THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 8, pp. 4856 -4865, February 20, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Toxicity of an a-Pore-forming Toxin Depends on the
Assembly Mechanism on the Target Membrane as Revealed
by Single Molecule Imaging™
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Background: Equinatoxin II is a model a-pore-forming toxin that kills cells by porating the host plasma membrane.
Results: On the membrane, equinatoxin II does not adopt a unique oligomeric state, but assembles into multiple coexisting

species related to toxicity.

Conclusion: Toxicity of Equinatoxin II depends on its assembly mechanism.
Significance: A new molecular mechanism is proposed for a-pore-forming toxins action.

a-Pore-forming toxins (a-PFTs) are ubiquitous defense tools
that kill cells by opening pores in the target cell membrane.
Despite their relevance in host/pathogen interactions, very little
is known about the pore stoichiometry and assembly pathway
leading to membrane permeabilization. Equinatoxin II (EqtII) is
a model a-PFT from sea anemone that oligomerizes and forms
pores in sphingomyelin-containing membranes. Here, we deter-
mined the spatiotemporal organization of EqtII in living cells by
single molecule imaging. Surprisingly, we found that on the cell
surface EqtIl did not organize into a unique oligomeric form.
Instead, it existed as a mixture of oligomeric species mostly
including monomers, dimers, tetramers, and hexamers. Mathe-
matical modeling based on our data supported a new model in
which toxin clustering happened in seconds and proceeded via
condensation of EqtII dimer units formed upon monomer asso-
ciation. Furthermore, altering the pathway of Eqtll assembly
strongly affected its toxic activity, which highlights the rele-
vance of the assembly mechanism on toxicity.

Pore-forming toxins (PFTs)* are potent virulence factors
widespread in all kingdoms of life (1), like the diphteria or
anthrax toxins from bacteria, or perforin, in the mammalian
immune system. Their mechanism of action is key to under-
standing the host/pathogen interactions and for their use in
medical applications (2). PFTs perturb the plasma membrane
integrity to disrupt ion homeostasis of the host cell or to facili-
tate the entry of toxic components. They are secreted as soluble
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proteins and adopt a membrane-inserted conformation on the
target membrane. Importantly, toxin oligomerization seems to
be a general prerequisite for pore formation. According to the
a-helical or B-sheet structure of the membrane-integrated
domains, they are classified as a-PFTs or B-PFTs, respectively.
The best studied pores are those formed by 3-barrels, like a-he-
molysin (3) or cholesterol-dependent cytolysins (4). Research
lags far behind in the case of @-PFTs, for which the supramo-
lecular organization on the target membrane remains unsettled
(5).

Equinatoxin II (EqtII) is a model a-PFT that has proven use-
ful to improve our general understanding of how these toxins
work. It is produced by sea anemone Actinia equina and
belongs to the family of actinoporins. EqtIl kills several cell
types and has been shown to induce plasma membrane reorga-
nization in the host cell (6). Upon binding to the target mem-
brane, EqtII oligomerizes and inserts its N-terminal a-helix,
which forms part of the pore structure (7, 8). Remarkably,
membrane lipids also contribute to the rim of the pore (9),
giving an estimated size of 2 nm in diameter (10, 11).

There is strong debate regarding the stoichiometry of
a-PFTs. Some studies suggest that the toxins of the actinoporin
family and CrylAa from Bacillus thuringiensis form tetramers
(12, 13). In contrast, the structures of similar proteins like
Cytolysin A and Fragaceatoxin C support pores formed by
higher oligomeric species (14, 15). One problem is that most
studies with PFT's have been performed under equilibrium con-
ditions using artificial lipid bilayers. The stoichiometry and
assembly mechanism of PFTs in the natural context of the tar-
get host membrane, as well as the dynamic nature of the oligo-
merization process leading to cell death, remain largely
unexplored.

Here, we visualized individual, fluorescently labeled EqtIl
molecules on the plasma membrane of living cells by total inter-
nal reflection fluorescence (TIRF) microscopy (16, 17). We
found that in cells EqtlI exists in a dynamic equilibrium of mul-
tiple oligomeric species including significant populations of
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monomers, dimers, tetramers, and hexamers. Based on our
experimental data and on mathematical analysis of the tempo-
ral distribution of species, a new model is proposed by which
EqtlI assembly proceeds via sequential condensation of dimers
formed by the association of toxin monomers on the cell sur-
face. Interestingly, a mutant version of EqtIl with lowered
hemolytic activity followed a distinct oligomerization pathway,
which demonstrates the functional relevance of the molecular
steps involved in toxin assembly. In contrast to previous mod-
els, our data suggest a toxic mechanism by which membrane
permeabilization would be simultaneously induced by oligo-
mers of variable stoichiometry.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Protein Purification and Labeling—
eqtll gene, introduced in the pET21a™ expression plasmid, was
purchased from Entelchon (Bad Abbach, Germany). The EqtII-
R126C single mutant was obtained by replacing the corre-
sponding residue by Cys. EqtlI wild type and EqtII-R126C were
expressed in Escherichia coli BL21-RIPL cells and purified by
combining cation-exchange chromatography in SP-Sepharose
column (GE Healthcare) and gel filtration chromatography in a
Superdex 200 HP column (GE Healthcare). The single cysteine
mutant of EqtII-L26C, provided by G. Anderluh, was obtained
and purified as described in Malovrh et al. (27). EqtII-R126C
was labeled with Alexa Fluor 488 maleimide (EqtII-Al488),
whereas EqtlI-L26C was labeled with Alexa Fluor 555 maleim-
ide (EqtII-L26C-Al555) according to the manufacturer’s
instructions (Invitrogen). The separation of the labeled protein
from excess free dye was achieved with a 10DG gel filtration
column (Bio-Rad). Labeling efficiency was determined to be
76% (EqtII-R126C) or 86% (EqtII-L26C) by fluorescence spec-
troscopy with a Specord S100 (Analytik Jena, Jena, Germany).

Hemolytic Assay—The hemolytical activity of wild type Eqtll,
mutants, and labeled proteins was assessed turbidimetrically at
600 nm by using a microplate reader (Tecan, Crailsheim, Ger-
many). A erythrocyte suspension was prepared using pooled
fresh human red blood cells collected intravenously from at
least four healthy volunteers. Cells were washed by repeated
centrifugation (14,000 X g, 5 min), the cell pellet was resus-
pended in Tris-buffered saline (TBS: 145 mMm NaCl, 10 mm Tris-
HCl, pH 7.4) and finally diluted to an apparent absorbance of
0.1. Proteins were 2-fold serially diluted in a flat-bottom 96-well
microplates in a final volume of 100 ul of TBS. The hemolysis
reaction was started by adding the same volume of red blood
cells. Hemolysis was recorded for 10 min with intermittent
shaking. The hemolytic activity (HA) was calculated after 5 min
as a function of protein concentration as follows:

HASmin(%)

X 100

Ao - At
(Eq. 1)
0

Ao — Ay
where A,, A, and A, represent the absorbance at 5 min, at time
0, and in the presence of an excess of protein, respectively.
Cell Culture—COS1 cells were cultured in DMEM (high glu-
cose; Sigma) with 10% fetal calf serum, 1% antibiotics (penicillin
and streptomycin) at 37 °C and in the presence of 5% CO.,. All
cells were regularly passaged at subconfluence and plated at
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2-5 X 10 cells/ml density. For imaging experiments, the cells
were seeded in LabTek chambers (Nunc). Experiments were
carried out 24 or 48 h after seeding.

Total Internal Reflection Microscopy—Single molecule
images were acquired using a total internal reflection micro-
scope equipped with an EMCCD camera (Andor iXon3
DU-897), a Nikon Apo TIRF X60 oil immersion objective (NA
1.49), and a 561-nm diode laser. The cells were maintained at
37 °C during the whole experiment and imaged in a buffer con-
taining 150 mm NaCl, 20 mm Hepes, pH 7.4, 20 mm trehalose,
15 mm glucose, 5.4 mm KCl, 0.9 mm MgSO,, and 0.5 mm CaCl,.
After single cells were selected and focused using bright field,
fluorescently labeled EqtIl was added. Movies were acquired
with an exposure time of 200 ms at different times after toxin
addition.

Single Particle Tracking—Particles were detected and
tracked using the u-track software (18). The detection param-
eters used were as follows: psf 0-2.5, integration window-3, and
aLocMax-0.2. Tracking was constrained to the particles that
were present in at least 10 consecutive frames. The particles
detected and tracked were subjected to further analysis using
Matlab (Mathworks) and Origin8.5. For each particle trajec-
tory, the two-dimensional mean square displacement (MSD)
for every time interval was calculated according to Refs. 19-21,

1
MSD(t) = N 2?1:1 (Xi+r - X:)z + (Yi+r - Yi)z] (Eq.2)
where N is the number of frames, and X and Y describe the
particle position at each frame. The diffusion coefficient was
calculated by fitting the data of MSD versus time lag (A,) to
diffusion models. In case of simple two-dimensional Brownian
motion, the MSD is related to the diffusion coefficient D by,

MSD(At) = 4DAt (Eq.3)
and for subdiffusion the relationship is given by,
MSD(At) = (r))[1 — A, exp(—4AD/r2))]  (Eq.4)

where 7 is the confinement size, and A, and A, are constants
determined by the confined geometry (22).

Calibration of Single Molecule Fluorescence in the TIRF
Microscope—To calibrate the fluorescence signal in the TIRF
microscope, we acquired movies of single Alexa 488 or Alexa
555 molecules dried on a coverslip under the same conditions
as in the cell experiments. The decrease in fluorescence inten-
sity of single photobleaching steps (n = 25) (Fig. 4, B and C)
followed a normal distribution and was fitted with a Gaussian
curve that provided the average fluorescence signal of one
Alexa 488 or Alexa 555 molecule and the error of the estima-
tion. This value was comparable with that obtained in similar
experiments using EqtII labeled with Alexa 488 or Alexa 555
(EqtII-Al488, Eqt-L26C-Al555) dried on a coverslip or in lipid
bilayers. Movies were acquired under the same conditions used
for cells until all the particles were photobleached. Because
EqtlI does not diffuse in the lipid bilayers, we observed mostly
monomers. Monomer value was used to calculate the fluores-
cence signal corresponding to dimers, trimers, tetramers, etc.
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(Fig. 4C) (16). The calibration was repeated prior to every
experiment to avoid artifacts due to changes in the microscope
setup. Moreover, the brightness of the least bright particle
imaged from cells was also comparable.

Stoichiometry Analysis—The individual particles were
detected and the fluorescence intensity of each particle was
estimated by fitting a two-dimensional Gaussian and averaging
from the beginning of the movie until they are photobleached
(Fig. 4, A and B). By fitting a Gaussian curve to the distribution
of fluorescence intensities, the mean intensity w and standard
deviation o of a single fluorophore was calculated. With w and
o, the fluorescence intensity of N colocalized fluorophores can
be given by w, = Nu, = N? o, (Fig. 4C). The number of
Gaussians that can be fitted to the distribution of fluorescence
intensity was estimated according to Ref. 16 and,

Noax = (/1) (Eq.5)

N, ..« is 4 for our data, so we restricted our fittings to four spe-
cies in EqtlI-L26C-Al555 and calculated the corresponding w
and o values. In the case of EqtII-Al488 we fitted up to hex-
amers, but only four species were detected after labeling cor-
rection. For determining the stoichiometry of Eqtl, ~500 indi-
vidual particles were detected and analyzed for each time point.
As the fluorescence signal of the different species is expected to
be the same at all measured times, the distribution of the fluo-
rescence intensity of all the particles at all time points was glob-
ally fitted with a sum of four Gaussians using obtained w and o
values. The Gaussian model used for the fit is given by,

1 (i— p-n?

. N, " -
o) = A, X ——e “n)?
() 2n—1 n \’2 2o n)

(Eq.6)

where ¢(i) is the frequency of particles having intensity i, # is
the component number, and A,, is the area under the curve of
component 7. The area A under the curve of each component
was used to estimate the percentage of occurrence of each spe-
cies and at each time point as described in Ref. 23. All percent-
age values mentioned here were corrected considering that 76%
of the protein is fluorescent.

Mathematical Simulations—We modeled the kinetics of
EqtIl oligomerization with a simple model based on mass
action kinetics. The system is represented by a set of coupled
ordinary differential equations (ODEs) with reaction rate con-
stants used as fitting parameters. Numerical integration and
fitting was performed in COPASI 4.11 (24). We estimated the
total area concentration of EqtIl molecules on the cell surface
by counting all the individual particles in a cell, taking into
account the stoichiometry of each particle and dividing by the
observed membrane area. In the best fit for EqtII-Al488, we
obtained a sum of squared residuals of 1.7 X 10~ > [particles/
wm?]? (1.1 X 10-3 [particles/um?]* for EqtII-L26C-Al555).
This corresponds to an averaged uncertainty of 1.2 X 10-3
particles/um? (8.3 X 10-3 particles/um? for EqtII-L26C-
Al555) for each concentration curve.

ODE:s for Modeling Eqtll Oligomerization—The model for
EqtlI-Al488 is represented by 4 coupled ODEs originating from
mass action kinetics.
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dx
d—; = —2kx2 + 2k_x, (Eq.7)
dx, , R
P kixy — k_1x5 — 2kyx5 + 2k _ox, — ksxoxs + k_3Xg
(Eq.8)
dx, ,
ar koxs — kx4 — ksXoX, + K_3Xg (Eq.9)
dxe
dr - ksxox, — k3% (Eq. 10)

The ODE:s for EqtII-L26C-Al555 are,

dx
d—; = =2k + 2k_1x5 — kxiXy + Kk oX3 — ksxixs + k_3x,
(Eq.11)
dx, 5
P kix? — k_1X — koXiXo + k_oXs — 2kaX3 + 2k_4x4
(Eq.12)
dx;
P Koxixy — k_ox3 — ksxix; + k_3x, (Eq.13)
dx, X
ar ksxixs — k_3x4 + kx5 — k_4X, (Eq. 14)

X, stands for the concentration of species i (monomers, dimers,
trimers, and tetramers). In this model, the total number of
monomeric Eqtll molecules is conserved.

RESULTS

Design and Activity of the Mutants—For single molecule
tracking studies we produced Eqtll single cysteine mutants, as
wild type Eqtll does not possess any Cys. This is essential to
know exactly the amount of fluorophores we have per protein
molecule. We replaced a single residue at positions 26 or 126 by
Cys to obtain two mutants with different activities. Position 126
is located near the C terminus, which is distant from the regions
of the proteins involved in membrane binding or pore forma-
tion (7, 8). Neither the mutation nor the labeling at position 126
affected protein activity (Fig. 1) as described previously by
Anderluh and co-workers (25). Conversely, mutation at posi-
tion 26 is located in the N-terminal a-helix, which directly par-
ticipates in pore formation (8). It has been proposed that the
EqtIl N-terminal a-helix must be inserted prior to oligomeri-
zation to allow an efficient pore formation (26). Activity of the
EqtII-L26C mutant was dramatically reduced in comparison
with the wild type protein, but partially recovered activity when
labeled (Fig. 1). Such an effect of labeling on protein activity was
also obtained by Malovrh et al. (27). As free Alexa 555 does not
have hemolytic activity (at least under our experimental condi-
tions), it seems like labeling might induce some conformational
change in EqtII-L26C, which allowed repairing the pore-forma-
tion ability. Moreover, the activity of EqtII-L26C-Al555 repro-
duces all the important events described for the wild type (6),
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FIGURE 1. Hemolytic activity of single Cys mutants and labeled Eqtll. Dose
dependence analysis of human red blood cell lysis induced by increasing
concentrations of the corresponding toxins after a 5-min incubation. The
time course of hemolysis was followed by the decrease in turbidity of a cell
suspension initially adjusted to an optical density of 0.1 at 600 nm. Experi-
mental conditions: T ~ 22 °C, buffer: TBS, cell concentration: 10° cell/ml. Nei-
ther free Alexa 488 nor Alexa 555 had hemolytic activity under the experi-
mental conditions.

71000

thus this mutant allowed us to study the oligomerization pro-
cess with slower kinetics. In the hemolytic assay, each mutant
showed the same behavior when changing the dye (Alexa 488 or
Alexa 555) (data not shown). Thus we concluded that there is
no effect of the dye in toxin aggregation or membrane interac-
tion, which made EqtlI-Alexa 488 and EqtII-L26C-Alexa 555
suitable for our study.

Equinatoxin II Particles Show Confined Diffusion on the
Plasma Membrane—Upon binding to the target cell, Eqtll
induces the formation of immobile raft-like domains where the
toxin is localized (6). However, the dynamic behavior of the
individual EqtIl molecules within these domains and on
the remaining membrane remains unknown. To investigate the
mobility of the individual EqtII particles in the plasma mem-
brane, we performed single molecule tracking experiments. We
used EqtlI labeled with Alexa 488 at a single Cys introduced at
residue 126 (EqtII-Al488) (see “Experimental Procedures”),
which retains its hemolytic activity (Fig. 1). Prior to toxin addi-
tion, an area containing individual cells was selected and
focused using bright field microscopy. Then, we added the fluo-
rescently labeled toxin at a final concentration of 10 nMm to
COS-1 cells and acquired movies in the TIRF mode. This is the
optimal concentration at which we have a significant number of
particles and the cell is alive for long enough to follow particle
dynamics. Under our experimental conditions, the cells died in
a couple of minutes, but was enough to record the toxin diffu-
sion at 1 min. The evanescent wave generated under TIRF illu-
mination ensured that only the molecules bound to the plasma
membrane in contact with the coverslip glass were excited (Fig.
2A). As the oligomerization kinetic takes place in the time
frame of cell death and we observed labeled proteins in the cells
surface adhered to the glass, toxin molecules in free solution are
able to access such regions of the plasma membrane from the
water interface between the adherent cells and the glass, and as
a consequence this population can be considered as represen-
tative for Eqtll effect (28).

Single molecules of EqtII-Al488 appeared as bright spots dif-
fusing in a dark background (Fig. 2B). We tracked individual
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FIGURE 2. Experimental design. A, upon addition to the extracellular
medium, Eqtll-Al488 and Eqtll-L26C-Al555 bind quickly to the plasma mem-
brane of COS-1 cells. Only a fraction bound to the part of the plasma mem-
brane closer than ~100 nm to the glass coverslip is illuminated in the TIRF
setup and emits fluorescence. B, single molecules of labeled Eqtll in the
plasma membrane appear in the images as bright spots and can be detected
by image processing (blue circles). C, the signal of an individual molecule is
fitted with a two-dimensional Gaussian curve from which the fluorescence
intensity of the molecule is calculated. D, by analyzing several hundreds of
individual particles, the intensity distribution of labeled Eqtll on the cell sur-
face is obtained. To calculate stoichiometry, we fitted the histograms with a
sum of Gaussians whose centers and widths correspond to the values calcu-
lated for the oligomeric species (Fig. 4). The area of each Gaussian is propor-
tional to the fraction of that species.

particles of EqtII over consecutive images in time-lapse exper-
iments. Fig. 34 shows representative trajectories of EqtII-Al488
particles from movies acquired 1 min after toxin addition.
The MSD analysis, as well as the histogram of diffusion coef-
ficients, showed that almost all EqtII-Al488 particles exhib-
ited subdiffusion (Fig. 3, B and C), which fit best to confined
diffusion with an averaged apparent diffusion coefficient of
0.36 = 0.07 um?s ',

On the Cell Surface Eqtll Is Present as a Mixture of Multiple
Species—To analyze the stoichiometry of single EqtIl mole-
cules, we performed a brightness analysis of the individual par-
ticles that has been established and successfully used to deter-
mine the stoichiometry of other membrane protein complexes,
including B-pore-forming toxins (29-31). To this aim, we cal-
ibrated the fluorescence signal in the TIRF microscope prior to
each experiment (see “Experimental Procedures” and Fig. 4).
We characterized the fluorescence signal of EqtII-Al488 mono-
mers via photobleaching analysis and Gaussian fitting to the
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FIGURE 3. Mobility analysis of Eqtll-Al488 and Eqtll-L26C-Al555. A and D, representative trajectories of individual Eqtll-Al488 (A) and Eqtll-L26C-AlI555 (D)
molecules on the cell surface. Brownian motion is shown in red and subdiffusion in blue. B and E, plot of MSD versus time lag for 100 Eqtll-Al488 (B) or
Eqtll-L26C-AlI555 (E) (gray lines). Averages (including S.D.) for trajectories classified as Brownian (red) or as confined (blue) are shown. C and F, distribution of
diffusion coefficients D of Eqtll-Al488 (C) and Eqtll-L26C-AI555 (F). F, inset, the particles following Brownian diffusion are monomers and dimers. G, direct
visualization of Eqtll-Al488 oligomerization. TIRF images showing two Eqtll-L26C-Al555 molecules (cyan and yellow) forming a stable complex on the cell
surface. Scale bar, 1 um. H, same traces as in G, but the trajectory of complex shown in green. |, the fluorescence signal of the complex equals the sum of the two

individual Eqtll-L26C-Al555 particles.

histogram of the distribution of fluorescence intensities mea-
sured. Based on these values, we calculated the expected bright-
ness of higher oligomers.

Then, we calculated the brightness of individual EqtII-Al488
particles in the membrane of living COS-1 cells by fitting with a
two-dimensional Gaussian (Fig. 2C) and plotted the intensity
distribution as a histogram (Fig. 2D). Visual inspection of the
broad distribution of fluorescence intensities indicates the
presence of species brighter than monomers. We fitted the his-
togram of fluorescence intensities with a linear combination of
Gaussian curves corresponding to the brightness calculated for
the different oligomeric forms (16, 17, 31, 32). These results
indicate that EqtIl does not exist in the plasma membrane of
living cells in a unique oligomeric form, but, surprisingly, as a
mixture of oligomeric species.
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To investigate the temporal dynamics of EqtII oligomeriza-
tion, we took images at 10 s, 30 s, and 1 min after adding the
fluorescently labeled toxin to COS-1 cells. This is the time
frame under which we observed EqtlI-Al488-induced cell
death. We fitted the histograms of fluorescence intensity distri-
bution measured for ~500 particles at each time point as
explained above (Fig. 5, A—C). The area under each curve was
used to calculate the percentage of occurrence of each species,
which were then corrected for partial labeling. Due to this cor-
rection, the percentages of the different species do not exactly
coincide with the area of the respective Gaussians. Our analysis
revealed that even 10 s after adding the toxin to the cells (Fig. 5,
D-G@G) we could observe significant amounts of dimers, tetram-
ers, and hexamers along with similar levels of monomers. A few
brighter particles were detected in the image but we did not

SASBMB

VOLUME 290-NUMBER 8+FEBRUARY 20, 2015



Eqtll Stoichiometry on Target Cell at Single Molecule Level

15
<<z
10
®n 5
C
30
3 L.
S 0 50 100 150 200
>
= 15
f o= -
8 10
£
o 5
C 2 4
[0
100 S 5
—_ O 0 50 100 150 200 250 300
380 S
c = 20
860- { i
o * 15/
Fau * 10 <=
201 5
¢
0 +— - v v 0 1

6 50 100 150 200 250 300
N Time (s)

FIGURE 4. Detection of single Alexa 555 fluorophores by TIRF microscopy.
A, TIRF image of single Alexa 555 molecules immobilized on a clean glass
coverslip. Scale bar, 1 um. Each particle was detected and the fluorescence
intensity measured over time. B, the intensity of the particles that showed a
single bleaching event were averaged over time and considered as the inten-
sity of one single fluorophore. Some representative fluorescence intensity
traces of individual Alexa 555 particles with a single bleaching event are
shown in blue. The green arrows indicate the bleaching step. C, u (mean fluo-
rescence intensity) and o (standard deviation) values were calculated for one
(orange), two (green), three (blue), four (magenta), and five (brown) fluoro-
phores. The w and o for a single fluorophore was determined from B and for
2-5 fluorophores was estimated according to the equation py = Nu, = N2
o, (1). N corresponds to the number of fluorophores. The y axis shows the
fluorescence intensity (counts).

include them in the analysis due statistical limitations of the
method. These results show that oligomerization of EqtII is
very fast and suggest that membrane binding is likely the rate-
limiting step in the sets of reactions leading to pore formation.

The temporal analysis of the distribution of EqtII-Al488 spe-
cies on the cell surface indicates that not all possible oligomeric
species are populated, but that there is an excess of tetramers
and hexamers over trimers and pentamers (Fig. 5, D-G). Over-
all, we found that monomers decreased over time, whereas
dimers increased. Furthermore, tetramers appeared quickly
and stayed constant over time, whereas the number of hex-
amers increased in the first 30 s and then remained constant.
These findings show that the spatiotemporal organization of
EqtlI on the host membrane is dynamic and evolves in a time
frame comparable with cell death induction.

Based on these data, we modeled the process of EqtII assem-
bly upon binding to the cell surface. We built a simple kinetic
model of EqtIl oligomerization based on ODEs for complex
formation up to hexamers (Fig. 5H and “Experimental Proce-
dures”). We considered all reactions reversible and we fitted the
system of ODEs to the experimental data in Fig. 5, D—G. The
best fit was obtained for a reaction scheme where EqtII first
binds to the membrane as a monomer and, after forming
dimers, oligomerization proceeds via dimer condensation.
From the fitting, we obtained the kinetic constants for the for-
ward and backward reactions of oligomerization (Fig. 5I). Inter-

SASBMB

FEBRUARY 20, 2015«VOLUME 290-NUMBER 8

estingly, dimer dissociation is negligible suggesting that mono-
mers are unstable in the membrane. Moreover, formation of
tetramers is 1 order of magnitude faster than other condensa-
tion reactions, suggesting a higher stability for this structure.

The Pathway of EqtIl Assembly Is Important for Toxicity—To
assess the functional relevance of our findings, we carried out
similar experiments with a mutant form of EqtII that is labeled
with Al555 at the N-terminal helix involved in pore formation
(EqtII-L26C-Al555). This version of Eqtll has significantly
reduced hemolytic activity but is still also able to kill cells (Fig.
1). The lower activity of this mutant might be a result of the
lower ability to insert the N terminus, which might impair effi-
cient protein oligomerization, as recently proposed (26). To
compare the oligomerization dynamics of both EqtIl mutants,
we took images at 1, 5, 10, and 15 min after adding 140 nm
EqtII-L26C-Al555 to COS-1 cells. This is the concentration and
time frame under which the less active form EqtII-L26C-Al555
induces cell death. Under these conditions, the number of par-
ticles per area was comparable for both mutants. Moreover,
differences in concentration between both mutants are not
expected to have significant effects on the kinetics of oligomer-
ization or the formation of complexes as suggested by Baker et
al. (33).

Our analysis revealed the presence of a major population of
dimers, accompanied by significant amounts of monomers,
trimers, and tetramers at 1 min after adding the toxin to the
cells (Fig. 6A). These results shows that oligomerization of
EqtII-L26C-Al555 is slower than that of EqtII-Al488, in agree-
ment with the longer times required to induce cell death.
Also in this case, EqtII-L26C-Al555 existed in the membrane
in multiple oligomeric forms. But importantly, the nature of
the supramolecular organization of this less active mutant
was distinct from the active form. In this case, all oligomeric
states up to tetramers were detected, but not higher order
structures, which indicates that this mutant has less ability to
self-assemble.

Furthermore, the distribution of oligomeric forms also
evolved with time on the cell surface in the case of the less active
mutant of Eqtll-L26C-Al555 (Fig. 6, A—D). However, in this
case, ODEs mathematical modeling based on the experimental
results supported a different assembly pathway based on
sequential condensation of monomers (Fig. 6, I-L). We also
tested whether alternative assembly mechanisms can explain
our experimental results. In the case of EqtII-L26C-Al555, we
forced dimer-dimer condensation to occur in the mathematical
model by introducing a lower limit for the association rate con-
stant k, (defined as in Fig. 6). This way we made sure that
dimers condensate at a rate constant of similar order of magni-
tude as for all other bimolecular reactions in the system. The
modified fits showed a decreased goodness with a sum of
squared residuals 10 -20% higher than for the fit presented in
Fig. 6, I-L. Moreover, tetramers showed a preferential dissoci-
ation into a monomer-trimer pair, whereas the association of
such a pair into a tetramer became negligible compared with
dimer-dimer association. Such a mechanism lacks of chemical
plausibility and we therefore propose the sequential addition of
monomers as the most plausible model for the oligomerization
of EqtII-L26C-Al555.
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FIGURE 5. Eqtll-Al488 is present as a mixture of species that evolves with time. A-C, intensity distribution of Eqtll-Al488 on the cell surface at the indicated
incubation times. For each condition, ~500 particles were analyzed. The resulting histograms were fitted with a sum of Gaussians to estimate the occurrence
of monomers (orange), dimers (green), trimers (blue), tetramers (magenta), pentamers (cyan), and hexamers (yellow). D-G, temporal evolution of the distribution
of Eqtll-Al488 species on the cell surface. Error bars correspond to the error from the Gaussian fitting. H, kinetics of Eqtll oligomerization analyzed by a simple
mass action model. , rate constants for the forward and backward reactions calculated by fitting to the experimental data. The errors represent the standard
deviations of the three best fits. J, temporal evolution of the concentrations of Eqtll monomers (orange), dimers (green), tetramers (magenta), and hexamers
(brown) calculated from the model. The circles represent the experimental points. K, upon binding, Eqtll oligomerizes on the plasma membrane via sequential
condensation of dimers formed by monomer association. Eqtll is present on the membrane as a mixture of species, whose distribution evolves with time and

is close to equilibrium after 1 min of incubation.

When we investigated the dynamic behavior of the less
active EqtII-L26C-Al555, we clearly found two populations
with different mobility (Fig. 3, D and F): ~10% particles
exhibited apparent Brownian diffusion, whereas the rest
moved with apparent subdiffusion, best compatible with a
model of confined diffusion (34). The corresponding appar-
ent diffusion coefficients averaged for the free- and subdif-
fusing populations were 0.60 = 0.01 and 0.36 * 0.03 wm?/s.
Interestingly, the particles with apparent Brownian motion
were low oligomeric forms of EqtII-L26C-Al555, formed by a
mixture of monomers and dimers (Fig. 3F, inset). This sug-
gests that the mobility of EqtII-L26C is reduced by oligomer-
ization. Fig. 3, G and H (and supplemental Movie S1), shows
an example of two diffusing EqtII-L26C-Al555 particles
forming a complex. The two individual particles exhibit
apparent free diffusion that becomes confined upon associ-
ation. The brightness of the newly formed oligomer corre-
sponds to the sum of the fluorescence intensity of the initial
particles (Fig. 31).
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DISCUSSION

We have determined the spatiotemporal assembly of EqtIl
during its toxic action on the surface of living cells. Unlike most
work so far with artificial model membranes, our data were
obtained in the physiological environment of the target cell
membrane and include conditions of equilibrium. Upon bind-
ing, we observed that EqtlI rapidly initiates its oligomerization
on the cell membrane. In contrast to previous assumptions that
actinoporins are present exclusively as monomers and tetra-
mers in the lipid bilayer (35), we found that EqtII clearly exists
in the plasma membrane as a mixture of oligomeric species
mostly including monomers, dimers, tetramers, and hexamers.
These differences could be due to the different environments of
the plasma membrane compared with pure lipid model mem-
branes. Our data also suggest the presence of a small fraction of
higher oligomers, which could be octamers and decamers. This
mixture of oligomeric species is stable within the time range
required for cell death. The results of the kinetic modeling fit
best with oligomerization proceeding via the condensation of
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dimer units that appear after the association of monomers in
the membrane. This is in agreement with data for Sticholysin I,
where forced dimerization by disulfide bonds increased pore
activity (45).

Even though from our experimental data we cannot estimate
what oligomeric state(s) would potentially be a functional unit
for pore formation, mathematical modeling also suggests that
tetramers are the most stable form of EqtlI in the membrane, in
agreement with recent determination of the stoichiometry of
Eqtll oligomers in supported bilayers (33), the structure of
Sticholysin II in monolayers (13), and contrary to the models
based on higher oligomeric species proposed for Fragaceatoxin
C (15). However, one essential difference with structural stud-
ies reported so far is the detection of multiple coexisting oligo-
meric forms, which underscores the power of our single mole-
cule approach when studying dynamic processes.

Importantly, an Eqtll mutant with strongly reduced toxic
activity also presents coexistence of species, but oligomerizes
instead more slowly and up to tetramers via consecutive addi-
tion of monomers. Concretely, EqtII-L26C-Al555 contains a
mutation in the N-terminal helix of the protein that likely hin-
ders its membrane insertion and as a result reduces the effi-
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ciency of oligomerization (26). The results of the mathematical
modeling suggest that it also lowers the stability of the dimer
units compared with the active toxin. Furthermore, this muta-
tion modifies the assembly pathway to sequential condensation
of monomers. Altogether, our findings show that the molecular
pathway of EqtIl oligomerization is important for hemolytic
activity and, therefore, protein function.

The analysis of EqtIl mobility on the plasma membrane is
typical of confined diffusion. This fits well with previous bulk
fluorescence recovery after photobleaching data (6). Interest-
ingly, in the case of the less active EqtII form, the single mole-
cule approach allowed the detection of a small population of
Eqtll particles that diffuse freely, which interestingly corre-
sponds to monomeric and dimeric forms of the toxin. This
suggests that the confined diffusion observed for EqtII particles
is due to the formation of larger oligomers, which would
increase the likelihood of particle diffusion being affected by
membrane crowding, interactions with the cytoskeleton and/or
presence of raft-like domains (37, 38).

Based on the present results, we propose a model for the
mechanism of Eqtll toxic action on the target cells (Fig. 3)).
Upon binding to the cell surface as a monomer, EqtIl would
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rapidly start oligomerizing and the first pore-forming oligo-
mers would appear in a few seconds. Eqtll would form first
dimers by monomer association, and then further assemble via
sequential addition of dimers in a set of reversible reactions. As
a result, the proposed assembly mechanism would then give
rise to a mixture of species on the cell surface that includes
monomers, dimers, tetramers, and hexamers, as well as small
fractions of higher oligomers, probably depending on toxin
density on the membrane. In this model, we suggest that there
might be more than one functional unit involved in the mech-
anism of pore formation of actinoporins. Notably, for both
Eqtll forms studied here, the distribution of species evolves
over time and the accumulation of oligomers is linked to the
time range required to attain cell death. This result might be
linked with evidences obtained with EqtIl and StI suggesting
that pore assembly occurs via different functional states
obtained by the successive incorporation of N-terminal a-heli-
ces to growing pores until a stable toroidal oligomeric structure
is formed (26) (39). It is tempting to speculate that the coexis-
tence of species is a general attribute of a-PFTs and a radical
difference with respect to B-PFTs, which have been shown to
assemble into a unique oligomeric form (29). This feature could
be linked to the formation of pores lined by both lipids and
proteins, also known as toroidal pores. In such architecture, the
ability of the a-helices to induce lipid reorganization and stabi-
lize the lipidic structure seems to be more important than the
molecularity of the proteinaceous component of the functional
units (40). Many a-PFTs, like actinoporins, the apoptosis regu-
lators Bax and Bak, and a large number of antimicrobial pep-
tides have been shown to form this type of pores (36, 41-43).
Strikingly, the large number of coexisting species present in the
membrane suggests that oligomers of different stoichiometry
simultaneously contribute to membrane permeabilization.
This may be a strategy of this kind of toxins to kill cells in a
broad range of conditions (35) and is in line with a flexible pore
structure, as recently shown for Bax and Bak (44). Importantly,
our findings change the paradigm of how we understand mem-
brane permeabilization by a-PFTs, so far focused on a unique
oligomeric state as the predominant form of the toxin on the
target membrane.

In summary, here we found that EqtlI exists in the surface of
the target cell as a dynamic mixture of multiple species. We
propose a novel model for Eqtll assembly that proceeds via the
sequential condensation of dimer units. Moreover, EqtII toxic-
ity was affected by altering the assembly mechanism, and there-
fore the oligomerization kinetics and the distribution of species
on the cell surface, which supports the functional relevance of
our findings.
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