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ARTICLE INFO ABSTRACT

Keywords: Prymnesins, produced by the haptophyte Prymnesium parvum, are considered responsible for fish kills when this

Prymnesium parvum species blooms. Although their toxic mechanism is not fully understood, membrane disruptive properties have

Cl;o%isml"l been ascribed to A-type prymnesins. Currently it is suggested that pore-formation is the underlying cause of cell

?ofiln -nvllixture disruption. Here the hypothesis that A-, B-, and C-type prymnesins interact with sterols in order to create pores
. was tested. Prymnesin mixtures containing various analogs of the same type were applied in hemolysis and

Hemolysis . . . X .

Cytotoxicity cytotoxicity assays using Atlantic salmon Salmo salar erythrocytes or rainbow trout RTgill-W1 cells. The he-

molytic potency of the prymnesin types reflected their cytotoxic potential, with approximate concentrations
reaching 50 % hemolysis (HCsg) of 4 nM (A-type), 54 nM (C-type), and 600 nM (B-type). Variabilities in
prymnesin profiles were shown to influence potency. Prymnesin-A (3 Cl) + 2 pentose + hexose was likely
responsible for the strong toxicity of A-type samples. Co-incubation with cholesterol and epi-cholesterol pre-
hemolysis reduced the potential by about 50 % irrespective of sterol concentration, suggesting interactions with
sterols. However, this effect was not observed in RTgill-W1 toxicity. Treatment of RTgill-W1 cells with 10 pM
lovastatin or 10 pM methyl-p-cyclodextrin-cholesterol modified cholesterol levels by 20-30 %. Regardless,
prymnesin cytotoxicity remained unaltered in the modified cells. SPR data showed that B-type prymnesins likely
bound with a single exponential decay while A-types seemed to have a more complex binding. Overall, inter-
action with cholesterol appeared to play only a partial role in the cytotoxic mechanism of pore-formation. It is
suggested that prymnesins initially interact with cholesterol and stabilize pores through a subsequent, still un-
known mechanism possibly including other membrane lipids or proteins.

1. Introduction

The haptophyte Prymnesium parvum is considered one of the most
persistent harmful algal bloom-forming microalgae in brackish water
(Hallegraeff, 1993; Kaartvedt et al, 1991). It was recently (2022) the
cause of a massive bloom followed by a major fish-killing event in the
Oder/Odra River in Europe (Free et al, 2023). P. parvum produces a
group of toxins called prymnesins which have ichthyotoxic and hemo-
lytic effects and are believed to be the cause of fish kills ensuing from
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such blooms (Binzer et al., 2019; Igarashi et al., 1999, Igarashi et al.,
1996; Rasmussen et al, 2016; Yariv and Hestrin, 1961). Currently,
prymnesins are characterized as either A-, B-, and C-types, depending on
the length of their carbon-backbone (Binzer et al, 2019; Rasmussen
et al., 2016). To date, only four structures have been fully elucidated
(Igarashi et al., 1996; Igarashi et al.,1999; Rasmussen et al., 2016). Many
different analogs have been found since, for which no elucidation has
been performed, with varying degrees of chlorination and glycosylation.
The structure of C-type prymnesins remains to be elucidated. It was
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suggested that prymnesin toxicity is pH-dependent, which has been
tentatively examined previously (Caron et al., 2023; Igarashi et al., 1998;
Moran & Ilani, 1974; Shilo and Aschner, 1953; Ulitzur and Shilo, 1964).
A common feature all identified prymnesins share is a primary amine in
their lipophilic moiety (Igarashi et al., 1999, Igarashi et al., 1996; Ras-
mussen et al., 2016). The protonation of this amine group is believed to
play an important role in the “charge distribution” of the molecule and
thus its toxicity (Igarashi et al., 1998; Moran & Ilani, 1974; Valenti et al.,
2010). While changes in pH may modify toxin activity, the hypothesis of
reduced toxicity at pH 6.5 due to larger relative amounts of ionized
prymnesins as suggested by Valenti et al., (2010) is debated and further
research is needed to elucidate the relationship between prymnesin
toxicity and pH (Cichewicz and Hambright 2010). Differences in the
potential of the three groups have been shown for ichthyotoxic as well as
cytotoxic potential (Blossom et al., 2014; Rasmussen et al., 2016; Varga
and Prause et al., 2024). Interestingly, one strain of P. parvum can only
produce one type of toxin, namely A, B, or C, but various analogs thereof
(Binzer et al., 2019; Rasmussen et al., 2016).

Upon contact with the fish gills, prymnesins can increase cell mem-
brane permeability, wreaking havoc on the osmotic balance, ultimately
causing the fish to succumb to suffocation (Bergsson et al., 2019; Ulitzur
and Shilo, 1966; Yariv and Hestrin, 1961). At the molecular level, this
effect is supposedly achieved through pore formation in the gill cells
(Ulitzur and Shilo, 1966; Yariv and Hestrin, 1961). Despite numerous
studies and the current knowledge on prymnesins at the time of writing,
it remains unclear how prymnesins can accomplish such damage to the
fish gill cells. Given their structural similarities to karlotoxin, with a
terminally chlorinated aliphatic chain, or to amphidinol, an aliphatic
chain without chlorination (Fig. 1), and the currently available toxicity
data, it is postulated that prymnesins can interact directly with the cell
membrane (Igarashi et al,, 1998; Imai and Inoue, 1974; Shilo, 1981;
Waters et al., 2015).

This study aimed at providing more detail regarding the mode of
action of prymnesins by trying to understand the relevance of sterols in
their toxicity. It was hypothesized that prymnesins can interact with cell
membrane lipids, such as cholesterol, to exert their toxic effects upon the
cells. As the difference in cytotoxicity between the groups has been
established already, it was intriguing whether this would be the case for
their hemolytic potency as well. To answer the question of whether
prymnesins are able to interact with sterols, hemolysis as well as

Cla_

Prymnesin-A (3 Cl) + 2 pentose + hexose
(prymnesin-1)

Clu_~

. ) ) BoE
N AN
Prymnesin-B (1 Cl) + hexose : o7

(prymnesin-B1)

Aquatic Toxicology 276 (2024) 107080

cytotoxicity were tested for toxins that had previously been combined
with sterols. In addition, RTgill-W1 cell membranes were modified to
either contain more or less cholesterol and subsequently exposed to
prymnesins. This would help better understand the relevance of mem-
brane cholesterol for the cytotoxic mechanism of prymnesins, and
whether the exertion of toxic activity is dependent on the levels of
cholesterol in the membrane. Moreover, it was of interest to examine if
variances in analog profiles would influence the toxicity. Two A-type
and two B-type strains were used for this comparison. Finally, the in-
teractions between A- and B-type prymnesins with selected sterols were
also recorded via surface plasmon resonance (SPR) measurements.

2. Materials and methods
2.1. Samples

Prymnesin samples were obtained from biomass of P. parvum cul-
tures. One A-type prymnesin sample, originally a hemolysis solution
from Sigma Aldrich (No. P-1389, St. Louis, MO, USA), was kindly gifted
by T. Shier (Department of Medicinal Chemistry, College of Pharmacy,
University of Minnesota, MN, USA). Another A-type and one B-type
strain were cultivated and harvested by the Algal Resources Collection
(ARQ) in the Center of Marine Sciences at the Marine Biotechnology in
North Carolina, University of North Carolina at Wilmington (strains
UNCW-ARC140 and UNCW-ARC66, respectively). One B-type strain (K-
0081), was obtained from the Scandinavian Culture Collection of Algae
and Protozoa (SCCAP, now incorporated in the Norwegian Culture
Collection of Algae, NORCCA). Lastly, the C-type strain RCC-1436 was
purchased from the Roscoff Culture Collection (RCC, France).

Culture conditions for P. parvum strains were previously described in
Varga and Prause et al. (2024) and briefly described as follows. For
strains UNCW-ARC140 and UNCW-ARC66, F/2 medium was prepared
from filtered and autoclaved natural seawater collected 40 miles off the
Wilmington coast and adjusted to 4 ppt. The microalgae were cultivated
with an initial density of ~1,000 cells mL™ in a 10-L photobioreactor
(IKA Algaemaster 10 control, IKA® Works Inc., Wilmington, NC, USA) at
20 °C, 70 pmol m~2 s and a 12:12 dark:light photoperiod (LED Light).
Air bubbling and CO; injection were used to maintain a pH ~8. Cells
counts were determined every 3 days using a Sedwick-Rafter chamber
and cells were harvested after 2 weeks (190,000 cells mL™) by

Fig. 1. Structures of one A- type and one B-type prymnesin, respectively, from the haptophyte Prymnesium parvum as examples for comparison to dinoflagellate
toxins karlotoxin 2 from Karlodinium veneficum and amphidinol 3 from Amphidinium klebsii.
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centrifugation in a Sorvall superspeed RC2-B centrifuge at 4 °C and 12,
000 x g. For strains K-0081 and RCC-1436. For strains K-0668 and
RCC-1436 F/2 medium was prepared from filtered and pasteurized
natural seawater off the coast of Elsinore at 30 ppt (Guillard, 1975). The
microalgae were maintained in 10-L glass bottles, at 15 °C witha 14:10 h
light-dark cycle and 450-500 pmol photons m™ s™! irradiance. Cell
concentrations were monitored every two to three days by manual cell
counting under the microscope to ensure these strains remained in the
exponential growth phase. The algal biomass of all strains was harvested
in the late exponential phase by centrifugation at 4,000 relative cen-
trifugal force (rcf) for 15 min at 4 °C, and the biomass pellet separated
from the supernatant.

For all the strains, the pellets were then stored at -80 °C until
extraction using the protocol provided by Binzer et al. (2019). First, the
algal cell pellet was thawed, then centrifuged at 4,000 rcf for 5 min to
remove any remaining supernatant. Second, the pellets were extracted
several times with ice-cold acetone to remove chlorophyll, until a light
green supernatant was obtained. Third, prymnesins were subsequently
extracted with methanol (MeOH). The MeOH was then evaporated with
a rotavapor (R-114, Biichi Labortechnik AG, Flawil, Switzerland) or a
CentriVap Benchtop Vacuum Concentrator coupled to a CentriVap
Coldtrap (both Labconco Corp., Kansas City, MO, USA), and the samples
were reconstituted in absolute ethanol (EtOH). Finally, the samples were
placed in an ultrasonic bath for several minutes, centrifuged, and the
particle-free supernatant was transferred to HPLC vials and stored at -20
°C. The two A-type samples will henceforward be referred to as the
A-type solution (Sigma Aldrich) and the A-type extract, from Sigma
Aldrich of unknown strain origin and strain UNCW-ARC140
respectively.

2.1.1. Prymnesin profiles

The prymnesin profile was analyzed using ultra-high performance
liquid chromatography coupled with high-resolution mass spectrometry
(UHPLC-HRMS) exactly as described in Varga and Prause et al. (2024).
Toxin concentrations for prymnesin samples were estimated through
high-performance liquid chromatography and fluorescence detection
(HPLC-FLD), as previously described (Svenssen et al., 2019; Varga and
Prause et al., 2024). In short, prymnesins were labeled with a fluorescent
tag (AccQ-Tag Fluor Reagent Kit, Waters Corp., Milford, MA, USA)
through derivatization of their primary amines. A 1200 HPLC system
(Agilent Technologies, Waldbronn, DE), using an Agilent Poroshell C18
column (2.1 x 50 mm 2.7 ym) with water as eluent A and acetonitrile as
eluent B, both containing 0.1 % formic acid, were used for chromato-
graphic separation. Prymnesins were detected via fluorescence at exci-
tation/emission wavelengths of 250/395 nm. The data were analyzed
with ChemStation for LC Rev. B.04.01 SP1 from Agilent Technologies.

2.2. Cell culture

Both the rainbow trout (Oncorynchus mykiss) gill cell line RTgill-W1,
obtained from K. Schirmer (Department of Environmental Toxicology,
EAWAG, Diibendorf, CH), and the human epithelial colon cell line
HCEC-1CT, provided by J. W. Shay, UT Southwestern Medical Center,
Dallas, TX, USA, were chosen for cytotoxicity tests and cultivated as
described in Varga and Prause et al., (2024).

RTgill-W1 cells were kept at 19 °C in Leibovitz’s 15 medium (L-15)
supplemented with 1 % (v/v) penicillin/streptomycin (Thermo Fisher
Scientific, Waltham, MA, USA) and 10 % (v/v) fetal calf serum (EuroBio,
Le Ulis, France) (Bols et al., 1994). HCEC-1CT cells were cultured at 37
°C with 5 % CO5 in Dulbecco’s Modified Eagle’s Medium (DMEM
(Thermo Fisher Scientific, Waltham, MA, USA)). For the complete
cultivation medium 500 mL DMEM were supplemented with 10 mL
Medium 199 (10x), 10 mL HEPES buffer solution 1 M, 5.2 mL
Insulin-Transferrin-Selenium-G Supplement (Thermo Fisher Scientific,
Waltham, MA, USA), 10 mL HyClone™ Cosmic Calf'™ Serum (GE
Healthcare Life Sciences HyClone Laboratories, Danaher Corp.,
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Washington DC, USA), 0.6 mL gentamycin solution (Sigma Aldrich
GmbH, St. Louis, MO, USA), 100 uL Recombinant Human Epidermal
Growth Factor (100 pg/mlL, Szabo-Scandic HandelsgmbH & Co KG,
Vienna, Austria), and 100 pL hydrocortisone (5 mg/mL, Merck KGaA,
Darmstadt, Germany). Both cell lines were kept in cell+ surface (Sar-
stedt AG & Co KG, Niirnbrecht, Germany) flasks or plates.

2.3. Toxicity tests

2.3.1. Cell viability assays

Cell viability of RTgill-W1 and HCEC-1CT cells upon exposure to
ichthyotoxin samples was mainly determined with the CellTiter-Blue®
(CTB (Promega, Madison, WI, USA)) assay according to the manufac-
turer’s instructions. The protocol used for exposing RTgill-W1 cells to
ichthyotoxins was adapted from the one described previously (Dayeh
et al., 2005; Rasmussen et al. 2016) Cells were seeded onto an F-bottom
96-well polystyrene plate at a density of 2 x 10* cells per well
(RTgill-W1) or 5 x 10° cells per well (HCEC-1CT) and grown for 48 h.
Cells were then exposed to 100 pL prymnesin sample diluted in culture
medium with a final EtOH concentration of 0.5 % (v/v). Medium con-
taining 0.5 % (v/v) EtOH was used as solvent control, and medium
containing 0.05 % and 0.1 % (v/v) Triton™ X-100 (Sigma Aldrich, St.
Louis, MO, USA) as positive control. Following a 3-h incubation at 21 °C
(RTgill-W1) or 37 °C (HCEC-1CT) in the dark, 100 pL of 1:10 diluted CTB
reagent in culture medium was added to the previously aspirated cells
and incubated for 1 h at room temperature in the dark.

The WST-1 Assay (Abcam, Cambridge, United Kingdom) was per-
formed according to the manufacturer’s protocol to detect cytotoxicity
in RTgill-W1 cells after treatment with cholesterol altering substances
(section 2.4.2). After the wells had been aspirated and rinsed with
Dulbecco’s phosphate buffered saline (DPBS, Thermo Scientific Wal-
tham, MA, USA), 80 uL of WST-1 reagent were added to the wells and
incubated for 1.5 h in the dark, after which the absorbance was taken at
450 and 650 nm. The cells were then fixed and stained with a fluorescent
dye, visualizing cellular cholesterol (2.4.3).

The lactate dehydrogenase (LDH) assay (Pierce CyQuant ', Thermo
Scientific, Waltham, MA, USA) was used to evaluate lytic effects on the
cells. The manufacturer’s protocol was followed for LDH testing, where
50 pL of supernatant were combined with 50 uL reaction mix. The re-
action was stopped after 30 min by adding 50 uL stop solution, and
finally the absorbance was measured at 490 and 680 nm.

tTM

2.3.2. Hemolytic assay

Red blood cells (RBCs) from the Atlantic salmon (Salmo salar) were
utilized to assess the hemolytic potential of the prymnesin samples with
the exception of the extract of strain UNCW-ARC66. The assay protocol
was adapted from the one described by Deeds et al. (2002). Blood was
drawn from the caudal vein using heparin-treated needles and collected
in a falcon tube for centrifuging at 1,250 rcf and 4 °C for 25 min to
remove serum. The remaining RBCs were subsequently washed three
times (1,250 rcf, 4 °C, 5 min) with cold Tris-buffer I, which consisted of
150 mM NaCl, 3.2 mM KCl, 1.25 mM MgSO4, 12.2 mM Tris base in
MilliQ water. RBCs were then diluted in Tris-buffer II (Tris-buffer I +
3.75 mM CaCly) to 1.25 % (v/v) of their original concentration and
stored at 4 °C for up to 10 days. Both buffers were adjusted to pH 7.4 at
10 °C before filter sterilization (0.22 pm). A calibration curve was ob-
tained by preparing a dilution series of the hemolytic reference com-
pound saponin (Quillaja bark, CAS No.: 8047-15-2; Sigma Chemical Co.,
St. Louis, MO, USA) (Lorent et al., 2014). Hemolytic assays were per-
formed in 96-well plates (V-bottom, polystyrene, non-treated, Corning
Inc., Corning, NY, USA) by preparing desired dilutions of the ichthyo-
toxin samples in Tris-buffer II, with a final EtOH concentration of 0.5 %
(v/v) and adding 100 uL sample per well. Hemolysis was started once
100 L of 1.25 %-RBC solution were added to the samples. The plate was
placed on an orbital shaker (80-100 rotations per minute) and incubated
at room temperature for 1 h. The solvent control was 0.5 % EtOH (v/v) in
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Tris-buffer II, and 8 pg/mL saponin in Tris-buffer II served as positive
control. After incubation, the plate was centrifuged at 600 rcf for 5 min,
after which 100 uL of the supernatant were transferred into a clear
F-bottom 96-well polystyrene plate (Corning Inc., Corning, NY, USA).
The absorbance of hemoglobin released from the RBCs was then read at
540 nm. The RBC solution was monitored for its stability by checking the
optical density of the solution supernatant without addition of any he-
molysins. Ideally the absorbance of the supernatant would remain
around 0.2, and the maximal acceptable value was set at 0.4. When an
absorbance of >0.4 was reached the solution was discarded and a new
batch of 1.25 %-RBC solution was prepared. Sensitivities of the indi-
vidual batches were tested by obtaining a saponin curve.

The B-type prymnesin extract of strain UNCW-ARC66 was the only
sample not tested for hemolysis since it was not able to cause cell
viability of RTgill-W1 cells to fall below 50 %, and therefore considered
not potent enough.

All experiments involving fish were carried out in accordance with
the guidelines at the Institutional Animal Care and Use Committee
(IACUC) of the University of Maryland Medical School: protocol No.
0014 and No. 0522012. Fish used for tissue sampling were anesthetized
with tricaine methanesulfonate (MS-222, 10 mg/L) for blood sampling
and then euthanized with MS-222 (150 mg/L).

2.4. Impact of sterols on toxicity

2.4.1. Combination assays

Possible interactions between prymnesins and cholesterol (5(6)-
cholesten-3-ol, Sigma, St. Louis, MO, USA) and epicholesterol (5-cho-
lesten-3a-ol, Steraloids Inc., Newport, RI, USA) were tested in hemolytic
assays. Again, the protocol described by Deeds et al. (2002) was fol-
lowed. Briefly, samples (extracts of UNCW-ARC140, K-0081, and
RCC-1436, and the Sigma Aldrich prymnesin solution) were diluted to
their ECsg values and then combined with the equivalent volume of
sterol in solution at 0.1 — 10,000 nM before starting hemolysis assays.

This assay was adapted for cytotoxicity in RTgill-W1 and HCEC-1CT
cells. Sterol concentrations were adjusted to range from 1 nM to 50,000
nM for RTgill-W1 and HCEC-1CT cells, in the respective cultivation
media. Cells were seeded as per usual, and the A-type prymnesin solu-
tion was diluted to twice the concentration of the ECsq obtained for
either cell line. The sample was then combined with the equivalent
volume of sterol at various concentrations, and a total volume of 100 uL
was added to the cells, which were then incubated for 3 h. Cell viability
was measured in CTB and LDH assays.

Sterols were dissolved in EtOH.

2.4.2. Cholesterol modulation in RTgill-W1 cells

Whether the cytotoxicity of prymnesins is dependent on the choles-
terol content of the target cell membrane was assessed via fluorescence
microscopy combined with cell viability testing as previously described
(Rebhahn et al, 2022). Conditions to achieve a desirable change in
membrane cholesterol content while maintaining acceptable cell
viability of RTgill-W1 cells were determined as follows: cells were
seeded into 96-well plates at a density of 1.5 x 10* cells per well for 48 h
followed by a 24 h incubation with the cholesterol content-altering
agents. To increase the cholesterol content cells were treated with
water-soluble cholesterol in the form of cholesterol-loaded methyl--
beta-cyclodextrin (MbCD-Chol, Sigma Aldrich GmbH, St. Louis, MO,
USA) at 10 and 50 pM (Del Favero et al., 2020). Lovastatin (lovastatin
sodium salt, Enzo, Farmingdale, NY, USA) at 0.1, 1, and 10 uM was used
to test for depletion of membrane cholesterol. These treatments were
controlled for cytotoxicity in a WST-1 assay while establishing this
protocol. Cholesterol was relatively quantified using a fluorescent stain
as described in 2.4.3. Based on the results of these testing conditions,
MbCD-Chol and lovastatin at 10 uM were chosen for further testing with
prymnesins. After the 24-h cholesterol-altering treatment, 100 uL of the
A-type prymnesin solution at approximately ECgo (12 nM) and the
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UNCW-ARC66 extract (B-type) at approximately ECgo (113 nM) were
added to the cells and incubated for 3 h. The resulting cell viability was
measured via the CTB assay using the usual controls. As lovastatin was
dissolved in dimethylsulfoxide (DMSO), the solvent control for this
compound consisted of 0.25 % (v/v) DMSO in culture medium.

2.4.3. Fluorescence microscopy

After manipulating the cholesterol content of the cells and cell
viability testing through WST-1, the cells were fixed with 1 % (v/v)
paraformaldehyde (PFA) in DPBS for 30 min, followed by quenching the
PFA with 100 mM glycine in DPBS for 1-2 min. Next, the cholesterol in
the cells was stained with filipin III ready-made solution (25 pg/mL in
DPBS (Sigma Aldrich GmbH, St. Louis, MO, USA) for 1 h. In between all
steps and after staining, the cells were rinsed three times with DPBS, and
finally ROTI®Mount FluoroCare mounting medium (Carl Roth GmbH +
Co. KG, Karlsruhe, Germany) was added to each well. Fluorescence
spectra were recorded between excitation at 340-380 nm and emission
at 385-470 nm with the Lionheart FX automated microscope (BioTek
Instruments Inc., Winooski, VT, USA) using the DAPI channel. For
quantification the ImageJ 1.54f Fiji Software was used, where gray-scale
images were converted to RBG images, and keeping only the blue-
channel image, 7 single cells per image were selected and measured
for their area and integrated intensity of filipin fluorescence. The
background intensity was measured and subtracted from the intensities
obtained for the cells.

2.5. Surface plasmon resonance (SPR)

After performing co-incubation assays of these ichthyotoxins with
selected sterols, surface plasmon resonance (SPR) measurements were
performed for assessing interactions between the A-type prymnesin so-
lution and the K-0081 extract (B-type) with cholesterol, epicholesterol,
and ergosterol (Fluka Chemie GmbH, Buchs, Switzerland). The experi-
ments were run on a T200 Biacore system using the Series S Sensor Chip
HPA (Cytiva, Danaher Corp., Washington DC, USA). The three sterols
were diluted in HBS buffer (10 mM HEPES, 150 mM NacCl, pH 7.4) to
reach a concentration of 10 uM. The sensor chip was prepared by first
pre-conditioning all four flow cells (Fc) with 40 mM octyl-D-glucoside
for 5 min at a flow rate of 10 pL/min. The sterol were subsequently
immobilized at about 1,000 responsive units (RU) with a flowrate of 2
uL/min for 30 min. Fcl with only octyl-D-glucoside served as control.
The baseline was stabilized by rinsing all Fcs with 10 mM NaOH for 30s,
followed by a 5 min blocking with bovine serum albumin (0.1 mg/mL in
dH,0). HBS buffer was run over all Fcs three times, followed by 1 uM of
A-type prymnesins (Sigma Aldrich) and 1 uM B-type prymnesin extract
(strain K-0081) for 2 min at 10 pL/min. In-between samples the Fcs were
washed with HBS buffer. Responses were fitted on a 1:1 model, and
kinetic values were calculated with the program Biacore T200 software
3.2.1 (Cytiva, Danaher Corp., Washington DC, USA). As these samples
were mixtures of different analogs, SPR served only as a way of con-
firming whether sterol-interactions take place. Specific reaction kinetics
were not calculated, but the overall ability of prymnesins to bind with
sterols was tested and compared between the two prymnesin types.

2.6. Statistics

All assays were carried out in technical triplicates, with the exception
of SPR assays, which were performed in duplicates. Statistical signifi-
cance was calculated with One Way ANOVA followed by the posthoc
Fishers least significant difference test, as well as t-test (one-sample or
two-sample) using OriginPro 2020 Version 9.7.0.185 (Academic, Ori-
ginLab Corporation, Northampton, MA, USA).
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3. Results

3.1. Prymnesin profile

The different prymnesin analogs of all the samples were analyzed
and are listed in Table 1. Three of the samples had already been reported
by Varga and Prause et al. (2024) and are indicated as such. The profiles
found for the two A-type samples exhibited various differences. The
main components of these samples were analog prymnesin-A (3 CD) + 2
pentose + hexose (prymnesin-1), making up 60 % of the total prymne-
sins in the A-type solution (Sigma Aldrich), and analog prymnesin-A (3
Cl) + pentose (prymnesin-2), with 43 % in the extract UNCW-ARC140.
Only about 20 % of analog prymnesin-A (3 Cl) + 2 pentose + hexose
(prymnesin-1) was found in the A-type extract (UNCW-ARC140). Two
analogs containing two Cl-moieties (prymnesin-A (2 Cl) + pentose and
prymnesin-A (2 Cl) + 2 pentose + hexose) were detected in the A-type
sample from Sigma Aldrich. The only analog containing two Cl-moieties
in the UNCW-ARC140 extract was prymnesin-A (2 Cl + DB) + pentose,
which was not found in the solution from Sigma Aldrich. The two B-type
samples were more similar to one another, with analog prymnesin-B (1
Cl) accounting for 35 % in the UNCW-ARC66 and 24 % in the K-0881
extract. The dominant analog of the K-0881 extract was prymnesin-B (1
CD) + hexose (known as prymnesin-B1) with 41 %. The main difference
between these two was that no analogs containing 2 Cl were present in
the UNCW-ARC66 extract. The most abundant analog in the RCC-1436
extract was prymnesin-C (4 Cl+ DB) + pentose. An estimate of the
total concentration (uM) was calculated for each sample based on the
analogs present, accounting for all prymnesin analogs. From this point
onwards, all concentrations provided will reflect the concentration of
the analog mixture of the prymnesin samples.

Table 1

Prymnesin profiles of samples used in this project reported as percentages of the
total peak areas. The total concentration of the prymnesin sample based on the
total analog content is also given (uM).

A-type prymnesins ARC140 Sigma Aldrich?

PRM-A (2 Cl + DB) + pentose 12
PRM-A (2 Cl) + pentose

PRM-A (2 Cl) + 2 pentose + hexose -
PRM-A (3 CD 6
PRM-A (3 Cl) + pentose 43
PRM-A (3 C) + 2 pentose 4
PRM-A (3 Cl) + pentose + hexose 13
PRM-A (3 Cl) + pentose + 2 hexose - 2

PRM-A (3 C]) + 2 pentose + hexose 21 61
Concentration (uM) 9.1 +2.4 2.2+0.2

O W= ' NN
o]

B-type prymnesins ARC66 K-0081 ¥

PRM-B (1 CD) 35 24
PRM-B (1 Cl) + pentose 32 18
PRM-B (1 Cl) + hexose 25 41
PRM-B (1 Cl) + pentose + hexose 4 2

PRM-B (1 Cl) + 2 hexose 5 10
PRM-B (2 Cl) sum of all varieties - 5
Concentration (uM) 22+6 204 + 18

C-type prymnesins RCC-1436 ¥

PRM-C (2 Cl + DB) + pentose 4
PRM-C (3 Cl + DB) 8
PRM-C (3 Cl + DB) + pentose 17
PRM-C (3 Cl + DB) + pentose + hexose 1
PRM-C (3 C]) + pentose 8
PRM-C (4 Cl + DB) 28
PRM-C (4 Cl + DB) + pentose 36
Concentration (uM) 15+1

“-“not detected; DB double bond
1) As previously reported in Varga and Prause et al. (2024).
" Duplicate of the sample reported previously.
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3.2. Toxicity of prymnesins

3.2.1. Cytotoxicity

The cytotoxic potential for most samples had already been described
in the previous study by Varga and Prause et al. (2024). The A-type
prymnesin solution (Sigma Aldrich), the most potent sample, showed a
cytotoxic ECsg of about 4 nM in RTgill-W1 cells and 6-7 nM in HCEC-1CT
cells. The RCC-1436 C-type prymnesin extract was the second most
potent, with ECs( values of 14 nM for RTgill-W1 cells and approximately
34 nM for the HCEC-1CT cell line. The extract from the B-type producing
strain K-0081 exhibited 50 % cytotoxicity at concentrations of 127 nM
and 170 nM, respectively. For the purpose of this study, the two
UNCW-ARC strain extracts were evaluated for their cytotoxicity as well.
The samples were tested for their toxic effects towards RTgill-W1 cells
and measured via CTB. A 50 % cytotoxic effect was observed at
approximately 5 nM of the UNCW-ARC140 extract (A-type). The highest
concentration of the UNCW-ARC66 extract (B-type),113 nM not
exceeding the maximum EtOH concentration of 0.5 % (v/v), could
decrease metabolic activity to about 60 % only (Supplementary infor-
mation (SI) Fig. 1).

3.2.2. Hemolytic potential

The difference in potency between the three prymnesin groups (A, B,
and C) was tested for hemolysis of RBCs obtained from salmon blood. All
tested prymnesin samples were potent hemolysins (Fig. 2). Once again,
the A-type solution (Sigma Aldrich) was the most potent, with an
approximated HCsg value of 6 nM. A 50 % hemolysis (HCs() of the RBCs
could be achieved at 9 nM of the UNCW-ARC140 A-type extract, and the
highest possible concentration of 18.2 nM (maintaining EtOH levels at
0.5 % (v/v)) lysed about 70 % of all RBCs. The C-type prymnesin sample
had an estimated HCs of about 54 nM, and lastly 600 nM of the B-type
extract from strain K-0081 were needed to achieve 50 % lysis of RBCs.
The C-type prymnesin sample could only reach a maximal hemolysis of
about 60 % at the highest possible concentration while maintaining a
0.5 % (v/v) EtOH concentration. The UNCW-ARC66 B-type prymnesin
extract was not tested for hemolysis, considering its low cytotoxic
potential.

3.3. Impact of sterols on toxicity

3.3.1. Combination assays

In order to assess the influence of sterols on the toxicity, combination
assays of toxins with sterols were performed. The samples were diluted
to their HCsp or ECsp values and combined with cholesterol or epi-
cholesterol prior to starting the hemolysis or cytotoxicity assays. The
total EtOH concentration was kept at 0.5 % (v/v), and therefore this
percentage was also used for the solvent control (either in Tris buffer or
culture medium). In general, standard deviations for the hemolysis ex-
periments were at times larger than expected. This can be explained by
the fact that new batches of 1.25 %-RBC solution had to be prepared
often, as their shelf-life is unpredictably short (max. 7-10 days). Thus,
the replicates for the assays with the K-0081 B-type prymnesin extract as
well as the UNCW-ARC140 A-type extract for instance were conducted
using different batches of RBC solution, as it would have been wasteful
to restart the experiment and discard previously obtained results. The
variance between the RBC batches remained at < 10 % for all tested
saponin concentrations, with the exception of saponin at 1,600 ng/mL
(SI Fig. 2). This concentration was right around the HCs( of the saponin
control where higher variabilities are always observed. Importantly, the
number of RBCs was not counted during the preparation of this solution,
which may have had an additional effect on data reproducibility. The C-
type prymnesin sample could not be tested for combination with epi-
cholesterol as insufficient sample volume was available.

Neither cholesterol nor epicholesterol showed any hemolytic activity
of their own (SI Fig. 3). For all tested prymnesins, a clear decrease of the
hemolytic effect could be observed once the sample had been combined
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Fig. 2. Hemolytic activity of the A-type solution (Sigma Aldrich), the A-type extract (strain UNCW-ARC140), the B- (strain K-0081), and C-type (strain RCC-1436)
prymnesins in red blood cells from Atlantic salmon (Salmo salar). Saponin (8 ug/mL) was used as positive control and set as 100 % hemolysis, Tris-buffer II containing
0.5 % (v/v) EtOH served as solvent control. The prymnesin concentrations (nM) reflect the total concentration of all analogs present in each sample respectively. Data

is provided as mean + SD of n > 2.

with sterols (Fig. 3). The reduction of hemolysis was seemingly inde-
pendent of the sterol concentration, with the addition of sterols at 0.1
nM and 1,000 nM resulting in a similar effect for most samples. Only for
the A-type prymnesin solution combination with cholesterol or epi-
cholesterol at 10,000 nM led to an even stronger reduction in hemolysis.
This reduction was significantly different from the effect obtained with
other concentrations of cholesterol. Remarkably, the combination of A-
type prymnesin solution with 10,000 nM cholesterol resulted in prac-
tically 0 % hemolysis, while with epicholesterol no smaller value than
10 % hemolysis could be reached. It seems important to note that these
effects could not be observed in the combination assays with the A-type
prymnesin extract (UNCW-ARC140). In this sample, the observed
reduction in hemolysis was stable at all concentrations of added sterols,
which was similar to the hemolytic activity observed for the K-0081 B-
type prymnesin sample.

Given the outcome of the hemolytic potential after combination with
sterols, the question was addressed whether pre-incubation of prymne-
sins with sterols also affects the cytotoxic potential towards fish gill cells
(RTgill-W1) or human epithelial cells (HCEC-1CT) (SI Fig. 4 and SI
Fig. 5). Interestingly, no discernible change in cytotoxic potential could
be measured when the toxin was pre-incubated with sterol, with the
exception of a combination with cholesterol at the lowest concentration
of 0.1 nM, where a significant decrease in the cytotoxicity of A-type
prymnesins at 4 nM could be calculated for the CTB assay (SI Fig. 4A). In
the human cell line HCEC-1CT, the A-type solution (Sigma Aldrich) at 7
nM (ECsg adjusted for the cell line) combined with cholesterol at 100
nM, 10,000 nM, and 50,000 nM reduced the cytotoxic potential by about
15 %. Nevertheless, this reduction in cytotoxicity did not show a sig-
nificant difference and thus remains a trend (SI Fig. 4 A).

3.3.2. Modulation of membrane cholesterol content

The cytotoxic potential of prymnesins was tested on RTgill-W1 cells
that had been altered in their cholesterol content. More cholesterol was
loaded into the cells by treating them with MbCD-Chol and, for com-
parison, lovastatin was used to deplete the cells of cholesterol. The
resulting change in cholesterol content was determined by staining with
filipin and measuring the integrated fluorescent intensity (Fig. 4). A
concentration of 10 pM MbCD-Chol was effective in significantly

increasing the cellular cholesterol content by approximately 30 %.
Treatment with lovastatin for 24 h also caused a concentration-
dependent change in the cholesterol level. Lovastatin lowered the con-
tent by about 25 % and 10 % at 10 uM and 1 pM, respectively. None of
these treatments impacted the cell viability, as measured in the WST-1
assay (SI Fig. 6).

Once the cholesterol content could be modulated, cholesterol load
(MbCD-Chol) and reduction (Lova) were used to explore the dependency
of the toxicity of the prymnesins. To evaluate possible changes in
cytotoxic potency, the A-type solution (Sigma Aldrich) and the UNCW-
ARC66 B-type prymnesin extract at approximately ECyp and ECg,
respectively, as well as the A-type extract from strain UNCW-ARC140 at
ECy and ECy( were added to the cells directly after the 24-h cholesterol
modulation. Exposure lasted 3 h and the consequent cell damage was
measured via the CTB assay (Fig. 5). Despite altering the cholesterol
content of the cells no clear change in the cytotoxicity could be
measured for either one of the samples. Although a tendency for a lower
cytotoxic potential could be observed when the cells had been treated
with lovastatin and then exposed to the B-type sample, this effect was
not significantly different to the impact on untreated cells. Exposure to
the A-type sample (Sigma Aldrich) resulted in a similar outcome. The
metabolic activity was decreased to about 5 % in regular as well as in
cholesterol-altered RTgill-W1 cells. Also for the UNCW-ARC140 sample,
no difference between the untreated cells and cholesterol-modulated
cells could be observed for neither of the toxin concentrations applied
(ECy, EC70). No difference between cholesterol depleted and enriched
cells could be measured for any of the prymnesin samples.

3.4. Surface plasmon resonance (SPR)

To better understand the interaction between prymnesins and ste-
rols, SPR was used to measure binding of A- and B-type prymnesins to
cholesterol, epicholesterol, and ergosterol. Because interactions could
not be measured for single prymnesin analogs, SPR data are viewed as
indications for sterol affinity and not reaction kinetics. The reaction was
fitted to a simple 1:1 kinetics model and tested for the accuracy thereof
(Chi?). When a mixture of analytes is tested for 1:1 binding, it is assumed
that they compete for the immobilized ligand, with binding depending
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Fig. 3. Potential of both A-type prymnesin samples, the solution from Sigma Aldrich from unknown strain origin and the extract from strain UNCW-ARC140, the
extracts from the B-type strain K-0081 and the C-type strain RCC-1436 diluted to their previously established HCs, values, compared to hemolytic effects resulting
from combination of these samples at their HCso with different concentrations of cholesterol (A) and epicholesterol (B) before incubation with red blood cells. The
prymnesin concentrations (nM) reflect the total concentration of all analogs present in each sample respectively. Saponin (8 pg/mL) was used as positive control and
set as 100 % hemolysis, and Tris-buffer II containing 0.5 % (v/v) EtOH served as solvent control. The sterol control consisted of the highest concentration (10,000 nM)
for each sterol in Tris-buffer II and caused 0 % hemolysis. Data is provided as mean + SD of n > 2. Where the number of replicates equals n = 3 significance was
calculated with One Way ANOVA (* = p < 0.05; ** =p < 0.01; *** = p < 0.001). Significance was not calculated for samples with fewer replicates (UNCW-ARC140
sample combined with cholesterol and the Sigma Aldrich solution in combination with epicholesterol).

on analyte concentration and affinity (Gaudreault et al., 2021). There-
fore, only the dissociation of the complexes was considered, as dissoci-
ation rates are independent of analyte concentrations and can be used to
interpret complex stability. The dissociation constants, kq(1/2), were
calculated by the T200 Biacore software and can be found in Table 2.
The sensograms are shown in Fig. 6. Both samples, the A-type solution
(Sigma Aldrich) and the B-type extract (K-0081) bound to all ligands
(sterols), and also non-specifically to the control, octyl-D-glucoside. This
unspecific binding can be attributed to the amphipathic properties
ascribed to compounds like prymnesins (Andersen et al., 2017; Bach-
varoff et al., 2008; Svenssen et al., 2019).

Dissociation rate constants were all within the same range, from 2.59
x 10 t0 6.72 x 10 (1/s), indicating similar complex stability for both
toxin mixtures with all three sterols. Notably, no kq(1/s) was calculated
for the A-type sample complexing with cholesterol, as the dissociation
range reached RUs below 0. The A-type prymnesin solution seemed to
build a more stable complex with epicholesterol, resulting in a kq(1/s) of

2.59 x 10'3, compared to ergosterol (kq(1/s) of 6.64 x 10'3). Similarly,
the B-type mixture formed the most stable complex with epicholesterol,
for which a kq(1/s) of 3.09 x 102 was calculated, followed by the sta-
bility of the B-type prymnesins-ergosterol complex. Again, considering
that these results stem from a toxin mixture, it should be kept in mind
that variances in binding stability may be due to changes in affinities
depending on the analogs dominating the interaction. Interestingly
though, the fit of the 1:1 model differed between the samples. B-type
prymnesins generally fit the 1:1 dissociation much better, with lower
Chi?® values of 1.97 x 10! for ergosterol, 5.45 x 10! for cholesterol, and
1.14 for epicholesterol. The A-type sample, in comparison, did not seem
to follow a single exponential decay. This suggests that this sample may
have a more complex binding interaction with the ligands. Importantly,
the RU values for the A-type sample were higher than for the B-type,
likely due to the higher EtOH content. This was unavoidable, as the
desired concentration of 1 uM required different dilutions of the prym-
nesin samples.
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Fig. 4. (A) Relative cholesterol content based on measured filipin intensity of RTgill-W1 cells treated with methyl-B-cyclodextrin loaded with cholesterol (MbCD-
Chol) to increase the membrane cholesterol content, and lovastatin (Lova) to deplete the cells of cholesterol. Dimethylsulfoxide (DMSO) at 0.25 % (v/v) in culture
medium was added as control for treatment with Lova. Unaltered RTgill-W1 cells exposed to culture medium served as control. Data represent mean + SD of n=105
cells (7 cells per image, 1 image per well, 3 wells per condition (technical triplicates), 5 biological replicates for each condition (* = p < 0.05; ** = p < 0.01)). (B)
RTgill-W1 cells after cholesterol content-modulating treatment stained with filipin. Scale bars represent 100 um. Lower and upper box boundaries 25" and 75t
percentiles, respectively, line inside box median, diamond-shape inside box mean. The black filled diamond shapes represent single data points.

4. Discussion

The observed difference in potency between the two A-type samples
used in this study most likely lies in the variability of their analog-
profiles. Varga and Prause et al. (2024) have already suggested spe-
cific prymnesin analogs to be more cytotoxic than others. It seems the
analog prymnesin-A (3 Cl) + 2 pentose + hexose (prymnesin-1) played a
key role in A-type sample potency. At the respective ECsy, approxi-
mately 3.7 nM and 1.9 nM of this analog were present in the A-type
solution (Sigma Aldrich) and the UNCW-ARC140 extract, respectively.
This would explain the stronger effects observed for the A-type solution
(Sigma Aldrich). Prymnesin-A (3 Cl) + pentose (known as prymnesin-2)
on the other hand may not be as involved in the toxic mechanism,
despite being the most abundant analog in the UNCW-ARC140 extract.
Analogs prymnesin-B (1 Cl) + hexose (prymnesin-B1) and prymnesin-B
(1 CD) + pentose (prymnesin-B2) were likely the drivers behind the toxic
activity of the B-type samples, as their content in both samples was
comparable, and the observed potency was similar as well.

It was shown that the order of cytotoxic potency of A > B > C was
also reflected in the hemolytic potential (with approximately 6 nM and 9
nM HCs for the A-type samples, about 54 nM for the C-type and 600 nM
for the B-type sample) (Binzer et al., 2019; Svenssen et al., 2019; Varga
and Prause et al., 2024). Intriguingly, the HCs( of 6 nM obtained for the
A-type solution (Sigma Aldrich) was very close to the cytotoxic ECsg of 4
nM (1.5-fold increase). The C-type extract was about 10-fold less potent

while the B-type prymnesin extract (strain K-0081) needed a 3.5- to
5-fold ECs5¢ value for hemolysis compared to cytotoxicity. The A-type
prymnesin extract (UNCW-ARC140) only needed to be 2-fold more
concentrated to reach 50 % hemolysis, which was comparable to the
A-type solution (Sigma Aldrich). The procedural variance between the
hemolysis and cytotoxicity assays could have impacted the way in which
prymnesins target the cells. Although it would be expected that RBCs in
suspension are more susceptible than an adherent cell line. Combining
prymnesins with sterols before starting hemolysis assays resulted in a
significant reduction of hemolytic potential for all tested samples, albeit
irrespective of the sterol concentration. This indicates that prymnesins
must have interacted with sterols. Previous studies have shown that
cholesterol undergoes self-association, forming micelles at a critical
concentration of 25 nM to 40 nM at 25 °C. This reversible micelle for-
mation may explain why an increase in cholesterol concentration did not
result in an additional decrease in hemolysis (Haberland and Reynolds,
1973). When the micelles are formed it is likely that two phases are
created: the aqueous phase containing RBCs, the other the micellar
phase into which prymnesins partition due to their lipophilic moiety.
Since previous studies on the relevance of cholesterol were conducted
using only A-type prymnesins, it was uncertain how B-type prymnesins
would perform in such an assay (Igarashi et al., 1998; Imai and Inoue,
1974; Ulitzur and Shilo, 1966). As no strengthened impact on the he-
molytic potential was recorded for the other three prymnesin samples, it
remains to be examined whether the additional decrease in hemolysis of
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Fig. 5. Metabolic activity of RTgill-W1 cells exposed to the A-type prymnesin solution (Sigma Aldrich) at approximately ECqo (12 nM) (A), the UNCW-ARC66 extract
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24 h treatment with the cholesterol-altering compounds methyl-p-cyclodextrin loaded with cholesterol (MbCD-Chol, 10 uM) and lovastatin (Lova, 10 uM). The
prymnesin concentrations (nM) reflect the total concentration of all analogs present in each sample respectively. Dimethylsulfoxide (DMSO) at 0.25 % (v/v) in culture
medium was added as control for treatment with Lova, and culture medium containing 0.5 % (v/v) EtOH was used as solvent control. Data represent mean + SD of n
> 3. (* =p <0.05; ** =p < 0.01; *** = p < 0.001; n.s. = no significance), except for the ARC140 sample, where sample size was n = 2 (therefore no statistics were

performed for this sample).

Table 2

Dissociation constants kq (1/s) of the prymnesin samples A-type solution (Sigma
Aldrich) and B-type extract (strain K-0081) for the different ligands: cholesterol,
epicholesterol, and ergosterol. Chi? values indicate the quality of the 1:1 fitting
performed for this calculation.

Immobilized Sample 1:1 dissociation kq Quality Kinetics
ligand prymnesin 1/s) Chi? (RU?)
Cholesterol A-type n.d. n.d.
B-type 6.72 x 10’3 5.45 x 10!
Epicholesterol A-type 2.59 x 103 2.43 x 102
B-type 3.09 x 103 1.14
Ergosterol A-type 6.64 x 10 5.25 x 107
B-type 5.35 x 103 1.97 x 10

n.d. — no data

the A-type solution (Sigma Aldrich) was caused by something else. Or
conversely, whether the presence of unknown compounds in the other
samples hindered this effect. As stated in another study, unidentified
molecules present in extracts potentially affect the cytotoxic potency of
prymnesins (Varga and Prause et al., 2024). The more pronounced dif-
ferential in potency between the three prymnesin types in the RBCs
raises an interesting and potentially important question. The manner in
which prymnesins target cell membranes may vary depending on the
type of prymnesin and possibly also the specific analog. This variation
may become more evident through testing in various cell models.
Generally, RBCs from Atlantic salmon were less sensitive toward
prymnesins than RTgill-W1 cells, particularly when exposed to B-type
and C-type prymnesins. It has already been described in one of the
earlier studies on prymnesins that the species origin of RBCs matters
greatly when it comes to the hemolytic potential of the analog
prymnesin-A (3 Cl) + pentose (Igarashi et al., 1998). This may be caused
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Fig. 6. Sensograms for dissociation kinetics of 1 pM A-type prymnesins (red (Sigma Aldrich solution from unknown strain origin)) and B-type prymnesins (blue
(extract from K-0081)) from immobilized ligands; 10 mM ergosterol, 10 mM epicholesterol, and 10 mM cholesterol. Fitted 1:1 dissociation curves are shown in black
and measured curves in color. Measurements were performed in duplicates. The dissociation constants (kq(1/s)) and quality of fit (Chi?) for the respective ligands are
provided in Table 2. The prymnesin concentrations (nM) reflect the total concentration of all analogs present in each sample respectively.

by significant variances in lipid profiles in terms of their content of
unsaturated and long chain lipids or the cholesterol-phospholipid molar
ratio (Cornwell et al., 1968; O’Brien, 1967).

Generally, a change in cholesterol content of about 10-30 % in
RTgill-W1 cells could be achieved, yet unexpectedly it did not affect the
overall cytotoxicity of the tested samples. Several studies have shown
that altering cholesterol content of cells can disrupt the lipid/cholesterol
rafts within the plasma membrane (Gyoten et al., 2023; von Tresckow
et al., 2004; Zidovetzki and Levitan, 2007). On the one hand, it may be
that changes in membrane cholesterol levels did not occur evenly
throughout the membrane. One possibility would be that they took place
in the cholesterol-rich rafts, leaving cholesterol located outside those
rafts available for prymnesin interaction. This theory would at least in
part explain why the samples exhibited the same toxicity and seems
plausible assuming prymnesins to prefer or be just as capable of inter-
acting with cholesterol outside those lipid rafts. On the other hand, the
cholesterol alteration was likely not specifically located in the plasma
membrane, but within the entire cell. Previous findings have shown that
modifications of plasma cholesterol can have a substantial effect on the
intracellular cholesterol content (Lange et al, 2004; Zidovetzki and
Levitan, 2007). By this measure, the 10-30 % cholesterol change in the
RTgill-W1 cells does not necessarily refer to the plasma membrane only,
but to a global cellular cholesterol content. It should be highlighted that
while a significant change in cholesterol content could be achieved,
continuous lysis induced by prymnesins, possibly to a lower extent, may
still be possible even with a lower membrane sterol content.

It was recently suggested that stabilization of pores caused by
amphidinol 3 is achieved by insertion of the lipophilic arm through the
membrane (Matsumori et al., 2024). Considering that prymnesins and
amphidinols share this lipophilic property, it can be inferred that this
hydrocarbon chain is of similar importance for prymnesins. They may be
able to insert themselves into the bilayer in a way similar to the first
binding step of amphidinol 3 or the interaction of saponin with the
plasma membrane (Lorent et al., 2014; Matsumori et al., 2024). Seeing
how prymnesins are considerably large molecules, self-aggregation of
several toxin-entities, as proposed for saponins, seems doubtful (Lorent

10

et al., 2014). Instead, a prymnesin monomer or dimer may be sufficient
to create a channel in the bilayer, enabling ion transport through the
membrane as, proposed by the group of Chen et al. (2005) for amphi-
philic compounds with a more rigid or more flexible core, respectively.
At this point it remains to be debated how flexible prymnesin molecules
are, and how much the lack of the double-ring structure in B-types in-
fluences this compared to the A-type prymnesins. Considering the SPR
data of obtained in this study, it could be suggested that B-type and
A-type prymnesins have distinct mechanisms of interacting with the
bilayer. A-type prymnesins may exhibit a binding similar to that of
amphidinol 3, which follows a two-step binding (Matsumori et al.,
2024). The significantly lower potency observed for B- and C-type
prymnesins in RBCs may hint at an interaction distinct from that of
A-types with the plasma membrane.

Based on the results of this study, it seems as though cellular
cholesterol of the target cell is not the defining factor for the mode of
action of prymnesins, and that the role of cholesterol must be more
intricate. P. parvum cells contain a very low overall level of sterols,
which could be considered a self-protection mechanism (Ghosh et al.
1998). This theory would be in line with the fact that prymnesins are
able to build stable complexes with cholesterol, as was shown in the SPR
experiments. However, modulating the cholesterol content of RTgill-W1
cells had no effect on prymnesin cytotoxicity, which contradicts the
previous theory. Considering all the findings discussed thus far an
alternative hypothesis could be inferred: prymnesins may require
cholesterol as an anchor to the cell membrane, yet the actual
pore-formation is in part caused or stabilized by a different mechanism.
One suggestion is pore-formation through increased activation of
selected ion-channels or ATPases (Haberman, 1989; Cox et al. 2019).
This hypothesis seems more likely given that prymnesin toxicity is
known to be influenced by the presence or absence of certain ions and
can affect membrane conductance (Igarashi et al. 1998; Moran and
Ilani., 1974; Ulitzur and Shilo, 1964; Varga and Prause et al., 2024). It
should be kept in mind, that the exact mechanism might look different
between each prymnesin type (A,- B-, or C-type)

In conclusion, the lytic mechanism of prymnesins seems to be more
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complex than previously believed. The interplay of membrane compo-
nents with each other and the influence prymnesins may have on this
remain to be fully assessed. Thus far, it is evident that prymnesins
exhibit strong affinities towards lipids and can induce osmotic imbal-
ance in cells. It is likely that A-type and B-type prymnesins target lipid-
bilayers differently, possibly due to variations in their backbone struc-
tures. Additionally, the extent of their toxic effects varies depending on
the cell type, which was particularly evident for B- and C-type prym-
nesins. However, the potency ranking observed for the samples in this
study remained the same across the test-systems, indicating that the
relative toxicity of individual analogs was stable. Further studies on the
mode of action of prymnesins should prioritize understanding the dif-
ferences between plasma membranes of various cell types and species.
These investigations should not only include lipids, but also proteins
such as ion-channels. Lastly, understanding which aspects of the
different prymnesin classes are responsible for variations in their toxic
potential could help deepen knowledge of the mode of action greatly.
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