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ABSTRACT

The bacterium Bacillus thuringiensis (Bt) produces insecticidal proteins during the sporulation phase.
These proteins are located in parasporal crystals consisting of two delta-endotoxin classes, crystal (Cry)
and cytolytic (Cyt) toxins. In vitro, Cyt toxins show cytolytic activity against bacterial and a variety of
insect and mammalian cells. They bind to cell membranes with unsaturated phospholipids and sphin-
gomyelin. Although Bt and its parasporal crystals containing both Cry and Cyt toxins have been suc-
cessfully used as bioinsecticides, the molecular mechanism of action of Cyt toxins is not yet fully
understood. To address this, we exposed Cyt2Aa to lipid membranes and visualized membrane
disruption process using cryo-electron microscopy. We observed two types of Cyt2Aa oligomers. First,
Cyt2Aa forms smaller curved oligomers on the membrane surface that become linear over time, and
detach when the membrane ruptures. Similar linear filamentous oligomers were also formed by Cyt2Aa
in the presence of detergents without prior exposure to lipid membranes, which exhibited attenuated
cytolytic activity. Furthermore, our data suggest that Cyt2Aa adopts different conformations between its
monomeric and oligomeric forms. Overall, our results provide new evidence for a detergent-like
mechanism of action of Cyt2Aa rather than the pore-forming model of target membrane disruption of

this important class of insecticidal proteins.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bacillus thuringiensis (Bt) is successfully used as a pesticide
worldwide [1,2]. The important source of insecticidal activity are its
parasporal crystals formed during sporulation [3]. These parasporal
crystals contain insecticidal proteins that have been classified into
two delta-endotoxin classes of crystal (Cry) and cytolytic (Cyt)
toxins [4,5]. The Cry proteins form a large class with over 750
members, and are three-domain toxins with a size of about 60 kDa
that require a protein receptor to bind target membranes and form
pores [6,7]. In contrast, Cyt toxins form a comparatively smaller
class of 20 kDa proteins with around 40 members [7,8] that do not
require a specific receptor for membrane binding and subsequent
lysis [9]. Although they differ at the structural level, both groups of
toxins exhibit larvicidal activity [10,11]. During sporulation, Cyt
toxins are produced along with other insecticidal proteins, and
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synergistic interactions between Cyt and Cry toxins have been
described previously [6,12—15]. In some cases, the presence of Cyt
toxins in Bt crystals has helped overcome Cry toxin resistance in
insects [6,16—18]. In addition, strong interactions between Cyt and
Cry proteins indicated that Cyt may function as a receptor for Cry
proteins [15,19]. Thus, the expression of Cyt/Cyt toxins and other
insecticidal proteins has made Bt the most successful bioinsecticide
[1,20].

Cyt toxins have been classified into 8 primary subclasses Cyt1-
Cyt8 based on their amino acid identity [5,8]. Cyt2Aa was origi-
nally discovered in Bt subsp. kyushuensis [21] and later character-
ized as a 259 amino acid long pro-toxin [22]. The three-dimensional
structures of the Cyt toxins, including the protoxin form of Cyt2Aa
protoxin (previously named CytB; UniProt-Q04470) [8,10], Cyt1Aa
protoxin [23] and the activated form of Cyt2Ba [24] and Cyt1Aa [25]
are highly conserved, suggesting a similar mechanism of action.
Activation of Cyt toxins occurs in the insect midgut, where
approximately 30 amino acid residues are removed by proteolysis
from both the N- and C-termini of the protein [26,27]. In vitro, Cyt
toxins exhibit cytolytic activity against bacterial cells [28] and a
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Abbreviations

CHOL (cholesterol)

cryo-EM  (cryogenic electron microscopy)

DDM (n-dodecyl B-D-maltoside)

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine)
DPhPC (1,2-diphytanoyl-sn-glycero-3-phosphocholine)

Fos-Choline-12 (FC-12)
Fos-Choline-16 (FC-12)

LUV (large unilamellar vesicle)

MLV (multilamellar vesicle)

PDB (Protein Data Bank)

POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine)

POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-
rac-glycerol))

RBC (bovine red blood cell)

SM (sphingomyelin)

TX-100  (Triton X-100)

variety of insect and mammalian cells [9,29,30], while in vivo they
display Diptera-specific toxicity [21,31,32].

Cyt toxins bind to membranes composed of unsaturated lipids
[9,33]. Cyt1Aa [23,34] and Cyt2Aa [35] form detergent-resistant
oligomers when exposed to lipid membranes, which could be
visualized by SDS-PAGE analysis. These oligomers were of hetero-
geneous size and appeared as a ladder-like pattern (or smear) on
the gel. Experiments with planar lipid bilayers suggested that
Cyt1Aa [36] and Cyt2Aa [21] form cation-selective channels or
pores in the membrane. Several studies on Cyt toxins [21,29,36—38]
suggested that lysis of the target membrane by these toxins could
occur through the formation of well-defined oligomeric trans-
membrane pores, supporting the pore-forming model [39]. On the
other hand, several other studies [9,23,40—44] suggested that Cyt
might act via a detergent-like mechanism of action [45], in which
Cyt aggregates on the surface of the lipid membrane and conse-
quently forms nonspecific defects in the lipid bilayer. However, the
details at the molecular level that would ultimately explain the
mechanism of membrane disruption by Cyt toxins, remain to be
determined.

Given the importance of Bt in general and its crystal toxins in
particular as bioinsecticides, it is important to understand the
mechanism of target membrane disruption by these toxins at the
molecular level. In this work, we investigated the mechanism of
action of a Cyt toxin by studying the interaction of recombinant Bt
Cyt2Aa with lipid membranes, the oligomerization process, and the
structure of Cyt2Aa oligomers. We discovered two types of oligo-
mers with cryo-EM, possibly representing two different steps in the
membrane disruption process. Our results suggest that the mech-
anism of membrane disruption of Cyt2Aa does not involve ring-
shaped transmembrane pores, but that membranes are ruptured
by a detergent-like mechanism.

2. Material and methods
2.1. Protein expression and purification

The gene encoding Cyt2Aa in a protoxin form (UniProt-Q04470)
was cloned into a modified pET24a vector. The recombinant protein
was produced in E. coli BL21 (DE3). Bacterial cultures were grown in
1 1 of Terrific Broth medium containing 100 pg/ml ampicillin at
37 °C with constant shaking. When culture absorbance at 600 nm
reached 0.6—0.8, protein expression was induced by the addition of
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0.4 mM isopropyl 1-thio-B-p-galactopyranoside. After overnight
incubation at 20 °C, cells were harvested by 5 min centrifugation at
4 °C and 6000xg, and re-suspended in 50 ml of the phosphate
buffer saline (PBS) in 150 mM NacCl, 20 mM DTT, 50 mM carbonate
buffer (NayC0O3:NaHCOs 4:1, mol:mol), pH 10.5 and sonicated. Cell
lysate was centrifuged at 50,000xg, 4 °C for 45 min and at
68,000xg for 5 min. The supernatant was filtered using a 0.22 pm
syringe filter (TPP, Switzerland) and loaded onto a StrepTrap HP
5 ml column (GE Healthcare, UK) and proteins were eluted with six
column volumes of elution buffer with 2.5 mM desthiobiotin
(Sigma-Aldrich, USA). Protoxin containing fractions were pulled.
Protein concentration was estimated with Nanodrop One (Thermo
Fisher Scientific, USA). The protoxin was activated by incubating the
protein with 1% (w/w) proteinase K (Thermo Fisher Scientific, USA)
for 1 h at 37 °C. Proteinase was inhibited with cOmplete™ Protease
Inhibitor Cocktail (Roche, Switzerland). Activation was followed by
gel filtration on 320 ml Superdex 200 column (GE Healthcare, UK)
with PBS (1.8 mM KH,PO4, 140 mM Nacl, 10.1 mM NaHPOy, 2.7 mM
KCl, pH 7.4) to further separate Cyt2Aa from the protease and other
impurities (Fig. 1 A). The purified Cyt2Aa was concentrated, ali-
quoted and stored at —20 °C.

2.2. Thermal stability assay

The thermal stability of Cyt2Aa was investigated with a differ-
ential scanning fluorimetry assay using 2x SYPRO Orange dye
(Thermo Fisher Scientific, USA). The protein concentration used
was 0.1 mg/ml. Thermal stability of proteins was tested at 150 mM
NaCl and 10 mM SPG buffer (succinic acid, sodium dihydrogen
phosphate, and glycine in the molar ratios 2:7:7) at indicated pH
values. The protein solution was exposed to a temperature range
spanning from 25 °C to 85 °C, with a gradual increase of 1 °C per
minute. Thermal stability profiles were recorded using a Light-
Cycler 480 (Roche, Switzerland) instrument. To determine the
melting temperatures (Tm), the Boltzmann function was fitted to
the curve using Origin 8.1 software (Origin Lab, USA). Each Tm value
represents the average of three separate experiments.

2.3. Hemolytic assay

Bovine red blood cells (RBC) were washed, by 3—4 cycles of
centrifugation (800xg) followed buffer replacement at 21 °C. RBCs
were resuspended in buffers containing 140 mM NaCl and 20 mM
buffer component, either 2-(N-morpholino)ethanesulfonic acid
(MES) pH 5.5, NaH2PO4/Na;HPO4 pH 6.5, tris(hydroxymethyl)ami-
nomethane (TRIS)/HCl pH 7.4, or glycine pH 8.5 or 9.5. The RBC
were resuspended in the appropriate buffer until it reached an
absorbance of approximately 0.5 at 630 nm (Ag30) as measured by
the Synergy MX microplate reader (Biotek, USA). Subsequently,
100 pl of RBC suspension was added to each well of 96-well clear
microtiter plate containing 100 pl of protein serial dilution (1:1) to
reach the final protein concentrations in the range of
1.2 nM—10 uM. Ag3p was measured at the beginning and after 20 or
90 min at 25 °C. Absorbance after 20 or 90 min was plotted against
the protein concentration. Matlab (Mathworks, USA) was used to fit
a logistic function to the data. The midpoint value of the function
was used as ECs.

2.4. Lipid vesicle preparation

All lipids were purchased from Avanti Polar Lipids, USA, and
used without further purification. Lipids were dissolved and mixed
in chloroform at indicated molar ratios. The thin lipid film was
produced using a rotavapor (Biichi, Switzerland) and subsequently
subjected to a high vacuum for a minimum duration of 2 h.
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Fig. 1. Interaction of Cyt2Aa with model lipid membranes. (A) SDS-PAGE of recombinant Cyt2Aa in protoxin (PRO) and activated (ACT) form. STD: molecular weight standard. (B)
Hemolytic activity of Cyt2Aa at different pH values. Each measurement was repeated three times. Points represent mean value + SD; Dashed lines are sigmoidal functions fitted to
the data used in ECsg estimation. (C) The thermal stability of Cyt2Aa measured by differential scanning fluorimetry at indicated pH values. Each Ty, value shown is the mean
value + SD of three independent experiments. (D) SDS-PAGE analysis of Cyt2Aa binding to MLVs as determined by lipid sedimentation assay. All lipid compositions are in molar
ratios. Control is the same experiment performed in the absence of MLVs. P, pellet; S, supernatant; T, total protein; STD, molecular weight standard. Red rectangles highlight high
molecular weight protein species. (E) Kinetics of calcein release from 20 uM DOPC LUVs induced by 2.5 uM Cyt2Aa. The bold central line is an average of three measurements, the

shaded area shows SD.

Multilamellar vesicles (MLVs) were prepared by hydrating the lipid
film in PBS or MilliQ water at 22—24 °C and vigorous vortexing
together with 0.5 mm glass beads to re-suspend the lipids, followed
by three cycles of freezing and thawing in liquid nitrogen. Large
unilamellar vesicles (LUVs) were prepared from the MLVs by
extrusion using LiposoFast lipid extruder (Avestin, Canada) through
polycyrbonate membranes with 100 nm pores.

2.5. Calcein release assay

Calcein release assay was performed as described before [46]
with minor modifications. Permeabilization of 20 uM calcein-
loaded LUVs by Cyt2Aa was measured with QuantaMaster 400
(Photon Technology International, USA) at 485 nm and 520 nm
excitation and emission wavelengths, respectively. 200 s after the
beginning of the measurement 2.5 M Cyt2Aa was added to 20 uM
LUVs. The release of calcein was followed for 3600 s, at which point,
mM Triton X-100 was added to achieve 100% calcein release.

2.6. Lipid sedimentation assay

4 uM of Cyt2Aa were mixed with MLVs (5 mM) in PBS and
incubated for 30 min at room temperature. The negative control
experiment was performed using PBS instead of MLVs. The mixture
was centrifuged for 30 min at 16100 xg. After this, the supernatant
was removed and stored for later analysis with SDS-PAGE. The
pellet was washed twice by resuspension with PBS and subsequent
centrifugation for an additional 20 min at 16100xg. Supernatant in
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wash steps was discarded. The final pellet and supernatant were
subjected to SDS-PAGE, followed by SimplyBlue SafeStain (Thermo
Fisher Scientific, USA) staining.

2.7. Oligomerization assays and oligomer visualization with Native-
PAGE

5.6 pM of activated Cyt2Aa was incubated with 5 or 10 mM 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) :cholesterol (CHOL)
(13:1) MLVs. After incubation vesicles were solubilized with 2%
Triton X-100. Additionally, the same amount of protein was incu-
bated with detergents (0.25 mM Brij 35-, 5-, 10-, and 20 mM Triton
X-100, 10- and 20 mM Fos-choline-12, 10- and 20 mM Fos-choline-
16, and 10 and 20 mM n-dodecyl B-D-maltoside). Samples were
subjected to Native-PAGE analysis.

2.8. Cryo-electron microscopy (cryo-EM) sample preparation and
data collection

MLVs were prepared in PBS, as described above. The activated
form of Cyt2Aa was added to MLVs, at the final concentration of
500 nM and 10 mM, respectively, and the mixture was incubated
for 30 min at room temperature. In one experiment the vesicles
exposed to Cyt2Aa were solubilized with 2% Triton X-100. In the
third case the sample was prepared by incubation of 2 pM Cyt2Aa
with 0.25 mM solution of Brij 35 in PBS. In all three cases 3 pl of
suspension was applied to Quantifoil R1.2/1.3300-mesh copper
holey carbon grid (Quantifoil, Germany) that were glow-discharged
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using (GloQube® Plus, Quorum, UK). The grids were blotted under
100% humidity at 4 °C for 6—7 s and plunged into liquid ethane
using a Mark IV Vitrobot (Thermo Fisher Scientific, USA). Micro-
graphs were recorded with a cryo-transmission electron micro-
scope operating at 200 kV (Glacios, Thermo Fisher Scientific, USA)
with a Falcon 3 EC direct electron detector (Thermo Fisher Scien-
tific, USA) using the EPU software (Thermo Fisher Scientific, USA).
Images were recorded in counting mode with the pixel size of 0.98
and 0.47 A. Micrographs were dose-fractioned into 38 frames with
total dose of 30 e—/A.

2.9. Cryo-EM image processing

All steps of data processing were performed in cryoSPARC 2.4
with built-in algorithms [47]. Cryo-EM data analysis followed the
typical steps of a single-particle analysis protocol, stopping at Ab-
initio reconstruction. Movies were aligned and contrast transfer
function estimation was performed. Particles were initially picked
by hand and 2D classified to create 2D class averages used in
template picking. Particles picked in this way underwent several
rounds of 2D classification to produce final 2D classes. 3D volume
was generated with an Abinitio reconstruction.

2.10. Circular dichroism spectroscopy

Circular dichroism (CD) spectra were collected on Chirascan CD
Spectrometer (Applied Photophysics, UK). Proteins were 20 times
diluted in the respective buffers to a final concentration of 0.2 mg/
ml. Dilution buffers were MilliQ water, solution of 0.25 mM Brij 35
and, suspension of 5 mM DOPC:CH 13:1 LUVs. These buffers were
also used as controls and their spectra was subtracted from the
spectra of the corresponding protein samples. Protein spectra were
measured at 25 °C, over the wavelength range 250—195 nm, using
an interval of 1 nm and a dwell time of 1 s, with ten repeat scans of
each sample.

3. Results

3.1. Recombinant Cyt2Aa permeabilizes model lipid membranes of
various compositions

The recombinant pro-toxin form of Cyt2Aa was produced in
E. coli. The inactive pro-form of Cyt2Aa was treated with 1% (w/w)
proteinase K to obtain an active toxin (Fig. 1A), which was further
purified using size exclusion chromatography. After activation
additional step of size-exclusion chromatography was performed to
separate the active form of Cyt2Aa form proteinase K and other
impurities. The cytolytic activity of Cyt2Aa was assessed by a he-
molysis assay using bovine red blood cells (RBCs) at different pH
values. At all pH values tested, the hemolytic activity of Cyt2Aa
showed a sigmoidal dependence on protein concentration (Fig. 1B).
The hemolytic activity was highest at neutral and acidic conditions
and decrease significantly at pH values above 8.5 with estimated
ECsgs of 0.027 + 0.005 pM, 0.030 + 0.002 uM, 0.037 + 0.003 puM,
0.043 + 0.006 uM, and 0.157 + 0.088 uM for pH values of 5.7, 6.5, 7.4,
8.5 and 9.5, respectively. This was rather unexpected as the phys-
iologically relevant pH of the midgut of insects is 10.5 [48]. On the
other hand, the thermal stability test showed that the stability of
Cyt2Aa increased with pH, as expected (Fig. 1C).

Cyt proteins generally bind to most lipid membranes and
require unsaturated fatty acids for binding [9]. We tested the
binding of Cyt2Aa to multi lamellar vesicles (MLVs) composed of
several common lipids (Fig. 1D). We also used DOPC - cholesterol
vesicles with the molar ratio DOPC: CHOL 13:1, as such lipid bi-
layers have been used in previous studies of Cyt2Aa [49]. As
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expected, Cyt2Aa bound to all types of MLVs to a comparable extent
(Fig. 1D). In MLVs where DOPC was supplemented with sphingo-
myelin (SM) or CHOL, we also observed smears on SDS-PAGE gels
corresponding to larger Cyt2Aa complexes. Interestingly, we also
observed binding to 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC) with diphytanoyl fatty acid chains (Fig. 1D).

To validate the membrane disrupting activity of Cyt2Aa on a
simple one component membrane system, we performed a calcein
release experiment on large unilamellar vesicles (LUVs) of DOPC
(Fig. 1D). After the addition of 2.5 uM Cyt2Aa, the release of calcein
from the vesicles was slow and did not reach a plateau after 1 h.

3.2. Cyt2Aa forms oligomers in the presence of lipid membranes or
detergents

Cyt2Aa forms detergent-resistant oligomers upon exposure to
lipid membranes [35]. Structural characterization of the oligomers
is a crucial step towards understanding the membrane-disrupting
mechanism. To prepare Cyt2Aa in oligomeric form for further
structural and functional analysis, we incubated Cyt2Aa with
DOPC:CHOL (13:1) MLVs at 22 °C and solubilized the vesicles with
Triton X-100 after different incubation times. We also incubated
Cyt2Aa with detergents Triton X-100 or Brij 35 and observed the
formation of oligomers on Native-PAGE (Fig. 2A). When Cyt2Aa was
incubated with MLVs, the band corresponding to the monomer
disappeared and multiple bands of higher oligomers appeared.
Bands corresponding to larger oligomers were also found when
Cyt2Aa was incubated with Triton X-100 or Brij 35, but in this case,
the band corresponding to a monomer was much more pro-
nounced (Fig. 2A). To test how incubation time affects oligomer
size, we incubated Cyt2Aa with DOPC:CHOL (13:1) MLVs for 5, 15,
30 and 45 min. After incubation, the vesicles were solubilized as
described above and analyzed by native-PAGE, which showed that
the size of the oligomers increased with time (Fig. 2B).

3.3. Cyt2Aa forms filamentous oligomers on the lipid membrane
surface

Two types of samples were first visualized using Cryo-EM. A
Cyt2Aa sample incubated with DOPC:CHOL (13:1) MLVs and a
sample where the MLVs were solubilized with a detergent after
incubation with Cyt2Aa. The membranes of MLVs that were not
treated Cyt2Aa (control) were smooth and undamaged (Fig. 2C).
After incubation of the MLVs with Cyt2Aa, we found the protein
bound to the outer surface of all observed lipid vesicles (Fig. 2D). In
addition to the protein bound to the membranes, a large number of
linear protein filaments, heterogeneous in length, in line with
Fig. 2A and B were present in the vicinity of the vesicles. These
filaments were picked to create 2D class averages (Fig. 2D, bottom),
showing that the filaments were composed of a single row of
proteins. As expected, similar filaments were also present in the
second sample in which the Cyt2Aa-bound vesicles were solubi-
lized with detergent (Fig. 2E). The 2D class averages of the filaments
are also comparable in size and shape between the two samples
(Fig. 2D and E, bottom).

We also noted another type of oligomers that was clearly visible
near or on the membranes of the lipid vesicles (Fig. 3A). Compared
to the linear filamentous oligomers described above, these were
shorter and had more curvature. Whereas linear filamentous olig-
omers (white arrows) were mainly found in solution and partly on
membranes, the shorter curved oligomers (black arrows) were
mostly found on or in close proximity to membranes (Figs. 2D and
3A and B). Ab initio 3D-reconstruction of the linear filamentous
oligomers also suggests that Cyt2Aa oligomerization involves the
formation of single-row filaments composed of Cyt2Aa subunits
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C

Fig. 2. Visualization of Cyt2Aa oligomers. (A,B) Silver-stained Native-PAGE gel of Cyt2Aa. (A) 5.6 uM of monomeric Cyt2Aa was subjected to different treatments: Untreated
monomer, Cyt2Aa incubated for 1 h with 0.25 mM Brij 35 or with 1% Triton X-100, and incubated for 1 h with 5 and 10 mM DOPC:CHOL (13:1) MLVs (respectively). A black arrow
marks the band corresponding to monomeric Cyt2Aa. (B) Cyt2Aa incubated for indicated times with 10 mM DOPC:CHOL (13:1) MLVs. Samples were solubilized with 1% Triton X-100
and incubated at 22 °C. (C) Control: cryo-EM micrograph of DOPC:CHOL (13:1) MLVs in the absence of Cyt2Aa (D) Top: representative micrograph of Cyt2Aa incubated with
DOPC:CHOL (13:1) MLVs recorded with cryo-EM. White arrows points at the filamentous oligomer; the black arrow points at an MLV with protein bound to the membrane. Bellow:
2D classes of Cyt2Aa oligomers. (E) Top: representative micrograph of Cyt2Aa incubated with DOPC:CHOL (13:1) MLVs followed by solubilization with 1% DDM. White arrow points
to an example of a filamentous oligomer. Bellow: 2D classes of Cyt2Aa oligomers. The scale bar on micrographs (C—E) is 50 nm and 6 nm on 2D classes (D, E).

(Fig. 3C). In addition, we captured several vesicles at the moment of
rupture (Fig. 3B, red arrows indicate ruptured membranes), with
filamentous oligomers (Fig. 3B, white arrows) distributed between
the ends of ruptured membranes (Fig. 3B, white lines indicating the
distribution of the filaments).

3.4. Structurally similar oligomeric Cyt2Aa filaments are formed
when the protein is exposed to lipids or detergents

As shown in Fig. 2A, Cyt2Aa forms oligomers in the presence of
detergents in absence of lipid vesicles. To investigate this further,
we examined how different detergents affect oligomerization. We
incubated Cyt2Aa with Brij 35, Triton X-100, Fos-Choline-12, Fos-
Choline-16, and n-dodecyl B-D-maltoside (DDM) all of which
induced oligomerization, albeit to varying degrees as analyzed by
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Native-PAGE (Fig. 4A). We then imaged Cyt2Aa incubated with Brij
35 using cryo-EM. The oligomers formed by Cyt2Aa (Fig. 4B) looked
similar to the linear filamentous oligomers observed when MLVs
were incubated with Cyt2Aa before and after solubilization with
detergent (Fig. 2D and E).

To test whether the conformation changes during oligomeriza-
tion, we recorded CD spectra of Cyt2Aa under different conditions.
When comparing the spectrum of monomeric Cyt2Aa in water with
that of Cyt2Aa incubated with Brij 35, the two differ significantly
with the latter indicating a higher proportion of a-helices. The CD
spectrum of the sample with MLVs differs from both with a higher
signal in the a-helical region of the spectrum than for monomeric
Cyt2Aa, but not as strong as that of Cyt2Aa incubated with Brij 35.
This could be due to the presence of the conformational in-
termediates present on the membrane surface or a mixture of
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Fig. 3. Two types of oligomers are present on and around the vesicles. (A) Two
representative micrographs of vesicles with Cyt2Aa bound to the membrane. Scale bar
is 50 nm; (B) Two representative micrographs of ruptured vesicles with two rows of
filamentous Cyt2Aa oligomers in the vicinity of the rupture. Scale bar is 50 nm. Black
arrows point at shorter oligomers with higher curvature, white arrow points at more
linear oligomers, and red arrows point at the ends of disrupted membranes. The white
lines indicate the two rows of filamentous oligomers connecting the ends of the
ruptured vesicle; (C) Close-up of a 2D class average of the filamentous oligomer with
clear segmentation (left; scale bar is 6 nm). 3D volume of the filament obtained after
Ab-initio reconstruction (middle), and a suggested model of the oligomer based on the
2D class (C) and crystal structure of the Cyt2Aa monomer (PDB id: 1CBY). Alternating
Cyt2Aa subunits shown as molecular surfaces are colored differently (ligh or dark grey)
to better demonstrate the oligomeric structure.

conformational states.

We then tested the hemolytic activity of the filamentous olig-
omers formed by Cyt2Aa after inducing the oligomerization by pre-
incubating Cyt2Aa with 0.25 mM Brij 35 or 0.15 mM DDM. To
maintain the oligomeric state of Cyt2Aa during the subsequent
hemolysis assay, the PBS buffer had to contain equal amounts of
detergent, i.e. 0.25 mM Brij 35 or 0.15 mM DDM. This was prob-
lematic as both detergents showed some degree of hemolytic ac-
tivity in the control experiment without Cyt2Aa. In the case where
Cyt2Aa was pre-incubated in Brij 35 and the activity of the control
was subtracted, we did not detect any hemolytic effect of the
protein (Fig. 4E grey line). The control buffer with DDM caused
complete hemolysis, so a similar approach was not possible. To
solve this problem, we performed a second set of experiments in
which we pre-incubated a high concentration of Cyt2Aa with Brij
35 or DMM and then diluted the sample 16 times with a detergent-
free buffer. Subsequently, we performed further serial dilutions of
Cyt2Aa to the final concentrations indicated in Fig. 4D and
measured hemolytic activity. In this case, we observed no hemo-
lytic activity in the control measurements in the absence of Cyt2Aa.
We observed lower hemolytic activity of detergent pre-treated
Cyt2Aa compared to the case where Cyt2Aa was not treated with
detergents (Fig. 4E) with estimated ECsgs of 0.032 + 0.003 uM,
0.066 + 0.005 pM, and 0.103 + 0.006 pM for untreated Cyt2Aa, Brij
35-treated Cyt2Aa and DDM-treated Cyt2Aa, respectively. This
suggests Cyt2Aa oligomers have very low or even no hemolytic
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activity and that the observed activity of Cyt2Aa pre-treated with
detergents and subsequently diluted in buffer without detergents is
due to the dissociation of oligomers caused by the low detergent
concentration.

4. Discussion

Bt is a commonly used bioinsecticide. The toxic agents of its
insecticidal activity are the parasporal proteins [3—5]. To better
understand the molecular mechanism behind the biological activ-
ity of the toxin Cyt2Aa, we have investigated the activity of Cyt2Aa
towards different model membrane systems, focusing on the
visualization and structural reconstruction of Cyt2Aa oligomers.

We have found that the hemolytic activity of Cyt2Aa is best at
neutral and acidic pH. While this may be counterintuitive, as the
high pH of 10.5 [48] of the insect midgut is required for solubili-
zation of Cyt toxins, the activity is not necessarily linked to the
midgut and could also play a role in the hindgut. Moreover, the
concentration of Cyt2Aa required to induce hemolysis was high,
especially when compared to potent pore-forming proteins such as
cnidarian actinoporin FraC, where successful hemolysis is achieved
at concentrations 100-fold lower than those of Cyt2Aa under the
same conditions [46]. To complement the hemolysis assay, we
performed a calcein release assay, which in agreement with he-
molysis, showed that membrane disruption by Cyt2Aa is slow and
requires high concentrations of the protein.

Using cryo-EM we analyzed oligomer formation by Cyt2Aa un-
der three different conditions, (i) Cyt2Aa incubated with DOPC:-
CHOL (13:1) MLVs, (ii) Cyt2Aa incubated with DOPC:CHOL (13:1)
MLVs followed by vesicle solubilization with detergents, and (iii)
Cyt2Aa incubated with a detergent Brij 35. In all three cases, we
observed filamentous oligomers in solution. The 2D class averages
of filamentous oligomers between the three samples were com-
parable in size and shape. From the 2D averages, we can clearly see
the segmentation and that the oligomer consist of a single row of
Cyt2Aa protomers (Fig. 3C). At a level of micrographs, Cy2Aa olig-
omers are morphologically similar to oligomers observed previ-
ously for Cyt1Aa [23] and for the fungal volvatoxin A2, which is
structurally related to Cyt2Aa [50], with cryo-EM and negative stain
TEM respectively. In contrast to the filamentous oligomers pri-
marily found in solution, we observed other, shorter, oligomers
with higher curvature on the MLVs, located almost exclusively on
the lipid membranes. (Figs. 2D and 3A). In addition, we observed
several cases where two lines of filamentous oligomers connected a
ruptured vesicle lipid membrane (Fig. 3B), suggesting that the
oligomers transform into more linear filaments after dissociation
from the membrane.

Interestingly, incubation of Cyt2Aa with detergents in the
absence of membranes leads to the formation of similar linear
filamentous oligomers. Combined with results of CD spectroscopy,
this suggests that Cyt2Aa may have different conformations in its
soluble monomeric form compared to the oligomeric membrane-
bound form or solubilized filamentous oligomer. When we tested
the hemolytic activity of Cyt2Aa pre-incubated with detergents its
activity was reduced, which, in combination with our cryo-EM re-
sults, suggesting that these cytolytically inactive filamentous olig-
omers may represent the final step in the membrane-disrupting
process.

Based on our results, we propose the following model of action
(Fig. 5): The monomeric form of activated Cyt2Aa binds to the
membrane. There it oligomerizes and forms curved complexes on
the lipid membrane surface. According to previously published
data [9,44,51,52], these complexes are partially inserted into the
membrane. After reaching a critical local concentration, the mem-
brane bursts and the oligomers are released from the membrane.
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Fig. 4. Detergents trigger Cyt2Aa oligomerization. (A) Silver-stained Native-PAGE gel of Cyt2Aa oligomers induced by detergents Triton X-100 (TX-100), Fos-Choline-12 (FC-12), Fos-
Choline-16 (FC-16), and dodecylmaltoside (DDM). 5.6 uM of monomeric Cyt2Aa was incubated with indicated detergents for 30 min at room temperature. A black arrow marks the
band corresponding to monomeric Cyt2Aa. (B) Left: Representative cryo-EM micrograph of Cyt2Aa incubated with Brij 35. The scale bar is 50 nm. Right: 2D classes of Cyt2Aa
oligomers, the scale bar is 8 nm; (D) CD spectra of monomeric Cyt2Aa, Cyt2Aa incubated with DOPC:CHOL (13:1) MLVs and Cyt2Aa incubated with Brij 35; (E) Hemolytic activity of
Cyt2Aa after incubation with Brij 35 and DDM. Preincubated proteins were at least 16 x times diluted in PBS. The grey line shows the change in absorbance at 630 nm (Ag30) of
Cyt2Aa incubated in Brij 35 and then serially diluted (1:1) in PBS buffer with 0.25 mM Brij 35. The effect of PBS buffer containing an equal concentration of Brij 35 was subtracted
from the observed change in Ag3o after 90 min. Points represent mean value + SD of 3 or 4 experiments.
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Fig. 5. Schematic representation of the suggested model of Cyt2Aa membrane disruption. We propose a four-step membrane-disruption process: (i) Monomeric Cyt2Aa binds the

lipid bilayer. (ii) Upon exposure to a hydrophobic environment, it undergoes a conformational change and oligomerizes. Initial oligomers are short and curved. (iii) With time or
upon reaching a critical concentration, the oligomers become longer and more linear and (iv) solubilize the membrane and get released into the solution.
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When they are no longer immersed in the hydrophobic environ-
ment of the membrane, they may undergo a conformational change
and form filamentous oligomers that are no longer cytolytically
active (Fig. 4 D). Our results do not support the typical model of
transmembrane pore formation mechanism [39], as we do not see
any evidence of a formation of ring or arc-shaped functional
transmembrane pores by Cyt2Aa. Instead, we suggest that Cyt2Aa
ruptures membranes through a rather complex mode of action that
is consistent with a detergent-like mechanism of action [45].

Alternatively, the poor ability to disrupt membranes, combined
with the broad membrane binding specificity makes Cyt2Aa the
perfect cofactor for other cytolytic proteins in the broad arsenal of
Bt. Synergistic interactions between Cyt and Cry toxins have been
previously described for Cyt1Aa [14,15], Cyt2Aa [13] and Cyt2Ba
[12]. The cytolytic activity of Cyt toxins could be a secondary effect,
and their primary function that of a membrane-binding partner in a
two- or multicomponent protein complex, as previously suggested
[23]. This, together with the fact that Cyt toxins do not require a
protein receptor [29], makes them a great option for circumventing
evolving insect resistance [6,53], where mutations at protein re-
ceptors would render Cry proteins useless on their own.
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