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ABSTRACT
Release of aqueous contents from model lipid vesicles has been a standard procedure to
evaluate pore formation efficiency by actinoporins, such as sticholysin II (StnII), for the
last few decades. However, regardless of the probe of choice, the results reported that
StnII action was never able to empty the vesicles completely. This was hard to explain
if StnII pores were to be stable and always leaky for the probes used. To address this
question, we have used a variety of probes, including rhodamine 6G or Tb3+, to test the
permeability of StnII’s pores. Our results indicate that calcein was in fact too large to fit
through StnII’s pores, and that the standard method in the field is actually reporting
StnII-induced transient permeation of the membrane rather than the passage of solutes
through the stable assembled pores. In order to evaluate the permeability of these
structures, we used a dithionite-based assay, which showed that the final pores were in
fact open. Thus, our results indicate that the stable actinoporins’ pores are open in spite
of plateaued classic release curves. Besides the proper pore, the first stages of pore
formation would inflict serious damage to living cells as well.
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1. Introduction
Sea anemone actinoporins represent an optimal system to study the transition
from a water-soluble monomeric protein conformation to an oligomeric transmembrane
pore [1-3]. These pore-forming toxins constitute multigenic families that have been
detected in many sea anemone species [3-7]. However, only four of them have been
characterized in detail: Sticholysins I and II (StnI and StnII, respectively) from
Stichodactyla helianthus [1-3], equinatoxin II from Actinia equina [4, 8], and
fragaceatoxin C from Actinia fragacea [9]. All show almost identical monomeric watersoluble three-dimensional structure composed of a β-sandwich motif flanked by two αhelices [10-15]. One of these helices, located at the N-terminal end, is responsible for
the actual formation of the pore penetrating the membrane [16-22]. The incorporation of
these proteins to the bilayer depends largely on the lipid composition and the
physicochemical properties of the membrane [8, 20, 23-31]. Sphingomyelin (SM) is
required [26, 32-34], but other factors, such as the presence of sterols, the coexistence of
various phases or domains, lateral packing, fluidity, membrane thickness, and the
strength of the SM interfacial hydrogen bonding network, have a strong influence on the
pore-forming ability of these proteins [20, 26, 28-31, 34-47].
Almost forty years have passed since it was demonstrated, using different K+ or
Ca2+ containing solutions, that these proteins form cation-selective pores at neutral pH
[23, 35, 48-52]. Altogether, those studies evidenced that actinoporins increase cell
membrane permeability for monovalent and divalent cations. Only a few years later,
these pores were also characterized using different electrophysiological approaches,
including the use of lipid planar membranes. These studies confirmed their specificity
for cations and revealed a pore size in the order of 1-2 nm of radius [16, 49-52]. In fact,
the only two available crystalline structures of actinoporin pores fit rather well within
this size range (Fig. 1) [13, 15]. Interestingly, despite the specificity of the pore for
cations, most researchers in the field, including us, have been using negatively charged
fluorophores, such as calcein or carboxyfluorescein, as the main probes to explore the
molecular features of these pores. In this work, we challenge this approach and suggest
a more sensitive procedure to study the pore-forming mechanism of these intriguing
metamorphic proteins.
2. Materials and methods
2.1. Materials
Calcein, Rhodamine 6G, terbium chloride, dextran-labelled fluorescein, Triton
X-100 and octaethylene glycol monododecyl ether (C12E8) were obtained from SigmaAldrich (St. Louis, MO). Cholesterol (Chol), egg sphingomyelin (eSM), 1,2-dioleoylsn-glycero-3-phosphocholine (DOPC), and 1,2-dioleoyl-sn-glycero-3phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (POPE-NBD) were from
Avanti Polar Lipids (Alabaster, AL). StnII was produced in Escherichia coli RB791 and
purified to homogeneity as described in [53].
2.2. Preparation of vesicles
Briefly, large unilamelar vesicles (LUVs) were made by extruding resuspended
DOPC:eSM:Chol (1:1:1) dried lipid films as previously described [20-22, 30]. This
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composition is the standard used in the actinoporin field, providing both recognition
targets (SM) as well as the most appropriate physicochemical properties [20, 22, 30, 31,
37, 38, 42, 43, 45, 47, 54]. Lipid films were made from a methanol mixture of the
desired lipids dried under nitrogen flow. This film was later kept under vacuum for at
least two hours to ensure complete elimination of the organic solvent. Specific details
for each set of pore-forming experiments are provided in the following sections. In all
cases, when measuring the release of encapsulated solutes (see below) and in order to
ensure that no spontaneous leakage occurred, fluorescence emission was recorded for 5
min before toxin addition. A steady signal level, indicating intact vesicles, was observed
for all samples and experiments described below.
2.3. Calcein Release
Calcein-entrapped LUVs were prepared by extrusion through 200 nm filters at
60 °C [20-22, 30, 34, 47]. Tris buffer (10 mM Tris, 140 mM NaCl, pH 7.4) containing
calcein at 100 mM was employed. LUVs were separated from non-entrapped calcein by
gel filtration on Sephacryl S200HR [20-22, 30, 34] and then used for permeabilization
studies within 8 h of preparation. LUVs lipid concentration was 0.25 – 0.5 mM before
extrusion. Lipid concentration during the calcein leakage experiments was 2.5 μM. The
volume of the samples was 2.0 mL. Emission at 550 nm (emission at the 505 nm
maximum was high enough as to damage the spectrofluorimeter’s photomultipliers) was
followed at 23 °C as a function of time (λex = 480 nm). Fluorescence emission was
measured in a PTI Quanta-Master spectrofluorimeter (Photon Technology International,
Inc., Birmingham, NJ, USA). Fraction of calcein released was determined based on
maximum calcein release induced by LUV disintegration using 10 µL of 10 % v/v
Triton X-100.
2.4. Rhodamine 6G Release
Rhodamine 6G (R6G) was fist diluted in distilled water to saturation. A 5x
aliquot of the Tris buffer, detailed in the previous paragraph, was added to the R6G
solution. R6G precipitate was removed by centrifugation. R6G concentration in
encapsulation buffer was then approximately 5 mM. LUVs were again used for
permeabilization studies within 8h. Lipid concentration was the same as for calcein
assays. Emission was followed at 555 nm at 23 ºC as a function of time, using 525 nm
excitation. Maximum release was obtained by LUVs disintegration using 10 µL of 20
mM C12E8. Triton X-100 was not used because it quenched R6G emission.
2.5. Terbium Release
Terbium release experiments were performed using a standard protocol [55, 56],
with minor adaptations regarding lipid concentrations. HEPES buffer was used instead
of TES. Vesicles were extruded through 400 nm filters to increase the amount of cation
encapsulation and therefore increasing the sensitivity of the subsequent measurements.
Fluorescence emission was recorded at 545 nm, using 270 nm excitation. Terbium must
be chelated in order to remain soluble [57]. Thus, it was encapsulated chelated with
citrate, with which it forms a very weakly fluorescent complex. Upon membrane
permeabilization, and subsequent release, citrate is easily displaced from the complex
by the impermeant aromatic chelator dipicolinic acid (DPA), located outside of the
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vesicles (Fig. 4). The assay is based on recording the fluorescence increase by the
interaction established between the Tb3+ released from the interior of the vesicles and
DPA. The enhancement of terbium fluorescence by DPA is due to energy transfer from
its aromatic ring. Due to inner filter effects, the use of Triton X-100 had to be avoided.
Instead, reduced Triton X-100, which lacks the absorption band at 270 nm, was
employed. Protein absorption at 270 nm was negligible at the protein concentrations
assayed.
2.6. Proton Release
Proton release from LUVs was measured monitoring the change in fluorescence
emission of fluorescein. Fluorescein absorption spectra undergoes a significant change
upon pH increase, with a new absorption maximum appearing at 488 nm, thus
increasing absorption and, consequently, emission if excited at that wavelength. StnII
activity should allow for proton efflux and consequent pH increase inside the vesicle.
Fluorescein coupled to 3000 Da dextran was used to avoid fluorescein release from
LUVs. The fluorescein-dextran complex was encapsulated at a concentration of 5 µM.
The buffer was 10 mM sodium phosphate. pH was set to 4.2 inside of the LUVs, while
the pH outside was kept at 7.2. Emission was recorded at 520 nm. Maximum emission
was again obtained using Triton X-100 as in the calcein assays.
2.7. Peptide-induced membrane perturbation models
Experimental data from the leakage experiments were fitted by the following
model:
𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜 (𝑡𝑡)
𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚

= 1 − exp(𝐽𝐽2 (𝑒𝑒 −𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑡𝑡 − 1))

(eq. 1)

as defined by Andersson et al. [58]. Briefly, the model describes release curves
produced by the release of aqueous contents induced by transient perturbations affecting
the membrane. Once the system reached equilibrium, the perturbations cease and
leakage is no more, regardless of the probe concentration in the inside and outside
compartments. Here on, this model will be referred to as the perturbation model.
The model has two parameters. J2 is proportional to the magnitude of the
perturbations and, if the model fits nicely the experimental data, it can be obtained
straight from 𝐽𝐽2 = 1 − ln|1 − 𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 |, where Lmax is the value of the final, maximum
release. νrelax is related to the lifetime of the perturbations. It can be shown that the
product J2·νrelax is equal to the slope of the release curves at t = 0.
2.8. Equilibrium pore assay
In order to evaluate transient non-equilibrium leakage phenomena, a
modification of a previously described method was employed [56]. DOPC:eSM:Chol
(1:1:1) LUVs containing 1 mol% of POPE-NBD were prepared. A freshly prepared
solution of 0.6 M sodium dithionite in 1.0 M sodium phosphate buffer, pH 10, was
employed to quench the emission of the NBD in the outer leaflet. The experiments were
performed by recording the fluorescence emission at 520 nm, using an excitation
wavelength of 470 nm. Two different types of experiments were performed. In the first
set of measurements, the vesicles were first incubated with different StnII
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concentrations for 90 s and then dithionite was added to final concentration of 55 mM.
When a steady fluorescence emission signal was obtained, Triton X-100 was used as
describe above to disintegrate the vesicles. The total drop in fluorescence was
considered as the maximum effect exerted by dithionite, corresponding to reduction of
all NBD molecules present in the sample. In the second set of experiments, dithionite
was added first. This produced a fluorescence drop of about 50%, corresponding to
reduction of POPE-NBD molecules on the outer layer of the membrane. Then, StnII
was added and fluorescence was further recorded. As in the first set of experiments,
vesicles were also disintegrated with Triton X-100 once reached a steady signal was
reached.

3. Results
3.1. Calcein leakage
The initial aim of this study was to assess the suitability of the calcein-release
approach, a well-established assay for evaluating the pore forming ability of
actinoporins [20-22, 24, 25, 27, 30, 31, 47, 51, 52, 59-61]. We used StnII, which has
been thoroughly characterized previously, to compare the efficacy of the different
approaches to the calcein release assay [20-22, 30, 31, 43, 45, 47]. Calcein release
experiments yielded the results shown in Fig. 2. Thus, incubation of calcein-entrapped
vesicles with StnII at different protein/lipid ratios reached a plateau representing the
release of only about 60% of the total fluorophore contained into the vesicles (Fig. 2A).
The LC50 value, defined as the concentration of protein needed to obtain a final release
of 50% of the maximum protein-induced release, was 52 pM (Table 1).
Most standard methods used to analyze actinoporin-induced calcein release
usually rely on recording the percentage of fluorophore leaked, as calculated based on
total fluorescence intensities, after a fixed amount of time. This methodological
approach can artificially reduce the observed differences when using high actinoporin
concentrations [31]. Thus, the maximum rate values of fluorophore release were also
quantitated for the different protein/lipid ratios employed. These second set of results,
shown in Fig. 2B, can be considered to represent a much more valuable parameter,
containing information about both kinetic and dye-release proficiency. Considering the
calcein-leakage experiments, the maximum release rate obtained at saturating
concentrations of StnII (20 nM protein concentration, corresponding to a protein/lipid
molar ratio of 8 x 10-3) was 0.061 ΔF units/s (Table 1).
3.2. Rhodamine 6G leakage
Rhodamine 6G release rate (Fig. 2) was almost four-fold faster than the value
obtained for calcein leakage (Table 1) at the mentioned saturating protein/lipid ratio of 8
x 10-3. Accordingly, the LC50 value was also in the order of six-fold lower (Table 1).
Quite unexpectedly, however, the final plateau of maximum fluorophore release did
correspond again to only about 60% of the originally encapsulated probe (Fig. 2A).
R6G was released much faster but the final percentage of probe release was essentially
identical to the value found for calcein.
3.3. Cation (Tb3+ or H+) leakage
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In order to assess the ability of small cations to go through the actinoporins pore,
two different assays were performed. First, the permeability of StnII pores to the
lanthanide Tb3+ was tested. Second, we assessed the possibility of protons crossing the
pore by recording the pH-sensitive emission of an encapsulated dextran-fluorescein
derivative.
In both cases, very poor release values were observed, not only in kinetic terms
but also considering the final release of the contents, measured at saturating
concentrations (Fig. 2 and Table 1). Final release never exceeded 60 %, as for the
previous assays (Fig. 2A). In this case, the LC50 values were 1.99 and 2.88 nM for Tb3+
and H+, respectively. These values were larger than those obtained for calcein or R6G
release experiments. The maximum rate value of Tb3+ release for saturating StnII
protein/lipid ratio was even lower than the value obtained for calcein (Table 1). Proton
leakage was much faster (Table 1) but only at very high protein concentration (Fig. 3B).
In fact, the corresponding curve was highly cooperative (Fig. 3B) probably reflecting
the protonation of some key residues located at the lumen of the pore (see Discussion).
3.4. Kinetic and protein concentration-dependence modeling
The perturbation model [58] was used to evaluate the experimental leakage data.
For all four types of reporters employed (calcein, R6G, Tb3+:citrate, and H+-fluorescein)
the model provided very good fits (Figure S1), indicating the consistency of the data
with the theoretical basis of the model.
3.5. Equilibrium pore assays
Transient permeabilization refers to the disruption of bilayer integrity while
subjected to the action of a pore forming polypeptide. In all previous assays, proteinmembrane interaction took place when the tracing molecules had already been
encapsulated. Thus, those assays cannot differentiate transient permeabilization from
actual flux through the pore. With the aim of discerning the influence of this potential
transient permeabilization on the rate and efficiency of actinoporins pore-formation,
different experiments were performed using DOPC:eSM:Chol (1:1:1) LUVs containing
1 mol% of POPE-NBD (Fig. 3). NBD was quenched using sodium dithionite, which can
be added to the sample both before or after protein-membrane interaction takes place.
This way, actual flux through the pore, ruling out influence of transient
permeabilization, can be measured.
As shown in Fig. 4A, incubation of NBD-labeled vesicles with sodium dithionite
produced around a 40% decrease of the NBD fluorescence emission at 520 nm. This
result not only confirmed the availability to the reducing agent of most of the NBD
located at the outer leaflet but also the impermeability of the intact membrane to the
reducing agent (at these short time frames). In good agreement with this hypothesis,
lysis of the membranes with Triton X-100 was enough to quench the remaining 60%
NBD-emission. Theoretically, the fluorescence drop should be more similar and quite
close to 50% in both cases. However, Triton X-100 produces a distortion in NBD
fluorescence, which has not been discounted in the raw experiments shown in Fig. 3.
In a second set of experiments, these vesicles were incubated with increasing
concentrations of StnII for long enough to assume the formation of stable protein pores.
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Interestingly, the subsequent addition of dithionite resulted in an almost complete
quenching of all fluorescence emission, of very similar magnitude as the Triton X-100
addition in the first experiment described. Consequently, further addition of this
detergent to the samples only produced a small effect on the intensity of the emission
(Fig. 3B).
The third series of experiments was carried out reversing the order of the
reagents involved. The vesicles were first incubated with dithionite, which yielded the
already observed fluorescence decrease of ~40 % (Fig. 3A and C). Once a stable signal
was reached, the protein was then added, again in increasing concentrations. When the
amount of protein was large enough to exert a saturating effect, the fluorescence was
extinguished for a further 40%. The subsequent addition of Triton X-100 produced
quenching of the remaining 20% fluorescence emission. This final effect is most likely a
consequence of to the aforementioned effect of Triton X-100 on NBD emission.
Considering these sets of experiments, it could be concluded that, independently
of the presumable transient permeability of some pore intermediates, an equilibrium
was finally reached and the final stable StnII pores were permeable to the dithionite
anion (S2O42-).

4. Discussion
The very first articles in which the cation-specificity and dimensions of
actinoporin pores were established were mainly based on electrophysiological
measurements. [23, 26, 35, 49, 50]. However, many of the later reports were obtained
using bulkier experiments based on the employment of artificial lipid vesicles. These
studies focused on deciphering the actinoporins’ pore formation mechanism by means
of measuring the release of encapsulated fluorophores, such as calcein [14, 20-22, 24,
25, 30, 31, 34, 42-45, 47, 54] or carboxyfluorescein [62-66]. This is however a striking
remark, considering that not only calcein and carboxyfluorescein are negatively charged
at the pH values employed in all those experiments, but that they also have
hydrodynamic radii of about 0.74 [67] and 0.50 nm [68], respectively (Fig. 4 and Table
2). Those are smaller values than actinoporins’ pore radius but quite close to the 1-2 nm
values reported in the literature (Fig. 1) [12, 13, 15, 16, 26, 49-52, 69]. In fact, it was
using liposomes encapsulating NADH (net charge of -2) and dextran FD-4 (0.6 nm and
1.2 nm Stokes radius, respectively) (Table 2) [70] that it was confirmed that StnII pores
on SM-containing liposomes show a hydrodynamic pore size within the mentioned
range. NADH leaked out of the vesicles, while FD-4 remained encapsulated under
identical assay conditions [26], a result in good agreement with the dimensions later
found in the most accepted actinoporin pore crystalline structure [15]. In this example,
the actinoporin fragaceatoxin C, isolated using detergents, assembles into an octameric
pore with an inner radius ranging between 3.0 nm at the upper vestibule side, and 0.8
nm at is narrowest constriction connected to the vesicle’s lumen (Fig. 1). Therefore,
though the actinoporins’ pore seems to be selective for atomic cations, the calceinrelease assay would rather measure the actinoporin-induced membrane permeability to
negatively charged solutes of ~ 700 Da. These measurements would account mostly for
StnII molecules destabilizing the membrane while assembling into the final oligomeric
pore structures (see below).
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R6G is a cationic water-soluble highly fluorescent probe (Fig. 2). Thus, it was
initially considered as a better molecule to evaluate the actinoporins’ pore forming
ability. In good agreement with this working hypothesis, the R6G release rate was much
faster. Its maximum value was about 3.7-fold higher at the saturating protein/lipid molar
ratio of 8 x 10-3, in comparison with the values obtained for calcein release experiments
(Fig. 2 and Table 1). Therefore, as expected, the net charge of the fluorophore probe
employed would be a key factor for membrane pore-mediated permeation by
actinoporins. However, and quite intriguingly, in both types of assays final leakage at
saturating protein concentrations was plateaued at only 60% of the fluorescence
intensity, referred to the intensity obtained in the presence of a detergent concentration
(Triton X-100 or C12E8) producing 100% of vesicle lysis. Taking into account the very
similar size of R6G (hydrodynamic radius of about 0.59 nm, [71]; Table 2) and the
negatively charged NADH, calcein, and carboxyfluorescein molecules (Fig. 4), these
results suggest a pore-forming mechanism where membrane impermeability, regarding
these molecules, would be initially compromised, but later restored, after reaching the
final equilibrium of protein integration into the membrane. A mechanism suggesting
that the initial leakage observed was not due to stable pore-formation but rather to the
transient appearance of intermediates that compromise membrane integrity. This
interpretation would also agree with several articles that have convincingly suggested
the existence of different actinoporin protomer arrangements capable of transiently
altering membrane permeability [18, 19, 69, 72-78]. According to this interpretation,
once the final and thermodynamically stable pores are formed [15], neither calcein nor
R6G would have the right size to keep on crossing the membrane through the pore
lumen and, consequently, would remain within the vesicles. After all, the hydrodynamic
ionic radii of Ca2+ and K+, which are supposed to be the natural cations flowing through
the actinoporins pore lumen [23, 35, 48-52], are only about 0.10 and 0.14 nm,
respectively, much smaller than the radius estimated for calcein, carboxyfluorescein, or
R6G (Table 2).
Smaller cations were also considered as potential probes for the study of
actinoporins’ pores. At first glance, the most obvious candidate was Tb3+, which ionic
radius is only ~0.12 nm, and emits light when chelated by DPA. Unfortunately, these
experiments yielded very poor results in both kinetic and total final leakage terms (Fig.
2; Table 2). The easiest explanation resides in the fact that Tb3+ solubility in water is
low and the assay is not feasible if Tb3+ is not chelated and solubilized by citrate. Tb3+ is
chelated with two citrate ions, which each displays three negative charges, yielding
Tb3+:citrate complexes, which would have net charge of -3, and size much larger than
expected (Fig. 4). The real situation would then be very similar to the one found with
calcein or R6G: size would impede permeation thorough the pore lumen once the final
thermodynamically stable structures are assembled. An alternative explanation would be
that the assays cannot just be made with any atomic cation. At neutral pH, the channel
seems to be quite specific. It has been described how Ni2+ can inhibit hemolysis exerted
by equinatoxin II [50, 51], another well-known actinoporin. From this point of view,
and regardless of the chelation with citrate, Tb3+ might have not been a good option
either.
Leakage of protons can be monitored using a pH sensitive fluorescent probe
bound to dextran of enough size as to be impermeable to the membrane
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permeabilization by actinoporins. This approach was also considered worth trying since
protons are the smallest possible cations. LUVs containing fluorescein coupled to 3000
Da dextran were used to perform a fourth set of leakage experiments. The pH value was
set to 4.2 inside of the LUVs, while the pH outside was kept at 7.2. Unfortunately,
leakage was very slow and only noticeable at the highest StnII concentrations assayed
(Fig. 2). This could be explained taking into account that it has been described how
above pH 7.0 the membranes containing actinoporins pores are highly specific for K+,
whereas below pH 4.0 they are poorly selective [35], being its maximum at pH values
of 8.0-9.0 [51]. The pKa value for the mentioned titratable groups was found to be 5.0
[35]. Therefore, the assay herein described would not be measuring directly the proton
permeability of the pores but rather the pH influence on their ion selectivity.
Another consideration to be discussed would be how this cation selectivity and
the observed rectification of the actinoporins’ pore channel have been already
interpreted as being a reflection of charges asymmetrically distributed along the pore
[50]. Electrophysiological experiments performed by other authors with Ca2+ solutions
yielded results that were interpreted as the Ca2+ cations screening negatively charged
groups along the channel, most probably carboxylate groups [35]. These groups would
be also asymmetrically distributed, closer to the “entrance” of the channel, the wider
opening in Fig. 1. Accordingly, these groups were not titratable from the other side, the
narrower one. In summary, cation passage through the channel is not symmetrical and
the experiments employing model lipid vesicles would measure the less favorable flow
of cations exiting the vesicles interior from the narrow to the wider opening, when the
pores seem to be designed to perform the opposite function: allowing cations in.
Transient permeation refers to the interruption of bilayer integrity while
subjected to a pore-forming polypeptide. In fact, many peptide-induced membrane
permeation events occur through unbalanced transient processes [56, 79, 80]. In these
examples, leakage occurs only in the minutes immediately after peptide addition. The
system then relaxes to a state where leaking slows down, or stops completely, despite
the presence of the polypeptides in the bilayer. This concept has been coined for small
membrane-disturbing peptides, such as mellitin [80], for example, but in the view of the
results shown here, it could be also applicable to actinoporins mechanism of action. In
fact, the data was consistent with a previously published model that describes transient
leakage through membrane perturbations [58], supporting our hypothesis.
This is a rather interesting conclusion, since the formation of transient pore
conformations has been already described for actinoporins [8, 19]. Therefore, the
question that remained was whether Stn-induced leakage was solely due to transient
permeation, as appears to be when calcein or R6G are the probes employed, or if pores
remained open to other substances with suitable features. These aspects were then
studied through the equilibrium pore experiments described in Fig. 3.
In a first set of experiments, the vesicles were incubated with increasing
concentrations of StnII for long enough as to assume the formation of stable protein
pores. Then, the subsequent addition of dithionite resulted in almost complete
quenching of all fluorescence emission, suggesting that NBD would be available to
dithionite at both sides of the bilayer. The reverse set of experiments were also
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performed as control. Dithionite was added first and, once it had reacted with all the
NBD available at the outer lipid layer, increasing concentrations of StnII were added.
Again, fluorescence quenching was complete, showing that the remaining reagent was
also able to enter the vesicles. Altogether, all these experiments in Fig. 3 rather suggest
that dithionite, a negatively charged but very small molecule, would be able to cross the
channel of the actinoporins’ pore. Even considering that the pores are cation-specific,
size appears to be the key factor for allowing passage, at least when using assays based
on the measurement of molecule release from model lipid vesicles.

5. Conclusion
In the light of the experiments reported so far in the literature, and our own
results shown here, we conclude that size, rather than charge, would be the key factor
for discriminating passage through actinoporins pore. This assertion does not contradict
the well-established fact that it is a cation specific channel, especially in kinetic terms,
considering the asymmetry of the cations flow through the channel. Leakage observed
using model lipid vesicles and the archetypical fluorescent probes generally employed
in the field would most likely only reflect transient instability of membrane
impermeability, probably mediated by dynamic, not completely assembled, pore
intermediates, and initiated by helix insertion in the membrane. These intermediates,
however, are of great significance for the molecular mechanism conducing to the final
and more thermodynamically stable assemblies of the still controversial structure of
actinoporins’ pore. In our opinion, calcein can still be used with this purpose, but results
should be interpreted with caution in the light of the new evidences shown here. R6G
can be a better probe in terms of sensitivity but, as calcein, is too big for actinoporin’s
pores. Formation of competent pores should be checked using the NBD-dithionite
assay.
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Table 1.
Parameters obtained from each leakage assay.
Assay

LC50 (nM)

Calcein
R6G
Tb3+
H+ (Fluorescein)

0.052
0.009
1.990
2.880

Release rate
at 20 nM (∆F·s-1)
0.061
0.235
0.051
0.201

Saturation
(% of release)
53.2
53.5
55.1
62.5
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Table 2.
Estimated ionic radius for the different ions or fluorescence probes used in this and other studies.
Ion
Estimated radius
(nm)
a
[81]
b

Calcein

Rhodamine
6G

0.74

0.59

Carboxyfluorescein Terbium
0.50

0.12

H+
0.10a

Dithionite Potassium Calcium NADH
0.20b

Estimated approximate value for dithionite (S2O42-). For comparison, SO42- ionic radius is 0.26 nm.

0.14

0.10

0.60

dextran
FD-4
1.40
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Fig. 1. Three-dimensional structure of the crystalline octameric pore of the actinoporin
sticholysin II, obtained by fitting StnII monomeric structure (PDB ID: 1GWY) to the
octameric pore structure of fragaceatoxin C obtained in presence of detergents (PDB ID:
4TSY) [15]. The helix was constructed based on the known sequence of StnII and fitting
it to the same structure. The pore has a narrowest constriction of ~16 Å in its cytoplasmic
side, opening to ~60 Å in its upper vestibule. Surface was coloured according to the
electrostatic potential in the protein, as calculated using APBS via the UCSF Chimera
software [82]. The protein was prepared for APBS using the PDB2PQR tool via UCSF
Chimera as well. Units are kBT/ec. Striped areas on the sides of the pore are used to outline
the lumen of the pore, and enclose, approximately, the surfaces of monomer-monomer
contacts as well as voids that seem to be occupied by lipids [15].
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Fig. 2. Leakage experiments. (A) Percentages of final release after 5 min and (B)
maximal rates of leakage of different molecules or ions entrapped in DOPC/SM/Chol
(1:1:1) vesicles by StnII at different protein/lipid molar ratios. The ions used were
calcein (red), rhodamine 6G (green), Tb3+:citrate (black), and H+ (fluorescein) (blue).
Release was measured at 23 °C. All intensities were normalized. At the end of the
measurement, a suitable detergent was added to dissolve the LUVs and obtain 100 % of
release. The results shown are representative of two or three diﬀerent independent
experiments. Each value is the average ± SEM.
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Fig. 3. Equilibrium pore assays. Sodium dithionite was added (final concentration 55
mM) to DOPC:eSM:Chol (1:1:1) LUVs containing 1 mol% of POPE-NBD. (A) The
vesicles were first incubated with dithionite, and then were completely disintegrated by
the addition of Triton X-100 to a final concentration of 0.045 % v/v. (B) Same as in (A)
but the vesicles were previously incubated with increasing concentrations of StnII. (C)
Dithionite was added first, then the actinoporin StnII and, finally, the remaining vesicles
were also disintegrated with Triton X-100. The protein concentrations employed were 5
pM, 25 pM, 50 pM, 250 pM, 0.5 nM, 5 nM and 20 nM.
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A

B

Fig. 4. (A) Chemical structures of the molecules used in this work to estimate release
rates and extent through actinoporins’ pores. Formula weights of the molecules and the
complexes they form are: Calcein (FW 623), Rhodamine 6G (FW 479), Tb3+ (FW 160)
in complex with two molecules of citrate (FW 189; FW of the complex 543, in practice,
size is that of a ~400 Da complex), Tb3+ in complex with three molecules of DPA (FW
165; FW of the complex 654, in practice, size is that of a ~510 Da complex), and
dithionite (FW 174). Proton is omitted in the figure. (B) Cartoon illustrating the relative
size of the complexes shown above, as compared to the StnII pore from Fig. 1, using
CPK representation. Tb3+ is shown in a 1:2 complex with citrate (pink) and a 1:3
complex with DPA (light green). Formulas were made using the Marvin 19.22 (2019)
software from ChemAxon. Three-dimensional representations are rendered using UCSF
Chimera [82].
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Figure S1

Fig. S1. Representative experimental data from calcein (red), R6G (green), Tb3+:citrate
(grey), and H+ (fluorescein) (blue) release from LUVs. In black solid lines the fits to
each trace of the perturbation model are shown. Small panels show the residuals of each
fit.
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