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Received 16 June 2011; During sporulation, Bacillus thuringiensis subsp. israelensis produces a
received in revised form mosquito larvicidal protein complex containing several crystalline and
9 September 2011; cytolytic (Cyt) toxins. Here, the activated monomeric form of CytlAa, the
accepted 13 September 2011 most toxic Cyt family member, was isolated and crystallized, and its
Available online structure was determined for the first time at 2.2 A resolution.
19 September 2011 CytlAa adopts a typical cytolysin fold containing a p-sheet held by two
surrounding o-helical layers. The absence of a 3-strand (between residues
Edited by 1. Wilson V26 and 137) in the dimeric structure of Cyt2Aa led us to deduce that this is
the only essential segment for dimer formation and that activation of the
Keywords: toxin occurs by proteolytic processing of its N-terminus. Based on the
Bacillus thuringiensis CytlAa structure, we suggest that the toxicity of CytlAa and other
israelensis; nonrelated proteins, all sharing a cytolysin fold, is correlated with their
Cyt2Aa; ability to undergo conformational changes that are necessary prior to their
Cyt2Ba; membrane insertion and perforation. This fold allows the a-helical layers to
CytlCa; swing away, exposing the (-sheet to insert into the membrane. The
VVA2 identification of a putative lipid binding pocket between the 3-sheet and the

helical layer of Cytl Aa supports this mechanism. Sequence-based structural
analysis of CytlAa revealed that the lack of activity of CytlCa may be
related to the latter's inability to undergo this conformational change due to
its lack of flexibility. The pattern of the hemolytic activity of CytlAa
presented here (resembling that of pore-forming agents), while differing
from that imposed by ionic and nonionic detergents, further supports the
pore-forming model by which conformational changes occur prior to
membrane insertion and perforation.

© 2011 Elsevier Ltd. All rights reserved.

Introduction

The toxicity of the Gram-positive bacterium

*Corresponding author. E-mail address: Bacillus thuringiensis (widely used as a biological
orly.dym@weizmann.ac.il. alternative to chemical pesticides) to insects is due to
1 S.C. and S.A. contributed equally to this work. d-endotoxic crystals composed of a series of proteins
Abbreviations used: Cyt, cytolytic; Cry, crystalline; that react with the cells lining the larval midgut of
PDB, Protein Data Bank; VVA2, volvatoxin A2; RBC, red susceptible insects.! Insecticidal proteins are pro-
blood cell. duced during sporulation and classified into two
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families of membrane-perforating toxins, crystalline
(Cry) and cytolytic (Cyt), that are packed into a
paracrystalline structure. Following ingestion by an
insect of its host range, the Cry and Cyt toxic crystals
are solubilized, and their protoxins are cleaved by
alkaline-active digestive enzymes at the high pH
prevailing in the larval midgut.*® The activated Cry
toxins bind to specific protein receptors located on
the host cell surface, oligomerize, and insert into the
membrane, forming lytic pores that cause cell
swelling and lysis.*” In contrast, Cyt toxins do not
bind specific receptors but act nonspecifically by
direct interaction with membrane lipids.*'" How-
ever, there is an assumption that the toxicity of
CytlAa may be related to the specific unsaturated
fatty acid composition of lipids in the midgut
epithelial cells of Diptera insects. For example,
incubation of CytlAa with lipids extracted from
Aedes albopictus larvae neutralized its activity, while
incubation with Bacillus megaterium membranes did
not neutralize toxin activity. "'

Both types of toxins, Cry and Cyt, act by destroy-
ing cell membranes, but the latter is less specific,
causing in vitro lysis of a broad range of insect and
mammalian cells.!?>74 The two families share no
common sequence or structural resemblance. They
have distinct secondary structures: the o-helical
regions of Cry toxins form the transmembrane
pore, whereas Cyt toxins are presumed to be inserted
into the membrane by a (R-barrel composed of
p-sheet hairpins from each monomer.”1>1¢ Other
toxins of the a-helical class include colicins, exotoxin
A, and diphtheria, whereas aerolysin, a-hemolysin
(a-toxin), anthrax-protective antigen, and cholesterol-
dependent toxins (e.g., perfringolysin O) belong to the
p-barrel group. !¢

Cyt proteins have a single o/ domain composed
of two outer layers of a-helix hairpins wrapped
around a B-sheet.” So far, three families of Cyt
proteins, Cytl and Cyt2, and Cyt3 (data for Cyt3
unpublished), have been identified}. Cytl and Cyt2
are produced in vivo as protoxins and undergo
activation by the removal of small portions of their
N-termini and C-termini.” Most of the known Cyt
proteins are encoded by B. thuringiensis subspecies
that are specific against the larvae of Diptera insects.
Subspecies israelensis, which is widely exploited
commercially to control mosquitoes, includes Cry
(—4Aa, -4Ba, -10Aa, and —11Aa) and Cyt (-1Aa and
—-2Ba) Proteins that act jointly to kill mosquito
larvae."'® Lack of resistance to B. thuringiensis
subsp. israelensis in nature may stem from the
synergistic interactions between the different Cry
toxins and CytlAa.'”?’ Point mutations in
CryllAa and CytlAa that affect the binding and
the synergy between them and inhibit the forma-

T www lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/
index.html

tion of the prepore oligomer and membrane
perforation have been described. It has been
suggested that CytlAa synergizes CryllAa in the
formation of Cryl1Aa prepore and pore oligomeric
structures.”'

The mechanism by which CytlAa damages cell
membrane is still a subject of debate. The
conventional model for Cyt proteins suggests that
the monomer undergoes conformational changes
such that, upon membrane contact, the two outer
a-helical layers swing away from the B-sheet that
is inserted into the membrane. Oligomerization of
Cyt monomers on the cell membrane forms B-barrel
pores'>'® that induce colloid-osmotic lysis (i.e.,
equilibration of ions), followed by a net influx of
water, cell swelling, and eventual lysis.”*>* It has
been proposed that the pores formed by the toxin
are assembled by three major p-strands (B6-p8)
present in the C-terminal domain of CytlAa.!°
This model has been confirmed by the findings
that a recombinant N-terminal domain of CytlAa
(containing the helical layers) lost its hemolytic
and insecticidal activities and induced its self-
aggregation in solution, whereas a recombinant
C-terminal domain composed mainly of the 3-sheet
(B6-p8) was found to be responsible for the
interaction of the toxin with the lipid membrane.**
This further supports the finding that the N-terminal
domain was removed when the membrane-bound
CytlAa was treated with protease.’ An alternative
mode of action, known as the detergent-like
mechanism, presumes that the Cyt proteins do not
perforate the membrane but rather adsorb as
aggregates onto the surface, thereby causing defects
in membrane packin§ that enable leakage of
intracellular molecules. ">

The gene cyt1Aa was the first member of the cyt
family to be isolated and studied,® but attempts to
obtain in vitro CytlAa diffractive crystals failed due
to the tendency of the naive protein to aggregate and
precipitate.”” Tn this study, we adapted a partial
endogenous cleavage technique to obtain a soluble
toxic form of monomeric CytlAa cleaved mostly at
its N-terminus. This enabled crystallization and
determination of its structure, homologous to those
of the corresponding regions of Cyt2Aa’ and
Cyt2Ba.?® Extensive sequence-based structural anal-
ysis of CytlAa and comparison to that of the
nontoxic Cyt1Ca'”*** highlight possible explana-
tions for the lack of toxicity of the latter. The
analysis supports the mechanism by which Cytl
family members undergo conformational changes
prior to their membrane insertion and perforation.
This is reinforced by the pattern of the hemolytic
activity of CytlAa, which resembles that of the
pore-forming agents a-toxin®** and saponin®
but differs from that imposed by the ionic and
nonionic detergents sodium dodecyl sulfate (SDS)
and Triton X-100, respectively.
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Results and Discussion

The overall structure of monomeric Cyt1Aa

The currently known subfamily members of Cytl
(1Aa, 1Ab, 1Ba, and 1Ca) and Cyt2 (2Aa, 2Ba, 2Bb,
2Bc, and 2Ca) share a high level of sequence
identity (Fig. 1). The CytlAa dimer undergoes
endogenous proteolysis, removing small portions
of its termini and resulting in a monomeric
activated toxin (Fig. S1) that crystallizes readily.
This fragment between N38 and 1249 corresponds
to the N-terminal proteolytically cleaved segments
of Cyt2Aa and Cyt2Ba.?9353¢ Since M1-I37 at the
N-terminus and only 5243-1.249 at its C-terminus
are missing, it is reasonable to assume that mainly
the N-terminus is truncated. The crystal structure of
CytlAa, resolved at 2.2 A resolution (Table 1), has a
typical cytolysin fold and is composed of a single
domain of a/p architecture consisting of a central
B-sheet surrounded by two a-helical layers (Fig. 2a).
The sheet consists of six main p-strands arranged in

Cytlaa

CytlAa
Cytlab
CytlBa
CytlCa
Cyt2ha
Cyt2Ba
Cyt2Bc
Cyt2Bb
Cyt2Ca

CytlAa

Cytlaa
Cytlab
CytlBa
CytlcCa
Cyt2aa
Cyt2Ba
Cyt2Bc
Cyt2Bb
Cyt2ca

space as follows: R11, B5] (together forming a
single noncontinuous strand), p61, B7|, P81, and
B4]. The sheet is flanked by two a-helical layers: al
and a2 on one side, and a3—a6 on the other. In
addition, CytlAa contains an insertion of a
B-hairpin (p2—33) between ol and «2. This hairpin
is common to all members of the Cytl family, while
it is absent in the Cyt2 family (Figs. 1 and 2a). The
four longest B-strands (24 and p6—38) of the central
B-sheet have a modified Greek key topology
composed of 36—B8 connected by a longer link to
B4, which is adjacent to the first strand 6. The
structure is characterized by two internal salt-
bridge contacts between residues R78-E196 and
K163-D72, which hold the p-hairpin to the R-sheet
(Fig. 2a). The model consists of two monomers in
the asymmetric unit for which electron densities
exist for residues N38-1238 in monomer A and for
residues N38-T242 in monomer B (with 31 water
molecules). The N38-T242 fragment is calculated to
be ~22.4 kDa, in accordance with the molecular
mass of the truncated fragment observed on SDS-
PAGE (Fig. S1).

Cytlaa

Cytlaa
Cytlab
CytlBa
CytlCa
Cyt2aa
Cyt2Ba
Cyt2Be
Cyt2Bb
Cyt2ca

Fig. 1. Sequence alignment of Cyt1 and Cyt2 family members. Cytl Aa secondary structure elements are labeled above
the corresponding sequence; a-helices and n-helices are depicted as spirals, and 3-strands are depicted as arrows. Numbers
refer to the CytlAa sequence. The residues conserved in all four proteins are shown in red blocks. p0 of the dimeric
structure of Cyt2Aa (PDB code: 1CBY), corresponding to residues V26-137 in CytlAa, is designated in purple. The extra
residues participating in the p-hairpin (unique to the Cytl family) are marked with an orange arrow. The conserved
hydrophobic residues forming the putative lipid binding pocket are marked by red asterisks. Note that only the N-t ermmal
segment of Cyt1Ca that is homologous to Cyt1Aa is presented in this alignment. The figure was created using ESPript.**
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Table 1. Data collection and structure refinement statistics

Data collection

Resolution range A) 50.0-2.2 (2.24-2.20)

Space group P2,2,2
Unit cell dimensions

a(A) 33.89

b (A) 65.82

c(A) 176.53
Number of molecules in the asymmetric unit 2
Number of reflections measured 370,403
Number of unique reflections® 20,996 (954)
Number of reflections used for refinement 19,384
Reym” 0.107 (0.376)
Completeness (%) 99.0 (92.6)
Redundancy 6.8 (6.2)
(D /{o() 17.05 (3.3)
Refinement statistics
Resolution limits (A) 50.0-2.2
Reree” (%) 26.07
Ruork’ (%) 19.53
Number of water molecules 31
Mean B-factor for protein atoms (A% 28.8
Mean B-factor for waters (A?%) 304
RMSD

Bond lengths A) 0.017

Bond angles (°) 1.54

Torsion angles (°) 12.98
Ramachandran plot

Most favored regions (%) 914

Additionally allowed regions (%) 8.4

Generously allowed regions (%) 0.3

Disallowed regions (%) 0.0

Values in parentheses are for the highest-resolution shells.

* Reym= 2 Ijkt) = It | / Tnsa, where (L) is the average intensity
over symmetry-related reflections and Iy is the observed
intensity.

b R=Y||IFo| - |FJ|/3 | F,, where F, denotes the observed
structure factor amplitude and F. is the structure factor
calculated from the model.

Comparison of Cyt1Aa with structurally related
proteins supports the pore-forming model

A striking similarity between the structure of the
cleaved CytlAa monomer (residues N38-T242), the
endogenously cleaved Cyt2Ba monomer [Protein
Data Bank (PDB) code 2RCI],?® and the correspond-
ing region of Cyt2Aa (PDB code: 1CBY) was
observed.” Full-length Cyt2Aa forms a dimer by
extensive interactions involving residues from p0
and p1 and residues S233-D240 from the C-terminus
(CytlAa numbering; Fig. 1).” The two p-strands of
monomer A (B0 and R1) of Cyt2Aa are intertwined
with the corresponding strands in monomer B,
forming a R-sheet.” The structure of the CytlAa
monomer contains 31 (L41-146) and the C-terminal
segment (5233-D240); nevertheless, the protein does
not dimerize. It therefore appears that 30, which is
absent in the CytlAa structure, is the only essential
segment for dimer formation and that activation of
the toxin occurs by proteolytic processing of the
protein's N-terminus.

The structures of the monomers of CytlAa,
Cyt2Ba, and Cyt2Aa resemble that of the toxic
volvatoxin A2 (VVA2;, PDB code: 1VCY) despite
their low (under 20%) sequence identity.3* A
structural overlay of the CytlAa and VVA2 struc-
tures demonstrates a perfect alignment of their
corresponding [-sheets, while deviations are ob-
served between the two a-helical layers (Fig. 2c). The
largest structural deviation occurs in the
B-hairpin (B2-p3) inserted between ol and «2,
which is common to both CytlAa and VVA2 (Figs.
2a and 2¢, pink arrows). The model of cytolysis
proposed for VVA2 involves two steps.”” The VVA2
protein is thought to initially bind the cell membrane
and then forms oligomers by exposing its amphipathic
a-helix. This results in permeabilization of the cell
membrane by insertion of p-barrels formed by p-
strands 5, 6, and 7 (VVA2 numbering). The correspond-
ing o3 of CytlAa also exerts an amphipathic character,
supporting a similar perforating mechanism.

CytlAa, like other Cyt family members, also has a
fold similar to that of the virulence factor Evf (PDB
code: 2W3Y)*’ despite its very low (12%) sequence
identity.’® While Evf is covalently bound to palmi-
tate, none of the Cyt family members contains a
palmitoylated Cys residue. In the Evf structure, the
lipid is found in a hydrophobic pocket embedded
between the B-sheet composed of 33 and p5—37 and
helices a4 and o5 (Evf rlumbering).41 It has been
suggested that the lack of toxicity of Evf may be due
to the presence of the covalently bound palmitate.*
The structural homology between CytlAa and Evf
enabled the identification of a putative fatty acid
binding site in CytlAa between the sheet formed by
P4, p6-pR8, and helices a3—-ab5, similar to that
identified in Cyt2Ba.”® Conserved hydrophobic
residues in the B-sheets of the Cyt family members
have been suggested to point their side chains
towards the putative binding site rather than
towards the opposite side of the sheet.’® Indeed,
the CytlAa structure displays the conserved hydro-
phobic residues pointing towards the putative lipid
binding pocket (Figs. 1 and 2b). We suggest that, in
Evf, the covalently bound lipid “locks” the helical
layer to the R-sheet and prevents the conformational
changes necessary for membrane insertion, explain-
ing its observed nontoxicity.*> On the other hand,
the absence of the lipid in CytlAa enables its
flexibility and allows the conformational changes
in the two surrounding o-helical layers of CytlAa
necessary for exposing the hydrophobic p-sheet.
The putative lipid binding site also provides an
explanation for the binding specificity for unsatu-
rated membrane phospholipids, which has been
observed for CytlAa."

The high structural similarity despite the low
sequence identity observed between the Cyt family
members VVA2 and Evf supports the importance of
their cytolysin fold for activity. We suggest that their
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Fig. 2. Ribbon representation of the monomeric (N38-1242) CytlAa crystal structure. (a) Secondary structure elements
(labeled accordmg to Fig. 1) colored in rainbow starting from blue to red (created with PyMOLY). The pink arrow designates
the p-hairpin that is unique to the Cyt1 family members and to VVA2 (PDB code: 1VCY). Two internal salt bridges between
residues R78-E196 and K163-D72 are de51gnated by blue broken lines. Charged residues K154 and E164, which have been
identified as important for CytlAa toxicity®” and are not conserved in Cyt1Ca, are designated by sticks and labeled in red
(D240 is not shown, as there is no observed electron density for it). (b) The a/p architecture of the CytlAa monomer,
characterized by a central 3-sheet (yellow) surrounded by two outer oc-hehcal layers (red). A putative lipid binding site (black
arrow) was identified by homology to the structure of Evf (PDB code: 2W3Y?®). The pocket is lined by conserved hydrophobic
residues all pointing towards it (green sticks). The a-helical layers (blue arrows) were proposed” to lift upward and away
from the sheet, allowing its penetration into the membrane. (c) A structural overlay of CytlAa (green) and VVA2 (cyan; PDB
code: 1VCY) showing a perfect alignment of their corresponding -sheets, while deviations are observed between their
a-helical layers. The largest structural deviation occurs in their B-hairpin (pink arrow), which is common to both proteins. (d)
Surface representation of CytlAa (transparent blue) showing secondary structure. The acidic exposed residues that interact
with and synergize the activity of Cryl1Aa (K198, E204, and K225) are shown with sticks and designated by arrows.
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toxicity is correlated with their ability to undergo
conformational changes prior to membrane inser-
tion and perforation. While electrostatic forces may
play an 1mportant role in the initial association with
the membrane,** the contact of a fatty acid chain of a
membrane with the putative lipid binding site
would provide a plausible explanation for the
second phase of interaction, since hydrophobic
interactions would obviously predominate at the
membrane binding site.

Relative toxicities of Cyt1Aa and CytiCa

CytlCa is encoded on the megaplasmid pBtoxis of
B. thuringiensis subsp. israelensis and is neither
larvicidal nor hemolytic. It is twice the size of Cyt
toxins and is predicted to display the structure of a
two-domain fusion protein: an N-terminus that
resembles Cyt toxins and a C-terminus that is smular
to the receptor binding domain of ricin-B lectin.'”
The C-truncated CytlCa domain (homologous to
CytlAa) remains nontoxic,** indicating that the
C-terminus is not responsible for its lack of toxicity.

In an attempt to understand why CytlCa is
nontoxic, we performed a comparative sequence
analysis of all known Cytl family members reveal-
ing that Cyt1Ca is the most divergent. The residues
that are conserved in CytlAa, Cyt1Ab, and Cyt1Ba,
but differ in Cyt1Ca, are labeled with asterisks in
Fig. S2a and are mapped onto the structure of
CytlAa (Fig. S2b). Interestingly, many of the
nonconserved residues in CytlCa are located on
the a-helical layers and on strands 1, p4, and BR5,
which have been proposed to undergo conforma-
tional changes upon membrane binding. The con-
tribution of these residues to the lack of toxicity of
CytlCa was supported by the finding that mutating
three of these nonconserved residues (Q154, Q164,
and G240) in CytlCa to the corresponding charged
and exposed residues in CytlAa (K154, E164, and
D240, respectively) restored partial antibacterial—
although not larvicidal—activities, indicating their
importance (Fig. 2a).?” Interestingly, many of the
charged residues that have been identified as
important for CytlAa toxicity (E45, R78, K124,
K154, K163, El64, K203, E204, D213, K225, and
D240; Fig. SZC)20 are conserved in Cyt1Ca (D45, R78,
K124, R163, R203, and D213), suggesting that the
lack of toxicity of CytlCa may result from other
factors as well.

Taken together with the position of the noncon-
served residues in CytlCa on the a-helical layers
and on B1, R4, and p5, we suggest that the lack of
toxicity may also be related to the lack of flexibility.
This is supported by the finding that substitution of
Q225 in CytlCa to the corresponding conserved
K225 in CytlAa does not restore activity.” This
residue is located on B8, which is part of the sheet
thought to insert into the membrane.'”*" We

postulate that the location of the nonconserved
residues in CytlCa may render this protein unable
to undergo the conformational changes associated
with membrane insertion, thereby explaining its
nontoxicity.

Mapping Cyt1Aa essential residues for binding
Cry11Aa and Cry4Ba onto its structure

CytlAa synergizes the activities of partlcular Cry
toxins in B. thuringiensis subsp. israelensis.*> Specif-
ically, binding of CryllAa to brush border mem-
brane vesicles of Aedes aegypti larvae is enhanced by
membrane-bound CytlAa. Two binding epitopes of
CytlAa—96EIKVSAVKE,(4 (locating on p7 and a.6)
and ,,oNIQSLKFAQ»»g (locating on B8) (Fig. 1)—
were found to be involved in the binding interaction
with Cry11Aa.?' Both regions are mostly embedded,
with only 200SAVKE3gs exposed. The role of these
epitopes was confirmed by heterologous competi-
tion assays using synthetic peptides corresponding
to these regions and by site-directed mutagenesis.?!
In particular, three single residues (K198, E204, and
K225) within these two segments were shown to be
involved in the interaction between these two pro-
teins, in turn explaining the synergism between
them.?! Recently, it has been shown that mutation of
these CytlAa residues affects CytlAa s binding and
synergism with Cry4Ba as well.*® Interestingly,
these three residues are charged in most of the
Cytl family members, whereas they are polar (T198,
204, and T225, respectively, in Cyt2Ba; Fig. 1) in the
Cyt2 family and in CytlCa, which presumably do
not bind Cryl1Aa. Thus, it seems reasonable that the
synergism and binding of CytlAa to CryllAa or
Cry4Ba depend on specific interactions between
these toxins, which involve these residues. We
suggest that the reduced charge on Cyt2 protein
members and on CytlCa may be sufficient to
abrogate binding to Cryl1Aa. It was suggested that
mutating these residues in other Cyt proteins to the
corresponding CytlAa charged residues might
introduce binding sites and induce synergism with
Cry toxins. This strategy could be used as a tool to
overcome Cry resistance in the midgut membrane of
resistant insects.*”

A sequential mechanism by which CytlAa initially
undergoes conformational changes to insert its
B-sheet into the membrane following binding of
CryllAa via the two CytlAa binding epitopes,
resulting in insertion of CryllAa 1nt0 the mosquito
membranes, has been proposed.” Mapping the
three charged residues on the CytlAa structure
(Fig. 2d) revealed that while all three residues are
exposed to the surface of the protein, they all reside
on regions of the toxin that presumably are inserted
into the membrane (K198 and E204 are located on B7
and a6, and K225 is part of p8). We therefore cannot
rule out an alternative mechanism by which CytlAa
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binds CryllAa using these exposed charged resi-
dues prior to its membrane insertion. Thus, the
action of CytlAa alone or as a receptor for CryllAa
may involve different mechanisms.

The hemolytic activity of Cyt1Aa supports the
membrane pore-forming mechanism

Under various stress conditions, normal red
blood cells (RBCs) change their shape from normal
discocytes to echinocytes, spherocytes, and, finally,
empty ghost cells. The in vitro crenation process
(echinocytosis) occurs upon metabolic changes in
normal discocytes caused by VaI‘IOL‘lS agents such as
alkaline pH,* ATP depletion,* metabolic starva-
tion, phospholipid incorporation,” nonionic am-
phiphilic compounds,? Ca2*,%852 and ethanol.”
On the other hand, discocyte-to-stomatocyte (cup-
shaped cells) transformation is thought to be
caused by cationic amphiphiles. It was shown that
alkyl-trimethylammonium salts and SDS, which
induce echinocytic shapes in rat RBCs, further
inverted into discocytes and stomatocytes as the
incubation proceeded, as the concentration in-
creased, or upon cooling to room temperature. o
It was also shown that RBCs exposed to dodecyl-
zwittergent or SDS attained a stomatocytic shape
when washed in a buffer containing bovine serum
albumin.”

According to the model of perforation by CytlAa,
the integrity of the cell membrane remains intact,
but the flow of cations through the pores disturbs
the osmotic balance of the cell. Thus, leakage of ATP
from cells and elevation of intracellular Ca?* caused
by CytlAa would be expected to result in echino-
cytosis, as happens with other perforating proteins
such as mellitin, gramicidin S, a-toxin from Staph-
ylococcus aureus, and adenylate cyclase toxin (CyaA)
from Bordetella pertussis.>® This type of morpholog-
ical change is expected to differ from that caused by
detergents. On the other hand, if the Cyt proteins act
through a detergent-like mechanism, the hemolytic
pattern would resemble that incurred by anionic
detergents such as SDS, since the estimated net
charge of activated CytlAa (22.4 kDa) is negative
(=5.1) at neutral pH.

To distinguish between these alternatives, we
compared the hemolytic activity of the isolated
monomeric form of CytlAa and the morphology of
the exposed RBCs to those affected by the following
agents: (i) a-toxin, thought to create p-barrel pores in
the cell membrane;'”? (ii) saponin, a plant-derived
surfactant that removes membrane-anchored cho-
lesterol and produces permanent 4-nm-diameter to
5-nm—d1ameter holes, leading to echinocytosis and
cells 1ys1s, (iif) SDS, an ionic detergent; and (iv)
nonionic Triton X-100. The HC5; of CytlAa was in
the nanomolar range, similar to that observed for
a-toxin, whereas both ionic and nonionic detergents

exhibited hemolysis in the micromolar range (Fig. 3).
The extent of hemolysis increased gradually with the
concentrations of both a-toxin and CytlAa, whereas
with Triton X-100 and SDS, it increased sharply from
2-3% to 92-98% at a concentration range of 100-200
and 50-100 puM, respectively. Both detergents lysed
almost 100% of the RBCs at a concentration of
200 pM, which is near the critical micellar concen-
tration of Triton X-100. The hemolytic pattern of
saponin was unique: it exhibited gradual concentra-
tion dependence as CytlAa and a-toxin, while its
active concentration range (5-100 uM) was similar to
that observed with SDS and Triton X-100.

The morphological changes in RBCs exposed to
serial dilutions of toxins/detergents were analyzed
(Fig. S3). Cells exposed to each of the toxins
exhibited shapes corresponding to normal disco-
cytes, echinocytes, spherocytes, and ghosts (Fig.
S3a—f), whereas cells exposed to detergents trans-
formed into stomatocytes, spherocytes, and ghosts,
but not to echinocytes (Fig. S3h-m). Saponin
produced an intermediate state where echinocytes
formed at sublytic concentrations and stomatocytes
formed at lytic concentrations (Fig. S3n-p). Thus,
the morphological effect of CytlAa resembles that
of a-toxin.

The relative changes in cell morphologies were
plotted from randomly acquired frames (Fig. S4).
The general morphological pattern induced by
CytlAa is similar to that of a-toxin and different
from that of the detergents. Both Cyt1Aa and a-toxin
at concentrations of 20 nM and above caused the
number of normal discocytes to decrease and the
number of echinocytes to increase up to ~20%. At
this concentration, spherocytes (mainly in cells
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Fig. 3. Hemolysis of RBCs treated with CytlAa
compared to SDS, Triton X-100, a-toxin, and saponin.
The concentration at which 50% of RBCs lyse (HCs) is
44.3 and 34.9 nM for CytlAa and a-toxin, respectively,
and 25.47, 84.5, and 150 uM for saponin, SDS, and Triton
X-100, respectively. Results represent the average of three
independent experiments.
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exposed to a-toxin) appear together with ghosts,
empty cells, and lysis (Fig. S4a and b). This hemolytic
pattern is totally different from that caused by SDS
and Triton X-100 (Fig. S4c and d). Under sublytic
concentrations of 20-50 uM (<3% hemolysis), there
was a dramatic increase of up to 75% stomatocytes
(instead of echinocytes observed with CytlAa and
a-toxin). At higher detergent concentrations, there
was an increase in the number of spherocytes and
ghost cells, but almost no echinocytes were ob-
served. The hemolytic pattern induced by saponin
was a mixture of both characteristics (Fig. S4e). Thus,
the relative changes in cell morphology induced by
CytlAa are similar to those observed in the presence
of a-toxin and different from that of detergents,
suggesting a pore-forming mechanism.

A comprehensive study of membrane-active
toxms Could facilitate the design of targeted
drugs ® The crystal structure of CytlAa and its
unique segments described here broaden our under-
standing of the mechanisms underlying its toxicity
and hence significantly contribute to the achieve-
ment of this goal.

Materials and Methods

Reagents

SDS was purchased from Fluka (cat. no. 05030);
4-(1,1,3,3-tetra-methyl-butyl)phenyl-polyethylene-glycol
(Triton X-100) was purchased from Sigma-Aldrich (cat. no.
X-100); Gypsophila plant saponin was purchased from
Sigma (cat. no. S-1252); and Staphylococcus aureus o-toxin
was purchased from Calbiochem (cat. no. 616392).

Purification of Cyt1Aa

CytlAa was produced using strain IPS(pHTcy1Aa-p20)
of acrystalliferous B. thuringiensis israelensis IPS 78/11
containing pHT-315-cyt1Aa-p20, which expresses cytlAa
and p20*” (encoding a helper protein that enhances the
expression of insecticidal crystal proteins in wild-type
strains during sporulation®). CytlAa was produced as
easily 1solatable crystals after growth in CCY sporulation
medium® for 4 days, at which time most cells sporulated
and autolysed. The culture was centrifuged, and the
sediment, including crystals, spores, and debris, was
rinsed thrice with double-distilled water. The pure
CytlAa crystals Jwere separated on a discontinuous
sucrose gradient,®® rinsed with water, and solubilized in
an alkaline buffer containing 50 mM Na,CO; (pH 10.5)
without protease inhibitors. The dissolved crystals were
allowed to age for 10 days at 4 °C, during which time
spontaneous proteolysis occurred. Dimeric nonproteo-
lyzed CytlAa was separated from the monomeric
proteolyzed fraction by size-exclusion chromatography
(HiLoad 16/60 Superdex75; GH Healthcare) and equili-
brated with a 20 mM (pH 7.5) Hepes buffer containing
50 mM NaCl, 5% glycerol, and 5 mM DTT. The eluted
peaks were analyzed on 15% SDS-PAGE (Fig. SI1).

Fractions containing proteolytically cleaved CytlAa
were pooled, concentrated by Centricon® centrifugal filter
YM-10 (Millipore, Billerica, MA, USA) to 2 mg/ml
(determined by OD,g), and crystallized.

Crystallization, data collection, and refinement

Single crystals of the proteolytically cleaved CytlAa
(residues 38-238) were obtained by the sitting-drop vapor
diffusion method, using the mosquito robot. CytlAa
crystals were grown from a solution of 20% polyethylene
glycol 6000, 0.1 M sodium acetate (pH 5.0), and 0.2 M
NH,4CI. Crystals formed in space group P2,2,2; with cell
constants 1=33.895 A, b=65.822 A, and c=176.534 A, and
contained two monomers in the asymmetric unit cell with
a Vi, of 1.8 A%/Da. The diffraction data from a single
crystal were collected at beamline ID14-4 of the European
Synchrotron Radiation Facility, indexed, and integrated
using the program HKL2000. 63 Integrated mtensmes were
scaled using the program SCALEPACK.®® The structure
factor amplitudes were calculated using TRUNCATE from
the CCP4 program suite. The structure of CytlAa was
solved to 2.2 A resolutlon by molecular replacement with
the program Phaser,** using as starting model the known
structure of the mosquito larvicidal d-endotoxin Cyt2Aa
from subspecies kyushuenszs (PDB code: 1CBY). Refine-
ment was carried out using the program CCP4/Refmac5.
The model was built to os-weighted, 2F ps—Fcale, and
Fobs—Fcalc maps using the program Coot.”” Water
molecules were built into peaks greater than 30 on
Fobs = Fcalc maps. Finally, the CytlAa model was evaluated
with the program MolProbity.®” Data collection and
refinement statistics are described in Table 1. The
structural figures were created using yMOL %7 Sequence
alignment was prepared with ESPript.

Hemolysis assay and optical differential interference
contrast analysis

Erythrocytes were isolated from whole blood of
healthy human donors and sub]ected to hemolysis
assay, as previously described.”” The sediment of RBC
samples exposed to cytotoxins was cooled to room
temperature, diluted in the presence of 1% bovine
serum albumin (to prevent echinocytosis when pipetted
onto glass cover slides), and observed by differential
interference contrast using a Zeiss AxioObserver.Z1
inverted microscope (at a magnification of 40x with a
1.6x optovar objective) with a CCD camera (Axiocam
HRm; Carl Zeiss). Frames depicting cells were randomly
acquired, and 100 cells exposed to each agent at a given
concentration were counted. The relative ratio of each cell
shape (D, discocytes; E, echinocytes; St, stomatocytes; S,
spherocytes; G, ghosts) was recorded and presented as a
function of concentration.

PDB accession code

The coordinates of CytlAa have been deposited in the
PDB on April 2011 under accession code 3RON.

Supplementary materials related to this article can be
found online at doi:10.1016/.jmb.2011.09.021
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