to compare Iuciferases obtained from C. variopedatus of different populations. When extracting the enzyme responsible for
bioluminescence from the frozen samples of Brazilian C. variopedatus using the improved method, two active luciferases, L1 and L2, were obtained. We assumed
that one of the listed above luciferases was responsible for luminescence of the mucus and the other luciferase was responsible for luminescence in parapodia,
and used the method for the distinct samples of mucus and parapodia of the living Far Eastern C. variopedatus. However, mucus of the latter turned out to be
non-glowing. It is shown that luciferase L2 is responsible for luminescence in the parapodia of the C. variopedatus polychaete, since this luciferase has been found
in the total biomass of Brazilian polychaetes and parapodia of Far Eastern polychaetes. Luminescence of the Brazilian C. variopedatus mucus is attributed to the
functioning of luciferase L1, which is lacking in the mucus of the Far Eastern subspecies. The range of luciferase isoforms in polychaetes C. variopedatus depends
on the place of origin.
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CXOACTBO N PA3NNYNA JTIOLUNPEPAI NOJIMXET CHAETOPTERUS VARIOPEDATUS
B 3ABUCMOCTU OT MECTA X OBUTAHUSA

K. B. Myptos', B. H. Metywkos', H. C. PoaroHosa', T. B. YenypHbix?, B. b. Koxemsiko®, P. . 3arutosa?, A. C. LLlernos* B, P. X. 3uranLumn?,
A. C. LapbkoBa?*

" NHeTUTyT 61othunanky, KpacHOSIpCKiA Hay4HbIin LIeHTP Crbupckoro oTaeneHus Poccuitckoin Akagemii Hayk, Poccust

2 VIHCTUTYT BMO0PraHN4eCKOn XMW MeHn akademmkos M. M. LLiemskuHa 1 KO. A. OBumnHHKKOBa, Mocksa, Poccust

3 TXOOKeaHCKWIA rocyAapCTBEHHbIN MEOULHCKUI YHMBEPCUTET, BnagmsocTok, Poccus

4 Poccuiickuii HauwmoHanbHbI MCCneaoBaTenbCKniA MeAULIMHCKIMA yHMBepcuTeT nmMenn H. V1. Muporosa, Mockea, Poccus

Mopckune nonunxetbl Chaetopterus variopedatus (Renier) (cemerictBo Chaetopteridae) — KOCMOMONMTLI, NPEACTaBnstole COOOM BMOOBOM KOMMNEKC W3
OTAENbHBIX NONYNALMIA-NOABMAOB. [py pasaparkeHnn YepBI BbinyckaroT cBeTsLLmecs (460 HM) obnaka Cnman, mpn 3TOM HacTo SPKO CBETATCS 1 X Napanoguu.
Ha cerogHsAWHWIA fieHb NO-NMPEXHEMY HE SICHO, Kak UMEHHO paboTaeT BUONIOMUHECLEHTHAA CUCTEMA ITUX NONMXET. PaHee GbiNo BbIABYHYTO NMPEANONOXEHNE,
410 Ntoundpepasa C. variopedatus MOXeT BbiTb MCNONb30BaHa A4S AeTEKUMN (DepponTo3a — HeOaBHO OTKPLITOrO MyT MPOrpaMMUPyeMONt KNETOHHON rbenu,
BbI3BAHHOW HaKOMJEHVEM MOHOB [ABYXBaSIEHTHOrO >kenesa. Llensto nccnepoBaHyst 610 BblAEMUTb U OxapakTepr3oBaTh Ntoumdepassl C. variopedatus, a Takke
cpaBHUTL Mtoumndepasbl C. variopedatus n3 pasHbix nNonynaumin. Mpy BblAeNeHU OTBETCTBEHHOIO 3a OGUOMIOMUHECLEHLMIO (hepMeHTa 13 3aMOPOXEHHBIX
obpasLoB bpasunbekmx C. variopedatus no yCoBEpLIEHCTBOBAHHOM MeToavKe Obi MonyYeHbl ABe akTuBHble nioumdepadbl — L1 1 L2. Mpeanonoxms, Yto
ofHa 13 ykasaHHbIX iloumepas onpeaenseT cBeveHne Cnmau, a apyras — CBeYeHve napanofuii YepBer, 3Ty Xe METOAVKY MPUMEHIN K padaesbHbiM obpasLiam
CNV3n 1 Napanoauii »XmBbIx AanbHEBOCTOHHbIX C. variopedatus. OfHaKo vx Cndb OKadanach HECBETALLENCS. [Toka3aHo, YTO (hyHKLUMIO CBEYEHVS napanoguii
nonuxet C. variopedatus obecnevnBaeT noupmdepasa L2, Tak kak oHa obHapy»keHa B 06LLel bromacce 6pasnnibCKiX MOMMXET 1 B Napanogmsx AanbHEBOCTOHHbIX
nonmxeT. CBeveHne cnuan bpaauneckux C. variopedatus obycnoBneHo dyHKLMOHPpOoBaHeM ntoumdepassl L1, kotopas oTcyTCTBYET B CIM3M Aa/lbHEBOCTOHHOMO
noasuaa. Habop ndodopm noumepad nonmxet C. variopedatus 3aBUCUT OT MeCTa X 0OUTaHUS.

KnioueBble cnosa: brontoMmHecLieHLINs, noumdepasa, nonnxeTsl, Chaetopterus variopedatus, MOPCKue YepBu

BnarogapHocTu: npodeccopy AHaepcoHy OnmBeipa 1 MnadwemMy HayYHOMY cOoTpyaHuKy [xepemmn Mupsa (OkeaHorpaduyeckmnii UHCTUTYT YHuBepcuTeTa
CaH-Mayny) 3a nomoLl B cbope Bromacchl 6pasuibCKUX MOMMXET, a Takke anmpekTopy VHcTuTyTa MupoBoro okeaHa [lanbHEBOCTOYHOMO heaepanbHOro
yHMBepcuTeTa Kupunny BUHHVKOBY 3a KOHCYmBTaLMM Mo BOMpocam cuctemaTikin Chaetopterus.

Bknap aBsTtopos: K. B. yptos, B. H. MNetywkos, H. C. PoanoHoBa — Bbinenenve noundepassbl; T. B. YenypHbix — BbigeneHne OHK, nposegerve MLP;
B. B. Koxxemsiko — cbop 1 nogrotoBka Guomaccsl 4ns BbiaeneHuns noundepasdsl; P. M. 3arntosa, A. C. LLlernoB — nccnegoBanve CBOMCTB noumdepas;
P. X. 3uraHwmH — macc-cnektpomeTpudeckuit aHanma; A. C. LlapbkoBa — 06LLee pykOBOACTBO MPOEKTOM.

D<1 Onsa koppecnoHgeHumm: AnekcaHap Cepreesvd LLernos
yn. Muknyxo-Maknas, . 16/10, r. Mocksa, 117997, Poccus; jukart@mail.ru

Cratbsi nonyyeHa: 28.09.2021 Ctatbsa npuHATa K nevatu: 12.10.2021 Ony6nukoBaHa oHnaiH: 26.10.2021
DOI: 10.24075/vrgmu.2021.049

BULLETIN OF RSMU | 5, 2021 | VESTNIKRGMU.RU 41




OPUTMHAJIbHOE UCCJIEQOBAHNE | KNETOYHASA BUOJIOT A

Chaetopterus variopedatus (Renier) belongs to the family
Chaetopteridae, one of the most differentiated family of
marine polychaetes inhabiting the benthic sediments during
the adult stage, except for the uncommon pelagic species
C. pugaporcinus (Osborn) [1]. Various researchers describe
C. variopedatus as a species complex consisting of distinct
populations/subspecies [2—4]. C. variopedatus is a cosmopolitan
species living in temperate and tropical regions across the world.
Various C. variopedatus subspecies are found in the coastal zones
in Russia, Japan, Australia, Brazil, Europe and the USA [5]. A few
years ago, phylogenetic relationships within Chaetopteridae were
revised [1, 6], however, there remains considerable uncertainty
about C. variopedatus sensu lato (Hartman).

C. variopedatus lives, hiding in the self-constructed U-shaped
parchment-like tube, which is buried in the substrate. It has a
segmented body with paired appendages, termed parapodia.
C. variopedatus releases the blue-glowing (A, 460 nm) clouds of
mucus in response to aggressive external stimuli [7]. Concurrently,
parapodia of all body segments also glow brightly. This phenomenon
historically attracted the attention of curious observers, which is
confirmed by numerous reports. Many researchers have tried
to understand the biochemical aspects of the C. variopedatus
luminescence over the past 70 years [8-10]. However, the
results are still controversial. To date, it is yet unclear how exactly
the bioluminescence system of these polychaetes functions.

As previously reported, preparation of luciferase, which was
used to reproduce the characteristic bioluminescence reaction
in vitro, was obtained from the C. variopedatus biomass,
collected in the Sdo Sebastido Strait off the coast of Brazil. In
order to achieve in vitro bioluminescence, the alcoholic extract
of C. variopedatus, containing the main substrate (luciferin) and
the ferrous ions, was added to the preparation of Iuciferase [11].

We have suggested that the C. variopedatus luciferase
may be used to detect ferroptosis [12], the recently discovered
pathway of programmed cell death, resulting from accumulation
of the ferrous ions [13]. Ferroptosis investigations are important
for both fundamental and applied biomedical science. It has
been shown that the processes similar to ferroptosis occur in
some neurodegenerative diseases [14]. Moreover, ferroptosis
inductors have a high potential as anticancer drugs [15].

Thus, detailed characterization and decoding of the
C. variopedatus bioluminescence system is considered an
urgent scientific challenge. This study was aimed at the
extraction and characterization of C. variopedatus luciferases,
and at comparative examination of luciferases, obtained from
C. variopedatus of different populations.

METHODS
Collection of C. variopedatus biomass

C. variopedatus was collected at two locations: Sdo Sebastiao
Strait of the coast of Brazil and Trinity bay in the Possiet Gulf
of Japan Sea. The worms were pulled out of their tubes and
immediately frozen in liquid nitrogen. The frozen polychaetes
were shipped on dry ice and stored at —70 °C.

In order to obtain the glowing mucus, the worms were
pulled out of the tubes, placed in the seawater and subjected
to mechanical stimulation in the dark. The glowing mucus was
collected with a pipette and frozen in liquid nitrogen.

Luciferase extraction

A total of 100 g of the frozen C. variopedatus biomass were
homogenized in 900 mL of 50 mM Tris buffer, pH 7.5. The

homogenate was sonicated using Ultrasonic Disintegrator
UD-20 (Techpan; Poland) 5 times for 2 min on ice and subsequently
centrifuged (25 000 g x 20 min) at 4°C. Supernatant was
supplemented with ammonium sulfate to the final concentration
of 500 mM and passed through a cellulose DEAE column
(Cellulose DEAE-32, Serva; Germany), equilibrated with 500
mM ammonium sulfate. The resulting filtrate was loaded onto
the 25 x 100 mm Phenyl Sepharose CL-4B column (Cytiva;
USA), equilibrated with 500 mM ammonium sulfate. Luciferase
was eluted with 5 mM Tris-HCI buffer, pH 7.5.

Fractions, possessing luciferase activity, were combined
and loaded onto the 16 x 200 mm Sepharose DEAE FF column
(Cytiva; USA), equilibrated with 20 mM Tris-HCI, pH 7.5; the
column was washed with the same buffer, and the linear
gradient elution was performed. Buffer A: 20 mM Tris-HCI,
pH 7.5; buffer B: 500 mM NaCl, 20 mM Tris-HCI, pH 7.5. The
flow rate was 4 mL/min, and the time of gradient was 25 min.

The resulting preparation was concentrated on the 10 kDa cell
(Amicon; Ireland) and loaded onto the 26 x 400 mm Sephacryl
S200 column (Cytiva; USA), equilibrated with 200 mM NaCl and
20 mM Tris-HCI, pH 7.5. Elution was performed with the same
buffer at a rate of 1.5 mL/min. The pooled fractions possessing
luciferase activity were supplemented with ammonium sulfate
to the final concentration of 500 mM, the resulting solution was
loaded onto the 5 x 90 mm C8 column (Cytiva; USA). The linear
gradient elution was carried out. Buffer A: 500 mM ammonium
sulfate, 5 mM Tris-HCI, pH 7,5; buffer B: 5 mM Tris-HCI, pH
7.5. The flow rate was 0.5 mL/min, and the time of gradient
was 80 min.

The resulting luciferase preparation was diluted twice with
distilled water and loaded onto the 3 x 50 mm monoQ column
(Cytiva; USA), equilibrated with 20 mM Tris-HCI, pH 7.5; the
column was washed with the same buffer, and the linear
gradient elution was performed. Buffer A: 20 mM Tris-HCI, pH
7.5; buffer B: 500 mM NaCl, 20 mM Tris-HCI, pH 7.5. The flow
rate was 0.5 mL/min, and the time of gradient was 80 min.

The preparation was concentrated to a volume of 200 uL on
the 10 kDa centrifuge filter (Amicon; Ireland) with subsequent
gel filtration through the 10 x 300 mm Superdex 200 column
(Cytiva; USA), equilibrated with 100 mM NaCl, 50 mM Tris-HCl,
pH 7.5. Elution was performed with the same buffer at a rate
of 0.8 mL/min.

Luciferase was extracted from the glowing mucus (10 mL)
by the same method. Luciferase activity was measured in
accordance with the previously developed protocol [11].

The species specificity of the available Chaetopterus
specimens was defined using the following primers: HC02198
(5'-TAAACTTCAGGGTGACCAAAAAATCA-3') and LCO1490
(5'-TCAACAAATCATAAAGATATTGG-3'). DNA was extracted
from each C. variopedatus frozen tissue sample with the
use of the ExtractDNA Blood & Cells kit (Evrogen; Russia).
After that the COI gene fragment sequences with a length
of 650 bps were amplified using the listed above primers,
and DNA extracted from each frozen tissue specimen was
used as a template. PCR products were used for Sanger
sequencing.

Mass spectrometry analysis of purified luciferase
preparations, obtained from Brazilian and Far Eastern
C. variopedatus, was carried out using the Q Exactive Plus mass
spectrometer (Thermo Fisher Scientific; USA) coupled with the
Ultimate 3000 Nano LC System (Thermo Fisher Scientific; USA)
by means of the nanoelectrospray ionization source (Thermo
Fisher Scientific; USA). Full scan MS acquisition was carried out
with the following parameters: 140k resolution, normal mass
range (500-2000 amu), AGC target 3108, max. injection time
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Fig. 1. Retention time values obtained for different C. variopedatus luciferases by chromatography involving the use of the monoQ anion exchange column, linear

gradient; Br — Brazilian polychaetes, FE — Far Eastern polychaetes

30 ms. The raw data obtained were visualized with the XCalibur
software (Thermo Fisher Scientific; USA).

RESULTS

The use of high-resolution anion exchange chromatography
resulted in the target preparation separated into two almost
homogeneous luciferases: L1, retention time 21.5 min, and
L2, retention time 46 min (Fig. 1). The native molecular weight
of those, calculated based on the results of gel filtration, was
70 kDa and 60 kDa, respectively (Fig. 2).

Under denaturing conditions of SDS electrophoresis,
luciferase L1 consisted of two mono subunits, each about
18 kDa, and L2 consisted of at least two different subunits with
a mass of about 18 and 15 kDa (Fig. 3).

The existence of two different luciferases in one animal may
be indicative either of their differing origins or of their specific
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functions [16, 17]. Although the C. variopedatus luminescence
is monochrome (blue), each of the worm's luciferases probably
functions locally: for example, one could be responsible for
parapodia luminescence, and the other could be responsible
for luminescence of mucus, released by the worm into the
external environment.

To test this hypothesis, we used the sample of mucus,
collected and frozen separately when catching Brazilian
C. variopedatus. Chromatographic analysis of the preparation,
purified in accordance with the described above method,
revealed the presence of one luciferase only, and the retention
time on the monoQ column (45.5 min) for this luciferase showed
reasonable agreement with the retention time measured for
L1, previously extracted from the total worm biomass (see Fig. 1).
No specific samples of the Brazilian polychaetes were
available, and the amount of the obtained L1 and L2 turned
out to be insufficient for sequencing. That is why the authors

20 22 24 26 28

Retention time (min)

Fig. 2. Molecular weight of different C. variopedatus luciferases defined by gel filtration; Br — Brazilian polychaetes, FE — Far Eastern polychaetes
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Fig. 3. Denaturing electrophoresis (15% SDS-PAGE) of the preparations L1 (2) and L2 (3) obtained from Brazilian C. variopedatus and luciferase obtained from
Far Eastern C. variopedatus (4). Tracks 1 and 5 — protein calibration mixture for SDS-PAGE electrophoresis: 29,000, 21,000, 12,500, 6,500 kDa

turned to the closer source of these worms, the Far East
coast of Russia.

Polychaetes, collected in the Trinity bay in the Gulf of Possiet
of Japan Sea, were initially identified as C. variopedatus based
on morphological features and delivered to the laboratory
alive. In order to better define the species specificity of the
available Chaetopterus, the authors performed sequencing of
the 650 bp fragment of the cytochrome C oxidase subunit |
gene (COI). Sequence analysis using the GenBank database
showed that the COI fragments of Brazilian and Far Eastern
samples were higly gomologous (over 99%) to those of two
different subspecies: C. variopedatus (AM503096.1) and
C. cautus Marenzeller (LC533809.1), respectively. To date,
these subspecies have been merged into one species complex,
C. variopedatus [6)].

When collecting the Far Eastern polychaetes, their mucus
was frozen separately. We failed to detect luminescence after
defrosting the mucus at the laboratory. The portions of fresh
mucus, obtained by mechanical and chemical stimulation
of living worms, did not glow as well. Adding luciferin and
ferrous iron to the mucus samples also did not lead to light
emission. The efforts to extract luciferase from the mucus
samples in accordance with the described above method were
unsuccessful.

No problems with the detection of the Far Eastern
polychaete parapodia luminescence were encountered. From
those we managed to extract a highly purified luciferase L(FE)

with a native molecular weight of 65 kDa (see Fig. 2). The retention
time on the monoQ column for this luciferase was 45.5 min,
which was almost equal with the retention time of the luciferase
L2 (see Fig. 1). Denaturing SDS electrophoresis demonstrates
that both L(FE) and L2 of Brazilian polychaetes consist of two
different subunits. These subunits' molecular masses are also
almost similar (see Fig. 3).

We performed mass spectrometry analysis of the
preparations of purified luciferases, obtained from Brazilian
and Far Eastern Chaetopterus. The results, mass-to-charge
ratio (m/z), charge (z) and calculated molecular weight (m), are
presented in the Table.

Preparations of luciferases L2(Br) and L(FE) are significantly
more heterogenous compared to the L1(Br) preparation, which
is probably due to posttranslational modifications and terminal
amino acid cleavage. Mass sets, obtained for L2(Br) and L(FE),
are almost the same, which attests to the enzymes similarity,
and differ significantly from those obtained for L1(Br).

DISCUSSION

Bioluminescence systems are widely implemented in various
biomedical technologies [18, 19]. Luminescence bioimaging,
the intravital imaging of cells and intracellular processes, is one
of the important areas [20]. In case of successful decoding,
the C. variopedatus luciferase may conceivably be used for
development of ferroptosis sensor [12]. We have optimized the

Table. Mass spectrometry analysis of the preparations of purified Iuciferases, obtained from Brazilian (Br) and Far Eastern (FE) Chaetopterus

L1(Br) L2(Br) L(FE)

m/z z m m/z z m m/z z m
1355.5 12 16253 1352.49 11 14866.39 1352.67 11 14868.37
1364 12 16356 1364.5 11 14998.5 1355.5 12 16254

1374.94 11 15113.34 1365.94 11 15014.34 1364.09 12 16357
1383.58 11 15208.38 1373.31 11 15095.41 1366.13 11 15016.43
1374.77 11 15111.47 1373.41 11 15096.51
1383.76 11 15210.36 1374.95 1 15113.45
1396.93 12 16751.16 1383.85 11 15211.35
1405.35 12 16852.2 1396.94 12 16751.28
1404.44 12 16853.28

Note: m/z — mass-to-charge ratio; z— charge; m — molecular weight.
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previously developed method for the C. variopedatus luciferase
extraction [11], thereby obtaining an almost pure preparation,
suitable for mass spectrometry analysis.

Originally, C. variopedatus caught in Brazil were used
for analysis, however, logistical challenges forced us to use
C. variopedatus caught in Primorsky Krai in Russia. It is
interesting that unlike Brazilian polychaetes, Far Eastern
C. variopedatus did not produce any glowing mucus. Two
different isoforms of luciferase (L1 and L2) were found in
Brazilian C. variopedatus, while only one (L) was found in Far
Eastern polychaetes. Mass spectrometry and chromatography
showed that L2 and L were extremely likely and differed
from L1. Presumably, the function of parapodia luminescence in
C. variopedatus polychaetes is ensured by luciferase L2 (L),
since this luciferase has been found in the total biomass of
Brazilian polychaetes and parapodia of Far Eastern polychaetes.
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Luminescence of mucus in Brazilian C. variopedatus is due to
the functioning of luciferase L1, which is lacking in the mucus
of the Far Eastern subspecies.

CONCLUSIONS

The findings lead to the following conclusions: 1. the
C. variopedatus polychaete parapodia luminescence is attributed
to the function of luciferase L2, since this luciferase has been
identified in the total biomass of Brazilian polychaetes as L2(Br)
and in parapodia of Far Eastern polychaetes as L(FE) identical
to L2(Br); 2. the Brazilian C. variopedatus mucus luminescence is
ensured by luciferase L1, which is lacking in the mucus of the
Far Eastern subspecies; 3. the range of luciferase isoforms in
C. variopedatus polychaetes might correlate with their place
of origin.
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