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1. Introduction and Scope of the thesis

Miguel Orlando Suarez Barrera

1.1 Bacillus thuringiensis (Bt) overview

Bt is a ubiquitous rod-shaped soil bacterium. It is a Gram-positive, aerobic
bacterium with various biological characteristics, such as the capacity to resist high
temperatures and desiccation. These features are related to its ability to form endospores,
which are between 1 to 1.2 micrometers wide and 3 to 5 micrometers long [1]. The genome
of Bt strains contains 2.4 to 5.7 million base pairs, most of which are made up of
extrachromosomal circular and linear elements. Additionally, it is known that Bt can
produce crystalline inclusions in its sporulation cycle that contain insecticide-type proteins
called 6-endotoxins [2].

Although the potential of Bt-derived proteins such as Cry toxins has been exploited
for a long time, research on Bt remains incomplete. Exploiting Cry toxins includes
producing genetically modified plants to control pests and vector-borne diseases (VBD)
in humans. Knowledge about Bt is expanding, which is the basis for designing new
products with applications in industry, human health, and agriculture [3]. Bt-derived factors
have increased over the years, making it the most used bioinsecticide nowadays [4].
These factors have been efficiently used in plant genetic engineering, for example, as a
source of cry genes to make transgenic plants resistant to various pests [3], [5], [6], and
as a nematicide to control plant pathogenic nematodes [7]. More recent studies have
indicated new potentials of various Bt strains. These new properties include the promotion
of plant growth, bioremediation of heavy metals and other chemicals [3], [8], [9], anticancer
activity (Parasporins) [3], polymer production [10], and antagonistic effects against plant
and animal pathogenic microorganisms [11], [12] (Figure 1).
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Figure 1. Bt potential in biotechnology and medical fields. Cry (Crystal proteins) and PS
(Parasporins). Inspired by Jouzani G.S et 2017 [12]. Credits: author (s).
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Bt has a life cycle comprising various phases, where its first phase is vegetative
growth, followed by a transition to sporulation (phases two and three), and finally, the
maturation of the spore and cell lysis of the microorganism [13]. The insecticide-like
proteins or crystals are synthesized in the second phase of sporulation and accumulate
in the cell, representing up to 30% of the total dry weight of the sporulated cells [14]. The
structural presentation of these crystals can be classified according to their pyramidal,
bipyramidal, flat rhomboid, spherical, cubic, and rectangular shapes. The bipyramidal
crystal is the most frequently occurring form, and these might include more than one 0-
endotoxin [15]. The crystals that contain these proteins (Cry proteins) produced by Bt have
toxic activity against different orders of insects, including Lepidoptera, Coleoptera,
Hemiptera, Diptera, and Hymenoptera in their different larval stages, generating a rupture
in the tissue of the midgut, which triggers septicemia and later the death of the insect [16].
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1.2 Cry proteins

The name Cry is derived from the parasporal body (Crystal). The most studied
group of Cry are the three-domain (3D-Cry) Cry proteins, mostly found in Bt strains.
Besides the Bt-derived Cry proteins, Cry proteins with insecticidal activity produced by
Bacillus sphaericus, such as the BIN toxins. BIN toxins use GPIl-anchored a-glucosidase
as a receptor to control Culex pipens, a vector-borne disease that includes West Nile virus
(WNV) [17]. In addition, mtx-type insecticidal crystal proteins (ICPs) are Cry-related toxins.
The Mtx Cry protein Cry51AaZ2 is used to control the cotton pest Lygus hesperus, among
others. This group of Mtx-Cry proteins includes toxins such as Cry64Ba and Cry64Ca,
which are being studied to combat liver cancer. Cry45Aa and Cry64Aa are also called
parasporindA1 and parasporin5A1 due to their toxicity against human cancer cells [17].

The 3D-Cry name is based on the Cry prefix and four hierarchical rows of numbers
used to classify them in the phylogenetic tree described by Crickmore and collaborators
[18], [19]. Based on the newest nomenclature, there are 775 Cry genes categorized into
74 groups [18], [20] (Figure 2) [20], including new groups of toxins that have activity
against insects of the orders Hymenoptera, Orthoptera, Hemiptera, Isoptera, Mallophaga,
Thysanoptera, etc., and some others such as nematodes and mites ([18], [20]. These
toxins are the most used and studied for controlling pest insects and, in turn, have been
expressed in genetically modified plants [21], [22] In addition, IN and Mtx type Cry proteins
are named for sharing similarities with binary toxins and specific mosquitocides for Diptera
produced by Lysinibacillus sphaericus, which, when found in their active form, are toxic
against some Coleoptera and Hemiptera larvae [21], [22]. Finally, the family of Cry toxins
described in other groups is characterized by maintaining a similarity with the Clostridium
perfringens epsilon toxin and these have shown toxic activity against nematodes, Diptera,

Coleoptera, and Cancer cell lines [21], [23].
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Figure 2. The 3D-Cry proteins (partially) were taken and adjusted from [19].

-

Domain | of 3D-Cry proteins is made up of 7 hydrophobic and amphipathic anti-
parallel a-helices with polar residues located at the N-terminus (Figure 3A). The pore
formation process is mediated by this domain, in which a hydrophobic helical hairpin
formed by the a4-a5 helix is wrapped by the amphipathic helices, giving rise to the polar
groups located in the interhelical space forming bonds, hydrogen, and salt bridges [24].
It has also been theorized that the hydrophobic a-5 and a-6 helices' union forms a loop
(“Pen knife”) at the end of the structure. The loop opens through the midgut lipid
membrane while the rest of the protein remains anchored to the membrane [25].

Domain Il is arranged in a Greek key-type topology as a B-prism, formed by three
parallel B-anti sheets packed around a hydrophobic nucleus (Figure 3B) [25]. This domain
was reported to be responsible for recognizing the midgut receptor of insects. These
binding junctions are a model like the antibody-antigen binding sites due to the loops on
the three 3-sheets surfaces exposed at the apices of this structure [26], [27].

Domain Il has a structure like carbohydrate-binding proteins and very similar to -
galactosidase, and xylanase, among others [28]. Studies carried out on the Cry1Ac protein
indicated that domain Il of this toxin exhibits a structure like lecithin, presenting a specific
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binding to N-acetylgalactosamine located in the N-aminopeptidase (APN) receptor [29],
[30]. This domain is described as a [ sandwich composed of two anti-parallel 8 sheets
with less structure variability than domain Il (Figure 3C) [29]. The function of this domain
is very versatile, with its main functions ranging from providing stability to maintaining the
structural integrity of the protein during the proteolysis process in the midgut of the target
insect and participating in the formation of ion channels that produce osmotic imbalance,

as well as the formation of pores in the membranes [25], [31].

Figure 3. Three-strand structure of three-domain Cry proteins. A) Domain | of the Cry11Aa
toxin. B) Domain Il of the Cry11Aa toxin, the enlarged circle allows visualizing the Greek
key formation of Domain II. C) Domain IIl of the Cry11Aa toxin. This scheme represents
the formation of its B-folded sheets (3-sandwich). The structures were obtained using the
YASARA engine.

1.3 Mechanisms of action of Bt Cry toxins

The mechanism of action of the best-studied Cry proteins corresponds to the so-
called 3D Cry. Two main models of action have been proposed. The first model includes
sequential binding, in which the d-endotoxin is ingested and activated by the digestive
protease of the target insect. The active Cry toxin then forms oligomers with N-
aminopeptidase (APN), alkaline phosphatase (ALP), and cadherin (CDN) receptors,
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which eventually leads to the formation of pores and triggers an osmotic imbalance that
causes cell death [32], [33]. Signaling is induced through the formation of ion channels
generated by Mg*?, which activates an adenylyl cyclase that promotes the intracellular
production of cyclic adenosine monophosphate (CAMP). The increase in CAMP activates
protein kinase A, leading to cell death [34], [35]. This sequential binding model (Figure 4)
postulates that the toxic properties come from the protein's active form since the crystals
and their subunits are inert and not biologically active [36]. Initially, insects ingest &-
endotoxins to be solubilized in the midgut by the alkaline pH of the gastric juices. The
proteases present in the intestine activate these proteins, resulting in active toxins with an
approximate weight between 30 and 70 kDa (depending on the Cry protein) (Figure 4A),
which will encounter CDN, APN, and/or ALP on the membrane surface of midgut cells
(Figure 4B) [37]. The affinity between the receptors and the activated toxins induces
structural changes in the protein, leading to oligomers that have functionality as a pre-
pore [38]. Helix a-4 and helix a-5 that present hydrophobic hairpins penetrate the
membrane to start the lytic pore formation, while domain | remain on the membrane in a
globular state [37], [38]. Once the formation of this pore occurs, it has been suggested,
based on biochemical and electrophysiological evidence, that an osmotic imbalance is
generated that leads to lysis and cell death, where the intestine is paralyzed and
subsequently causes the insect to stop feeding; total paralysis occurs, and finally the
death of the target insect [36], [39].
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Figure 4. The three-domain Cry toxin pore formation model in the insect midgut
membrane. A) Insect midgut proteases solubilize cry11 protein. B) Cry11 binds to GPI-
anchored APN and ALP receptors on lipid rafts. This union promotes the localization and
concentration of activated toxins. C) Binding to the cadherin receptor facilitates proteolytic
cleavage of the a-1 helix at the N-terminus. D-E) N-terminal cleavage induces pre-pore
oligomer formation and increases the binding affinity of the oligomer to APN and ALP
receptors. F) The oligomer is introduced into the membrane, which generates the
formation of pores and cell death, inspired by: (Chengchen, Bi-Cheng, Ziniu, & Ming, 2014
[40]. Image modified by the author.
@

-

The second model postulated for the action of Cry proteins (Figure 5) has similar
characteristics to the previously mentioned model, but with the difference that cell death
is attributed to different factors [3]. In this model, the interactions of the Cry toxins with the
CDN receptor led to the activation of a magnesium-dependent signaling pathway, in which
the adenylyl cyclase pathway and protein kinase A are involved [36]. Initially, the binding
between the receptor and the toxin stimulates increased production of cAMP, adenyl
cyclase, and heterotrimeric G-protein. Then, the overproduction of cCAMP results in the
activation of protein kinase A, which stimulates apoptosis with the activation of magnesium
channels in the plasma membrane; these channels generate an abnormal movement of
ions in the cytosol [41].

The two mechanisms described above can act simultaneously, but the pore
formation model is the most studied. Furthermore, the main cytotoxic effects of the

proteins are attributed to the midgut of insects. Therefore, the biochemical and
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physiological characteristics of the intestine of each insect will define the action model
[38].

Figure 5. Mechanism of action of the Cry toxin, according to the signaling pathway mode:
The Cry protein binds to cadherin receptors in the plasma membrane to produce the
formation of pores that will subsequently trigger cell apoptosis (Fernandez-Chapa et al..,
2019) [36]. Image modified by the author (s).
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1.4 The use of Cry proteins in controlling mosquitoes

Various approaches have been proposed worldwide to control A. aegypti, ranging
from chemicals to biological measures. The latter, without recalcitrant and harmful effects
on the environment. Recent measures include the release of Wolbachia-bearing
mosquitoes, bacteria that prevent virus transmission [43], creating transgenic mosquitoes
[42]. However, the production of insecticidal toxins, including Cry toxins, which are specific
and have been used to control Dipterans, [43] [44], [45]. These toxins include the Cry11
family, which has been shown to have toxic activity against mosquitoes [46]—[49], making
this group of 3D-Cry proteins attractive candidates for protein engineering.

1.5 Cry11 proteins

Cry11 proteins are a family of toxins consisting of three active domains against the

dipteran order vector-borne diseases insects [52]. The best-characterized family member

is Cry11Aa, a protein of approximately 70 kDa produced by Bti (Figure 6), in which around
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28 amino acids are removed from the N-terminus through its proteolytic activation. The
resulting protein is cleaved into 32 and 34 KDa fragments, respectively. These fragments
remain associated and have an insecticidal activity mainly against A. aegypti [50], [51].
Cry11Ba, produced by Bt subsp Jegathesan (Btjeg), is more toxic than Cry11b or Cry11
proteins derived from Aedes, Anopheles, and Culex larvae. Its molecular weight is around
80 kDa, and a proteinase K cleavage step generates its active fragments of 30 and 35
kDa [29], [51]. Cry11Bb has the peculiarity of having toxic effects on mosquito genera
such as Culex and Anopheles. This toxin weighs 94 kDa and its toxic effect occurs through
solubilization and proteolytic processing into a fragment of 30 and a fragment of 35 kDa
in the midgut of insects [52]. The toxin is produced by Bt subsp Medellin (Btmed) during
its sporulation phase [51]. The amino acid sequence of the three Cry11 holotype proteins
shows a high percentage of identity. The Cry11Bb toxin is 69% identical to Cry11Aa and
83% identical to Cry11Ba (Figure 7). The nucleotide sequence of the cry11Bb gene is
60.9% and 83% identical to the cry11Aa and cry11Ba genes, respectively [53], [54].

Figure 6. Three-dimensional modeled structure of the Cry11Aa protein through the
YASARA engine. The amino acid sequence was taken from UniProt for modeling.
(https://www.uniprot.org/uniprotkb/P21256/entry)
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Figure 7. Multiple alignments of Cry11Aa, Cry11Ba, and Cry11Bb protein sequences. The
outlined areas expose the regions of the highest identity.
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1.6 Parasporal proteins modifications

Cry toxins have been subject to modifications to obtain information regarding the
functionality of specific structures and to elucidate their mechanism of action. In addition,
these modifications have generated Cry variants with different toxicities compared to their
native proteins, optimizing and diversifying their potential for biotechnological applications
(Table 1. Some mutagenesis studies were carried out on Cry toxins. Table 1) [45].

1.6.1 Truncated toxins

The Bt toxin truncation technique has been used to determine the implications of
amino and carboxyl-terminal for protein toxicity by deletion analysis. Some 3’ and 5’ end
deletion mutants have been generated to identify the regions that encode the toxic
peptide. This approach revealed that the amino-terminal halves of Bt kurstaki Cry1Ab and
Cry1Ac were sufficient to kill insects [55]. On the other hand, a study carried out by Pang
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et al. in 1992 showed that the expression of an amino-terminal truncated from Cry11A
protein was not toxic for first-stage larvae of Aedes aegypti [56].

Enhanced expression of truncated toxins was achieved by Hayawaka et al. in 2008,
who adapted the nucleotide sequence of the Cry4Aa gene in such a way that it contains
a high GC content and codon usage by the preference by Escherichia coli. This process
resulted in a high expression and a toxic activity like the native toxin against Culex pipiens
[57]. In 2010, Craveiro et al. obtained variants from Cry1la (lacking a carboxyl-terminal)
through DNA shuffling and a phage library (see below for explanation). The new proteins
had the binding capacity to the brush-shaped membranes of T. licus licus and, at the same

time, had a 3-fold increased toxicity compared to the truncated and native parent [58].

1.6.2 Modification of cleavage sites

The processing of Cry protoxins is an important event in the passage to toxins. This
mechanism is reviewed by [47] and focuses on the removal of amino and carboxy-terminal
regions, producing large (Cry3) or intermediate (Cry1, Cry4, Cry11) proteins, and poor
proteolytic cleavage alters or abolishes toxicity. Therefore, it has been proposed that
knowing these cleavage sites may be necessary for designing and constructing modified
toxins [45].

Proteolytic activation of toxins can also increase solubility. In this case, proteins
with limited solubility precipitate and restrict the interaction with receptors in the insect gut
[59]. The solubility of Cry toxins is pH dependent, which also restricts the target insects
since the pH of the intestines varies per order. Lepidoptera and Diptera's pH is alkaline,
while Coleoptera and Hemiptera's pH ranges between neutral and acid [60]. On the other
hand, the solubility of Cry also changes after proteolytic cleavage. Treatment of the Cry3A
toxin with chymotrypsin makes it soluble at neutral pH [59]. The type of proteases of the
insects determines the target specificity of Cry toxins. Resistance to Cry toxins can be
achieved by slight modifications in the proteases required for cleavage and activation of
the toxin, rendering the protein harmless [45], [61]. By altering the cleavage sites on

Cry3A, a non-toxic protein is generated against to Diabrotica virgifera virgifera LeConte,
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making this insect resistant to Cry3A and Cry1Ab [62]. This approach has generated

active toxins against non-susceptible insects, suggesting broader applications [45].

1.6.3 Non-rational studies based on directed evolution in cry genes

Unlike rational approaches, non-rational approaches such as directed evolution
employ molecular techniques that cause random mutations in DNA. DNA shuffling is a
technique where variants of a gene or a group of homologous genes are fragmented and
recombined to obtain genes with different base compositions [63]. Several studies applied
DNA shuffling or error-prone polymerase chain reaction (PCR) (EP-PCR) to generate
genetically improved Cry proteins [58]. Shu et al. identified two variants of the Cry8Ca2
toxin using EP-PCR technology with an average of 3.9-fold increased activity against
Anomala corpulenta larvae [64]. Carvalho et al. reported constructing a combinatorial
library of cry1la genes truncated and fused to phages, of which four toxin variants were
active against T. licus ([65].

The targeted evolution of Cry1Ac revealed a T524N variant, which showed
increased insecticidal activity against S. exigua, and H. armigera larvae. This study
demonstrated that a single mutation could be critical for insecticidal activity and provides
biological evidence for the structural role of domain Ill [66]. In the same way and to control
the lepidopteran T. licus licus in sugarcane crops, a D233N mutant of the Cry1la12 variant
(Cry1la without the C-terminal end) was generated, which resulted in a mortality rate of

75.43%, while the parental protein showed no toxic activity [58].

1.6.4 Phage display library

Phage display libraries, first introduced in 1985, are a strategy to express peptides
on the surface of bacteriophages [67]. The technique is based on the reaction between
the peptides produced on the capsid surface, and purified receptors immobilized on a
substrate [68]. Protein display on the surface of a phage is a reliable strategy for selecting
protein fragments with high binding activity. Non-binding phages are removed by washing,
while phages with good binding affinities are retained and can be amplified in E. coli and
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subjected to subsequent selection rounds. This way, phages with high binding affinity are

obtained and can be sequenced to characterize the nucleotide sequence encoding for the

peptides of interest [45]. This tool is helpful for the genetic improvement of Cry proteins

and, in a later phase, to carry out binding assays to target receptors. The first study on

Cry toxins was based on the expression of peptides associated with the domain Il in loop

2 of the Cry1Aa protein in phage M13. Although the peptide was expressed, E. coli failed

to produce the toxin, which opened a new pathway for producing Cry toxins with different

activities against insects of public health interest [69].

Table 1. Some studies of mutagenesis were carried out on Cry toxins.

Type of modification Bt toxin Target Reference
Truncation and selection of mutant
toxins from a phage library based on Cry11 Telchin licks licus [58], [70]
binding affinity
Truncation of Helix a-1 of domain | Cryl1A Pect/nop_hora [71]
gossypiella
. . : Plutella xylostella;

Truncation of Helix a-1 of domain | Cryl1A Ostrinia nubilalis [72]
Truncation of the C- and N- terminus  Cry1 HD-1 Dipel Manduca sexta [73]
C-Terminal Truncation Cry1 HD-1 Manduca sexta [74]
Substitution in loops 1,2 and 3 of Culex pipiens; C.
domain |l Cry4Ba quinquefasciatus [75]
Substitution in loops 1 and 2 of .
domain Il Cry19Aa Aedes aegypti [76]
ﬁubstltutlons and deletions in domain Cry1Ab Lymantria dispar [68], [77]
Selection of mutant toxins from phage .
libraries based on binding affinity CrylAa Bombyx mori [68]
Selection of mutant toxins from phage Anthonomus
libraries based on binding affinity Cry8Ka grandis [78]
Exchange of domain Ill for that of Cry1AbE Cry1Ac;. Spodoptera

Cry1Ba; Cry1Ea; ) [79]
Cry1Ca exigua

Cry1Fa
: Cry1Ca; Cry1Fb; L
Exchange of domain IIl for that of ’ ’ Heliothis
Cry1Ac Cry1Ba; Cry1Da; virescens [69], [79]
Cry1Ea

Selection of mutant toxins from phage Anthonomus
libraries based on binding affinity Cry8Ka grandis [69]
Selection of mutant toxins from phage Cry1Aa Bombyx mori [80]

libraries based on binding affinity
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1.7 Parasporins

Bt parasporal toxins, such as the Cry and Cyt proteins, are described as crystal-
shaped proteins, which have been shown to have toxic effects on disease and pest vector
organisms. In addition, these crystals also contain proteins with relevant cytocidal activity
for human cancer cell lines; these are called Parasporins (PS). The interest in parasporins
has increased in biotechnological and medical fields, welcoming Bt as one of the most
important microorganisms. PS is currently used as a bio-controller and producer of non-
insecticidal proteins [81].

The first study on PS was published by Mizuki et al.. in 2000 [82]. The authors
identified and analyzed isolates of 42 Bt strains without hemolytic or insecticidal activity.
Cytotoxic activity was first determined in human lymphoblastic leukemia cell lines in 2006.
Six families of parasporins (PS1-PS6) comprising at least 19 proteins produced by about
11 different Bt strain isolates have been identified, mainly in Japan, Vietnam, India, and
Canada [83]. No effects were found for any of the 19 proteins against normal cell lines
[84].

1.7.1 Parasporins with anti-cancer properties

The interest in parasporins has led to the isolation of Bt strains worldwide. In the
Caribbean Islands of Trinidad, 160 isolates of strain 64-1-94 were shown to have cytotoxic
activity against several human cancer cell lines. Prasad and Seki, together with their team
members, described in the 1970s the existence of a 13 kDa parasporal toxin of a Bt strain
that was toxic to Bombyx mori and, at the same time, had antitumor activities [85], [86] In
1999, Mizuki et al.. carried out a bioprospection study using around 1700 Bt isolates, of
which a group of 42 were selected; based on the absence of hemolytic activity, these were
all shown to have cytotoxic activity against T cell leukemia [87].

Mizuki and colleagues demonstrated that a non-insecticidal protein containing five
conserved building blocks also found in Bt had a very low homology (< 25%) to widely
studied Bt proteins such as Cry and Cyt. This protein demonstrated cytotoxic activity

against T-cell leukemia and human cervical cancer but no toxic effect against normal cells
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[82]. Subsequently, in 2004, Akio et al. used cloning tools to study PS of Bt strain A1547,
which belongs to Serovar Dakota. The gene is 1.014 bp and encodes for the PS2Aa1
protein of 338 amino acids with a predicted molecular mass of approximately 37 kDa.
Purified PS2Aa1 had potent cytotoxic activity against colon, liver, and leukemia cancer
cells, whereas no or negligible activity was found against normal cells [88]. This Bt-derived
protein could be potentially used as a novel treatment option with limited side effects,
having more potent effects than currently applied treatment approaches such as surgery,
radiotherapy, and chemotherapy [88], [89]

In 2005, studies were conducted on parasporal inclusions of Bt strain A1470, which
like strain A1547, exhibited a very high toxic effect on leukemia T cells (15). This PS had
a high affinity for membrane receptors, which was not described previously. The strict
specificity of PS with membrane receptors and lipid molecules was formerly described for
other parasporal proteins [88]. At the same time, the authors observed cytotoxic effects
such as swelling and fragmentation of cancer cells suggesting that this type of PS alters
the ionic permeability of the cell membrane. These data were the starting point for a more
focused scientific interest aiming to solve the puzzle of this pronounced specificity and, at
the same time, provide insight into the specific receptor(s) PS proteins use to exert their
activity [88].

Due to the increase in the number of identified PS proteins, a Committee on the
Classification and Nomenclature of Parasporins was formed, and the term "parasporin”
was defined as “parasporal proteins from Bt and related bacteria that are not hemolytic
but can preferentially kill cancer cells” [90]-[92]. To date, six families of parasporins (PS1-
PS6) have been described in only four countries worldwide, such as Japan, Vietnam,
India, and Canada [91], [92]. In Table 2, there is a description more extended about the

PS family, showing parameters as targets and characteristics, among others.

Table 2. Families of Parasporins, strains, molecular weight, target cells, and references.

PS . Molecular Cytotoxicity shown
family Bt strain weight kDa g in CeII)I,ine References
PS1 Bt A1190 81 MOLT-4, HL-60, HepG2, HelLa (12, 16, 19-21)
MOLT-4, JURKAT, HL-60,
PS2 Bt A1547 37 HepG2, Sawano, CACO-2, (16, 21, 22) (6)

HCT116.




PARASPORAL PROTEINS AS AN APPROACH TO CONTROL DISEASES 32

PS . Molecular Cytotoxicity shown
family Bt strain weight kDa in Cell line References

PS3 Bt A1462 93 HL-60, HepG2 (16, 21, 23)
MOLT-4, HL-60, HepG2,

PS4 Bt A1470 34 Sawano, TCS, CACO-2 (16, 21, 24)
MOLT-4, CACO-2, HepG2,

PS5 Bt A1100 31 TCS, Hela, Sawano. (21, 25)

PS6 Bt M109/CP84 73 HepG2, Hela, CaCo-2 (19, 21)

Yasutake, K et al. reported a new gene called ps1Ac that was discovered in strains
isolated from Vietnamese soils and, like its counterparts, exhibited toxic activity
specifically against human cancer cells. One of the goals of this study was to generate
the complete sequences of the genes to allow further bioprospecting studies on new PS
genes [93]. In 2008, a study conducted by Okumura et al. cloned parasporin 4 (PS4), a
protein produced by Bt strain A1470 [94]. Cloning was performed in E. coli, and inclusion
bodies were solubilized using acidic conditions and purified using an anion-exchange
chromatography approach. After purification, PS4 was activated by pepsin and showed
cytotoxic activity against CaCO-2 cells equivalent to the protein produced by the
conventional method (at alkaline pH) from a Bt strain. There are no other reports of Bt
inclusion bodies being dissolved in an acidic solution before purification; this new method
allowed isolating PS proteins at a concentration up to 27-fold higher than achieved by the
standard method. This contribution is helpful for other studies in which PS4 or other
members of the parasporin family are used to treat cell lines or apply it in animal models
[94].

This Bt strain has one gene encoding ps6 and two for ps7, which is quite unusual
[92]. The two ps7 genes are approximately 6 kb apart and show a similar spatial
arrangement. In addition, these genes have high sequence homology with two ps? genes
(ps1Aab and ps1Ad1) obtained from a Japanese isolate. Moreover, these genes also
show homology with a strain from a Canadian isolate. In addition, all three strains shared
the presence of a gene encoding the parasporin ps6, which is thought to be located on a
separate plasmid. The DNA sequences of the genes of the three geographically dispersed
strains had a high degree of homology, suggesting that these ps7 genes have recently
become globally distributed. The high homology suggests that the parasporins found in

this study share a common role in nature, and it is also logical to assume that these
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parasporins (PS1 and PS6) have conserved regions that are required to kill cancer cells
[92].

So far, 19 parasporins have been identified, produced by at least 11 Bt strains.
Within this group, 11 belong to the PS1 family, 3 to PS2, 2 to PS3, 3 to PS4, PS5, and
PS6 (Figure 8).

Figure 8. Dendrogram of parasporins, showing percentages of identity among
sequences. Taken from [95].
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The PS can be divided into two types according to their molecular mass. The group
with higher molecular mass includes PS1, PS3, and PS6; the group with lower molecular
mass includes PS2 and PS4, and PS5. PSs of the more significant type are expressed as
precursor proteins with a molecular mass of about 80 kDa and are processed into active
forms of 60 kDa. In contrast, small-type PSs are 30-kDa activated proteins proteolytically
processed from precursor proteins with a molecular mass of 33-37 kDa and have a non-
conserved three-domain structure (Figure 9). More recently, by 2021, a new nomenclature
of these proteins was released [94] (Table 3).
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Table 3. New nomenclature of Parasporins taken from Crickmore . N., et al.. 2021 [94].
Adapted by the author.

Name Old name Other name Accesion number
Mpp45Ba1 Cry45Ba1 Parasporin 4 WP 029440439
Mpp46Aa1 Cry46Aa1 Parasporin 2 BAC79010
Mpp64Aa1 Cry64Aai Parasporin 5 BAJ05397
Cry31Aa1 Cry31Aai Parasporin 1 BAB11757
Cry41Aai Cry41Aai Parasporin 3 BAD35157
Cry63Aa1 Cry63Aa1 Parasporin 6 BAI44028

Figure 9. Visualization of models from YASARA, using Geno3D to obtain the PDB files.
A. Structural model of higher molecular mass parasporins (PS3Aa1) with its three
Domains. B. Structural model of PS2Aa1. Source Author

1.7.2 3D structure of the PS2Aa1 protein

Domain | of PS2Aa1 is a sandwiched structure consisting of a 3-hairpin (S6 and S7
for the nontoxic protein; S8 and S9 for PS2Aa) and a lamina. Curved antiparallel five-
stranded B-hairpin (S3, S9, S12, S5, and S8 for the nontoxic protein; S5, S6, S7, S10,
S11, and S13 in PS2Aa) (Figure 10A) [96], [97]. In parasporin 2, the B-hairpin forms a
hydrophobic core with the inner surface of the B-sheet; this surface is covered with
hydrophilic residues surrounding the core and stabilized by hydrogen bonds. The
organization of the hydrophobic and hydrophilic residues is a critical factor in protein
folding [97], [98]. In addition, three of the five 3-sheet strands rearrange with the S1 strand
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to form a four-stranded B-sheet near domain |, a boundary that associates with the domain
| helices through hydrophobic interactions [97].

In Clostridium septicum a-toxins, which belong to the aerolysin-type toxin family,
domain Il is involved in pore formation and may also be responsible for membrane
crossing. In one study, site-directed mutagenesis was performed on the amphipathic [3-
strand of an epsilon toxin, which altered the properties of the channel formed in the lipid
bilayer of the cell. The study suggests that domain |l may be involved in the insertion and
formation of lytic pores [98].

Domain Ill plays an essential role in the interaction between monomers in the
oligomer. In parasporin 2Aa1, the five-stranded B-sheet is rearranged into a three-
stranded B-sheet and two antiparallel strands (S6, S11, S13/S14; S7 and S10) (Figure
10A); these two B-sheets form a B-sandwich in this domain, as in domain Il [97]. This
structure is similar to that of the nontoxic protein of Bt A1470, which terminates in two (3-
sheets, one with three strands and the other with two strands (S4, S9, and S12; S5 and
S8) (Figure 10A) [96]. In PS2Aa, some hydrophobic residues are exposed within the [3-
sandwich on both sides of the domain, forming small hydrophobic surface patches along
the B-strands. A pair of antiparallel B-strands (S4-S8 and S9-S11) (Figure 10A) rotates
toward the distal end of the domain, describing two loops [97]. The C-terminal residue is
adjacent to this pair of loops and indicates the outer terminus. This residue is removed
during proteolytic digestion, exposing part of the hydrophobic core within the 3-sandwich
to the solvent and creating a hydrophobic zone in the B-strand; thus, the C-terminal
residue is essential for oligomerization [98]. Domain Il is also involved in pore formation

because it has a loop that crosses the membrane [99]

1.7.3 Mechanism of action of PS2Aa1

Parasporins PS2Aa1, PS3Aa1, and PS4Aa1 induce cytotoxicity in cancer cells
within 1 hour [88], in contrast to parasporin PS1Aa1, which induces cytotoxicity after 8-10
hours [82]. The mechanisms of action of PS1Aa1 include changes in intracellular Ca?*
fluxes that promote the apoptotic cascade associated with caspase activation. PS2Aa1,

in turn, causes an increase in the permeability of the plasma membrane of tumor cells
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[100]. Therefore, the first step is binding PS2Aa1 to a specific membrane receptor located
in lipid rafts of membranes of susceptible cells. This is followed by interaction with the
GPl-anchored protein and the glucan region required for binding and assembly in the
membrane and the formation of PS2Aa1 oligomers (Figure 10A-C), which leads to pore
formation and cell death (Figure 10B-D) [101]. Periyasamy et al. [101] found that one of
the possible PS receptors in colon cancer cells is aminopeptidase N (APN) [101]. They
showed that the cytotoxic activity of PS2Aa1 decreased when cells were treated with an
APN inhibitor, suggesting that the presence of this receptor is essential for its cytotoxic

activity. However, the identity of other potential membrane receptors remains unknown.

Figure 10. Structure (A) and mechanism of action of PS2Aa1 (B). Inspired by Xu et al.
2014 [103]. Adapted by author(s).

1.7.4 Parasporin 2: a B-type pore-forming protein.

The cytotoxic activity of PS2Aa1 is particularly pronounced for Caco-2, HCT-116,
and MOLT-4 (Table 2) [97], [102], [103] PS2Aa1 has been used as a template for various
genetic modification strategies [104], [105], including in silico and in vitro mutagenesis
technologies. These studies aimed to obtain a series of biomolecules with anti-cancer
activities and to gather information to understand the mode of action of parasporins. The

cytotoxicity of PS2Aa1 was determined in Sawano cell lines (0.0017 pg/mL), CaCo-2
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(0.013 pg/mL), Jurkat (0.018 pg/mL), HL60 and HepG2 (0.019 ug/mL), and Molt4 (0.022
pug/mL) (Xu et al.., 2014). Finally, it was shown that cytotoxicity occurs through apoptosis,
as determined by the activation of caspases 3/7 [103].

Cancer cells exposed to PS2Aa1 induce apoptosis by activating caspases [103]
and triggering increased permeability [106]. The cytotoxic activity of PS2Aa1 is closely
linked to its activation by proteinase K, as cleavage by this enzyme exposes specific
regions that can subsequently bind to the receptor [103]. The cytotoxic characterization of
PS2Aa1 has provided insight into the range of PS2Aa1 required to induce a cytotoxic
effect in different cancer cell lines (Table4). These anti-cancer properties make them
candidates for alternatives to current cancer treatment and highlight the need to explore
further their properties, mechanisms of action, safety, and availability.

Table 4. Selectivity of PS2Aa1 for some carcinogenic cell lines taken from Xu., et al.. 2014
[98]. Adapted by the author.

Cell line Cancer type Activity 1Cso pg/mL
MOLT-4 T-lymphoblast . 0.022

Jurkat T-lymphocyte J 0.018

HL-60 Leukemia M 0.019
HepG2 Liver ./\'J, 0.019

I

Hela Cervical e >10
Sawano Endometrium @ 0.0017
CaCo-2 Colo-rectal 0.013

1.8 Research problem

Bacillus thuringiensis Bt is a gram-positive, aerobic, spore-forming bacterium
recognized worldwide as a source of bioinsecticides. During its sporulation stage, it
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produces a crystalline inclusion of proteins called d-endotoxins (Akiba & Okumura, 2017).
They are classified into two families, the crystal (Cry) and cytolytic (Cyt) proteins
(Brasseur, et al., (Brasseur, et al., 2015). Cry proteins are characterized by specific
insecticidal activity against Lepidoptera, Diptera and Coleoptera (Brasseur, et al., 2015),
which has led to a detailed study of the different Bt isolates, considered one of the most
representative sources of bioinsecticides on the market (Gonzalez, et al., 2011). In 1999,
some strains that do not have insecticidal activity were found to produce proteins with
activity against human cancer cells (Mizuki, et al., 1999); these were termed parasporins
(Mizuki, et al., 2000). The definition of parasporins is attributed to bacterial parasporin
proteins from Bt or related bacteria that are not hemolytic but can preferentially kill cancer
cells (Katayama et al., 2007).

The Molecular Biology and Biotechnology Research Group from the University of
Santander, UDES, has excelled and gained extensive experience with Cry proteins of Bt,
especially Cry11 in controlling Diptera. At the same time, computational biology and
genetic improvement have been used to obtain different populations of proteins with
improved activity. As a result of previous work, the laboratory has Cry muteins that share
structural features with parasporin 4 and, being the product of a cross of the cry11Aa, Bb,
and Ba genes, provide a means of understanding the activity of these proteins. In addition,
there is experience with genetic improvement of Cry proteins by random and targeted
strategies, which provides an advantage in studying these proteins to control colon cancer
proliferation. The interest in improving and testing these proteins arises from the problem
posed by the development of this disease in Colombia and its high incidence and mortality
worldwide.

Cancer is currently one of the leading causes of death worldwide. According to the
World Health Organization, in 2020, there were nearly 10 million deaths worldwide due to
various types of cancer, and it is estimated that one in six deaths is due to a type of cancer,
making cancer the second leading cause of death (WHO, 2020). The most common
cancers worldwide include colorectal cancer and leukemia, which added approximately
2.5 million new cases in 2020 (WHO, 2020). Of these, 474.519 new cases and 311.594
deaths were reported for leukemia, ranking 13th in new cancer cases and 10th in deaths
caused by a cancer type (Organization, 2020). On the other hand, 1.930.000 new cases
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and 916.000 deaths were reported for colorectal cancer worldwide for the same year,
ranking third in new cancer cases and second in cancer-related deaths (Favoriti et al.,
2016; WHO, 2020). In Colombia, the outlook is quite discouraging, as some 113.221
Colombians were diagnosed with cancer in 2020, and 54.987 died from it, according to
data from WHO. Of these newly reported cases, colorectal cancer accounted for 10,300
(9.1% of total cases) and leukemia for 3.367 (3% of total cases), resulting in 5,313 and
2,192 deaths, respectively (WHO, 2020).

Therefore, it is necessary to explore strategies and molecules for treating various
cancers without producing side effects; one of these alternatives is parasporins, proteins
produced by Bt (Abe et al., 2008; Chubicka et al., 2018). Currently, several parasporins
have been identified by the Parasporin Classification and Nomenclature Committee,
divided into six groups (Okumura, S., Ohba, M., Mizuki, E., Crickmore, N., Céte, J.-C.,
Nagamatsu, Y., Kitada, S., Sakai, H., Harata, K., and Shin, 2010). Among these, PS2Aa1
is characterized by potent cytotoxic activity against leukemia, colon cancer, and lung
cancer cell lines, among others, whereas it has little or no detectable effects in non-cancer
cells (Abe et al., 2008; Brasseur et al., 2015; Ohba et al., 2009).

Considering this scenario, it is crucial to integrate the experience of the research
group in the study of Bt parasporin proteins and genetic improvement to generate relevant
knowledge about the structure-function relationship of the parasporin PS2Aa1, leading to
the development of alternatives for the control of colon cancer proliferation and
contributing to the creation of new treatments that can promote the well-being of the
patient. This proposal is in line with the policy of the Ministry of Health outlined in the Ten-
Year Plan for Cancer Control in Colombia 2012-2021 regarding knowledge management
and technology for cancer control through research on bacterial products with anticancer
potentials, such as PS2A1a parasporin.

This project is the first attempt to create a library of new parasporins using the
Ps2Aa1 as a mold and different strategies, including in silico and in vitro site-directed
mutagenesis technologies to shed light on the understanding of the mode of action of
parasporin and obtain a bank of biomolecules with anticancer activities. This project is in
the frame of the NanoBiocancer program, which aims to consolidate a strategic alliance
in the field of Nanobioengineering, by articulating and strengthening the research
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capacities of HEIs (Higher Education Institutions), the productive sector and research
centers in Colombia, linked with several international partners. This program has a
translational research approach oriented towards the prevention and “theranostics”
(therapy and diagnosis) of cancer, one of the worst health problems in Colombia.
Therefore, the results will significantly contribute to improving the country's

competitiveness and productivity in the medium term.

1.9 Research question

Based on the research problem arises de following research question: What
information can be derived from studying the mutated parasporal of Bt with characterized
cytotoxic activity provide relevant scientific information to understand the structure-
function relationship of the protein as a promising therapeutic agent for the treatment of

colon cancer, among other diseases?

1.10 Aims

This project aims to study parasporin 2Aa1 (PS2Aa1/Mpp46Aa1), focusing on
Cry11 and PS2Aa1 as a target for genetic improvement to better understand its mode of
action and to create a library of PS2Aa1 variants.

The following specific objectives will lead to accomplishing the main aim:

e To design engineering strategies for Parasporin PS2Aa1, combining directed evolution
methodologies, site-specific mutagenesis, structural bioinformatics tools, and the
structural and functional knowledge described in the literature to obtain proteins with
different potentials to control cancer cell lines growing.

e To analyze the PS2Aa1-APN receptor interactions using computational strategies
involving molecular docking and dynamics to explore the possible potential of this
membrane receptor to bind to the domain | of this parasporin.

e To produce novel parasporal proteins with enhanced activity against colon cancer cell
lines and determine the cytotoxic activity of selected mutant proteins of Bacillus
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thuringiensis based on their binding affinity to membrane receptors by computational

approaches.

This dissertation explores alternatives for a new way to control colorectal cancer cell
lines. In this work, an anti-cancer protein parasporin 2Aa1, more recently also called
Mpp46Aa1, was used as input for mutagenesis. Various alternatives have been used to
obtain mutant biomolecules from PS2Aa1, including peptides from loops 1 and 2 of the
domain |. It provided insight into obtaining proteins with substitutions in domain | by a
strategy of direct mutagenesis combined with a non-rational technique. In parallel, the
anti-cancer activity of the mutant Cry11 pesticide proteins in controlling colon cancer cell
lines was demonstrated for the first time.

1.11 Global Methodology of this Work

1.11.1 Chapter 3: Computational study, synthesis and evaluation of active peptides
derived from Parasporin-2 and spike protein from Alphacoronavirus against
colorectal cancer cells.

The 5-fluorouracil (5- FU), fetal bovine serum (FBS), and sulforhodamine B (SFB)
used were obtained from Sigma (Sigma Aldrich, U.S.A.). Dulbecco's modified
Eagle'smedium (DMEM), L-glutamine, and penicillin/streptomycin were purchased from
Lonza (Walkersville, MD, U.S.A.). Trypsin-EDTA was purchased from Invitrogen/Gibco for
all experiments related to the detection of the cytotoxic activity of the peptides.
Subsequently, the peptides of PS2Aa1 and HCV-229E were synthesized natively using
F-moc solid-phase peptide synthesis (SPPS) and the tea bag method described by
Houghten. The SW480, SW620, and CHO-K1 cell lines were cultured in 75 cm2 flasks
containing 10ml of Dulbecco's Modified Eagle Medium (DMEM) containing 10% fetal
bovine serum (FBS), 2mM glutamine, 1%MEMnon-essential amino acids, 10.000U/ml
penicillin, 10.000 g/ml streptomycin, and 25 g/ml amphotericin B. Cells were grown at

37°Cin a 5% CO2 environment.
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Evaluation of the cytotoxicity of the tested peptides (P264-G274, Loop1-PS2Aa,
Loop2-PS2Aa, and Loop1-HCoV-229E) and 5 FU in noncancerous (CHO -K1) cell lines
and human colon cancer cells, SW480 and SW620, were performed using the SFB assay.
In addition, SW480 and SW620 cells were seeded at a density of 2 x 10° cells/well in 24-
well plates. After 24 hours of incubation, the assay was performed with six replicates for
each peptide in SW620 and SW480 cells from the same number of runs. The adherent
fraction of the peptide was measured by interpolation with a calibration curve for each
peptide. Assay results were expressed as percent binding. The presence of
phosphatidylserine at the cell surface was detected with the phosphatidylserine-binding
protein annexin V conjugated to Cy3 using the commercially available annexin V-Cy3
apoptosis detection kit (APOAC, Apoptosis Detection Kit, Sigma)

To measure the specific activity of caspase 3 and 7, an assay kit called CellEvent™
Caspase-3/7 Green Detection Reagent (Invitrogen™) was used. Lactate dehydrogenase
(LDH) is a cytosolic enzyme found in many different cell types and is released into the cell
culture medium when the plasma membrane is damaged. The CyQUANT LDH
Cytotoxicity Assay was used to accurately and quantitatively measure this extracellular
LDH. The 3D structure of the peptides was predicted using the software PEP-FOLD 3.5,
and the 3D structure of the APN receptor was taken from the Protein Data Bank [46] (PDB
ID: 6ATK). The highest number of hydrogen bonds and the peptide located near the most
abundant residues were selected for refinement using the Rosetta FlexPepDock protocol,
all experiments were repeated at least three times. Results were expressed as mean
values+- standard error (mean+- SE). Significant differences between the treatments and
their respective controls were determined based on one-way ANOVA followed by Tukey’s
test. A level of P<0.05 was considered to be significant.

1.11.2 Chapter 4: Site-Directed Mutants of Parasporin PS2Aa1 with Enhanced
Cytotoxic Activity in Colorectal Cancer Cell Lines.

Bacillus thuringiensis (Bt) BMB171 and E. coli strain DE3BL21 containing the
construct pET30a + PS2Aa1 were grown in Luria Bertani (LB) broth for 24 hours at 37 °C

with continual agitation. Following that, mutagenesis experiments were performed using
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the Gene-Art Site-Directed Mutagenesis Plus kit and four sets of designed primers
according to the manufacturer's instructions, and a library verification was performed. The
positive clones were grown in LB plates containing kanamycin (25 g/mL). A single colony
was chosen and cultivated in 5 mL of LB broth overnight at 37 °C with agitation at 200
rpm. The Wizard Plus SV Minipreps DNA purification technique (Promega®) was used to
isolate the plasmid pET-30PS2-Variant. Activated Parasporin Protein from Bt BMB171
variants were grown in LB broth during 5 days at 30 °C to perform the cytotoxic
experiments. The cells were then harvested by centrifugation at 10.000 rpm for 10 min.
The proteins were digested using proteinase K (final concentration of 185 pyg/mL) for 1 h
at 37 °C.

Colorectal cancer cell lines obtained from the American Type Culture Collection
(ATCC) were used. SW480 and CaCo-2 were grown in Dulbecco's Modified Eagle's
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 10,000 g/mL
penicillin and streptomycin, and 1% nonessential amino acids; SW620 and NCM460 were
grown in RPMI supplemented with 10% FBS. Cultures were incubated at 37 °C in a
humidified incubator with a 5% CO2 environment. Activated protein concentrations
ranging from 0.25 to 5 g/mL were prepared to assess the antiproliferative effect of the
PS2Aa1 and variant toxins. Alamar Blue (BioRad) was used for 5 hours at 37°C in a 5%
CO2 environment. In addition, APN was detected and blocked using the antibody
CD13/APN (Cell Signaling Technology®) and GAPDH as a loading control in a Western
blot.

After that, a molecular dynamics analysis and molecular docking were done to
investigate potential interactions between PS2Aa1 and the APN receptor. The 3D
structures of PS2Aa1 and APN were retrieved from the Protein Data Bank using PDB IDs
2ZTB and 6ATK, respectively. The chosen model was used to execute molecular
dynamics (MD) simulations in triplicate for PS2Aa1-APN complexes. Statistical Analysis
Type 1 ANOVA and Tukey's test were performed using GraphPad Prism 8. * p 0.05, ** p
0.01, and *** p 0.001 were used to indicate statistical significance with a 95% confidence

interval.
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1.11.3 Chapter 5: Toxic Determination of Cry11 Mutated Proteins Obtained Using

Rational Design and Its Computational Analysis.

In this work, the strain Escherichia coli DE3BL21 and chloramphenicol 10 pg/mL
were used for the transformants of the non-crystal forming strain Bt BMB171. Plasmid
DNA was then extracted using the Wizard Minipreps Kit (Promega®, Madison, WI, USA).
Then, strategic rational design and synthesis of variant 8 mutants and Cry11Bb library
variants were performed. The latter were designed based on toxin-receptor interaction. In
addition, a final complete culture (FCC) of Bt mutants L553F, L556W, L553F-L556W,
A92D, and C157R, as well as recombinants expressing Cry11Aa and Cry11Bb toxins,
were grown together with the non-crystallizing strain Bt BMB171 in 10 mL LB broth
containing 10 ug*mL-1 chloramphenicol.

To verify the presence of the Cry proteins, Protein electrophoresis using Sodium
Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was performed to
confirm the presence of Cry proteins. A 10% acrylamide gel was used to run the samples.
The gel and electrophoretic run were prepared according to the procedure book's
directions by Sambrook Protein Preparation and Half-Lethal Concentration (LCsp).
Following that, the cultures of each mutant dissolved in PBS 1 were treated to heat stress
as follows: 100 L of each culture was incubated at 72 °C for 20 minutes, followed by 10
minutes at 4 °C. For the first time, assays were performed to detect the potential of Cry
Variants in the control of human colorectal cancer cells. Briefly, 10 L of Alamar blue was
added to each well and incubated for 4-6 h to measure the fluorescence (Ex 560 nm and
Em 590 nm) and thus determine the ICso.

Cry11 variation structure modeling was also obtained. To build Cry11 mutants, a
de novo modeling technique was devised to analyze two Cry11 variant structures
(variation 8 and Cry11Bb). To fit the model, it used a de novo prediction method called
the rosetta generation of additional variants, and model sampling. By executing single-
point mutations on the variation 8 and Cry11Bb structures, a new set of variants was
predicted based on the initial models.
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1.12 Scope of the thesis

This thesis is related to parasporal proteins of Bt, focusing on PS2Aa1 proteins as
starting points for genetic improvement to increase our understanding of its mode of
action. It may lead to the generation of alternative therapeutic tools based on bacterial
bioproducts that could be used to treat cancer or other diseases.

Chapter 1 provides a summary of the general characteristics of Bt, an exploration
of the uses of the Parasporal proteins, details of the structure and mechanism of action of
PS2Aa1 (Mpp46Aa1), and Cry 11, which is known as a biocontrol agent for vector-borne
diseases but whose cytotoxic effect on colorectal cancer cell lines has only now been
reported. Chapter 2 presents a compendium of academic information on parasporins PS,
describing their structures and mechanisms of action. This knowledge indicates the
possibility of using site-directed mutagenesis techniques to improve the effectiveness of
PS. In Chapter 3, It presents the first study to define the PS2Aa2-derived peptides that
interact with the cell membrane of colorectal cancer cell lines. The data obtained suggest
that native peptide fragments of PS2Aa1 can be optimized as new potential cancer
therapeutics. In Chapter 4, we set out to generate a library of PS2Aa1 variants using a
site-directed mutagenesis strategy. These variants were characterized by in vitro and
silico methods. The data suggest that some PS2Aa1 residues are relevant for interacting
with PS2Aa1 and the APN membrane receptor. Chapter 5, about summary, discussion,
and future perspectives, contains relevant findings of each chapter and some indications
of why we have reached the conclusions. Forward, we propose the incorporation of new
strategies such as nanoparticles, nanobioconjugates, and personalized medicine to make
Bt-derived proteins more stable and robust so that they can be used to combat cancer cell

lines.
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2.1 Abstract

Bacillus thuringiensis (Bt) is a bacterium capable of producing Cry toxins, which are
recognized for their bio-controlling actions against insects. However, a few Bt strains
encode proteins lacking insecticidal activity but showing cytotoxic activity against different
cancer cell lines and low or no cytotoxicity toward normal human cells. A subset of Cry
anticancer proteins, termed parasporins (PSs), has recently arisen as a potential
alternative for cancer treatment. However, the molecular receptors that allow the binding
of PSs to cells and their cytotoxic mechanisms of action have not been well established.
Nonetheless, their selective cytotoxic activity against different types of cancer cell lines
places PSs as a promising alternative treatment modality. In this review, we provide an
overview of the classification, structures, mechanisms of action, and insights obtained
from genetic modification approaches for PS proteins.

Keywords: parasporins; Cry toxins; cancer cells; genetic improvement.

2.2 Background - introduction

Bacillus thuringiensis (Bt) is an endospore-forming aerobic bacterium with a high
capacity to resist elevated temperatures and desiccation conditions, characterized by
producing parasporal toxins [1]. Bt was first identified in 1901 by Shigetane Ishiwata, who
reported that this microorganism had an infective capacity toward Bombyx mori. This
plague caused severe damage to the silk industry in Japan [2]. At that time, the author
termed the bacteria Bacillus sotto. A decade later, Berliner isolated a Gram-positive
bacterium in Ephesitia kuehniella larvae in the state of Thuringia (Germany). Ignoring the
identification given by Ishiwata, Berliner designated the bacterium as Bacillus
thuringiensis, and this nomenclature has remained ever since [3].

Bt toxins, such as the Cry and Cytolytic (Cyt) proteins, are present in crystal form,
with toxic effects in several pest vectors. A subset of the Cry proteins present in the
crystals are parasporins (PSs), proteins with cytotoxic activity in human cancer cell lines
[4]. The wide spectrum of the potential applications of PSs in biotechnological and

biological medicine research has made Bt one of the most essential microorganisms used
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as a bio-controller and, more recently, as a producer of non-insecticidal parasporal
proteins [5].

Previous studies on proteins produced by Bt have predominantly focused on
quantifying their insecticidal potential, disregarding their possible uses in other fields of
biotechnology and health. However, in recent years, new properties, such as cytotoxic
activity against cancer cells, antiprotozoal activity, and lectin function, have been
described for crystals extracted from various Bt strains [1,6,7]. Among these
functionalities, the anticancer activity is of particular relevance, being the focus of this

review.

2.3 Overview of the Classification and Structure of Parasporins Found in Bacillus

In the search for new therapeutic agents to treat cancer, bacterial proteins have
become a focus of attention in the last two decades. In 1999, Mizuki et al. conducted a
bioprospecting study using around 1700 Bt isolates by selecting 42 candidates with no
hemolytic and cytotoxic activity to test their activity against MOLT-4 cells (human
lymphoblastic leukemia) [6,7]. Prasad, Seki, and their teams described the existence of a
13-kDa parasporal toxin from a Bt strain with dual activity, i.e., insecticidal action against
Bombyx mori and antitumor activity in colon and blood cancer cell lines [1,8]. This new
promising protein, termed a parasporin, is among the Bt proteins with biological activities
that potentially allow for medical applications.

The Parasporin Classification and Nomenclature Committee defined the term
“‘parasporins” in 2006 as “Parasporal proteins of Bt and related bacteria that are non-
hemolytic but are preferentially able to kill cancer cells” [9]. To date, six parasporin families
(PS1-PS6) including 19 PSs produced by at least 11 Bt strains have been identified
mainly in four countries (Japan, Vietnam, India, and Canada) (Table 1) [10,11]. PSs are
divided into those of higher molecular mass (PS1, PS3, and PS6), approximately 80 kDa,
which are processed into active 60 kDa molecules, and those with lower molecular mass
(PS2, PS4, and PS5), originated from precursors of 33 to 37 kDa, which are processed
by proteolytic cleavage to 30 kDa molecules. When a proteolytic cleavage is made by a

serine protease, such as Proteinase K, at the C- terminal and N- terminal residues of the
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precursor, the toxin of 60 kDa and 30 kDa is active with cytocidal activity [9,10,12]. All the
PS family members are characterized by a conserved structure consisting of three
domains (Figure 1A, B).

Figure 11. Structural comparison of parasporins(A) Structural model of higher-molecular-
weight PS3Aa1 with its three domains. (B) Low-molecular-weight PS2Aa1 structural
model. (C—E) Structural comparison between parasporin-2, the 26-kDa nontoxic protein,
and aerolysin-like _-PFT. Membrane-binding-related domain | is colored yellow. The
membrane insertion and pore-formation regions are colored blue (domain Il) and red
(Domain Ill). It is suggested that the purple amphipathic _-hairpin is necessary for pore
formation (C—E). Parasporin 4 (PS4) was modeled using the 26-kDa nontoxic protein as
an adapted template from Xu et al. [9], modified by the authors.

Il Oomainl

Il Oomainll
_— B Domain il

Table 5. Parasporin families, family-containing strains, molecular weights, target cells,
cytotoxic activity and references.

Molecular Target cell Cytotoxic
Parasporin Strain (Bt) mass (kDa) line activity ICso Ref.
(ng/mL)

MOLT-4 2.2

HL-60 0.32

HepG2 3.0

Hela 0.12

PS1Aa1 A1190 81 Jurkat >10 [9,12,13]

Sawano >10

Caco-2 >10

A549 >10
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Molecular Target cell Cytotoxic
Parasporin Strain (Bt) mass (kDa) line activity ICso Ref.
(ng/mL)
MOLT-4 0.022
Jurkat 0.018
HL-60 0.019
HepG2 0.019
PS2Aa1 A1547 37 Sawano 0.0017 [8,9,13,14]
Caco-2 0.013
HCT116 10
CCRF-CEM 27
MOLT-4 >10
Jurkat >10
PS3Aal A1462 93 :;;goz 12'382 [9,13,15]
Hela >10
Sawano >10
MOLT-4 0.472
HL-60 0.725
PS4Aal A1470 34 ;aevs;% 01'2%05 [9,13,16]
TCS 0.719
Caco-2 0.124
MOLT-4 0.075
Caco-2 0.30
PS5Aa1 A1100 31 HTeggz 8'822 [13,17]
Hela 0.08
Sawano. 0.065
HepG2 2.3
PS6Aa1 M109/CP84 73 Hela 7.2 [13,18]
Caco-2 >10

There are six families of parasporins described so far, from PS1 to PS6. Table 1
summarizes the families and its representative protein. Further information can be found
at http://parasporin.fitc.pref.fukuoka.jp/list.html (last accessed on 5 December 2021) [20].
PS1Aa1, also known as Cry31Aa1, contains 723 amino acid residues yielding a molecular
weight of 81 kDa. The crystal structure of the activated PS1Aa1 form was determined at
a 1.76-A resolution [5], revealing the typical three-domain structure established for Cry
toxins. Domains |, Il, and Ill have chain folds that make each unique, i.e., showing a set
of seven _-helices, a _ prism, and a lectin-like _ sandwich, respectively. Cleavage of
PSAa1 in the exposed loop connecting the third and fourth _-helices of domain | results
in two polypeptides of 15 kDa and 56 kDa [5]. PS1 exerts strong cytotoxic effects against
cell lines such as HelLa [21], HL-60 [10], and MOLT-4 [22], and a moderate effect toward
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Sawano, Caco-2, and Jurkat [9] cells. The IC50 values for each of the tested cell lines are
summarized in Table 1.

According to Ito et al., PS2Aa1 (Cry46Aa1) and PS2Aa2 (Cry46Aa2) are 338-
aminoacid polypeptides with a deduced molecular weight of 37 kDa [21]. Unlike PS1Aa1,
PS2Aa1 lacks the conserved blocks found in Cry proteins. The structure of PS2 shows
homology with the aerolysin of A. hydrophila and the alpha-toxin of C. perfringens [13,23],
which, similarly to the PS1 and Cry insecticides, has three domains. The processing of
PS2Aa1 from a 37-kDa precursor protein results in an active 30-kDa toxin [21]. In its active
form, which is formed after treatment with proteinase K [24], PS2 is toxic to HepG2, Caco-
2, MOLT-4, Jurkat, and HL-60 cell lines (Table 1) [14,18] but does not present any toxicity
to normal cells [25].

PS3Aa1 (Cry41Aa1) consists of 825 amino-acid residues with a deduced molecular
weight of 93.68 kDa and low sequence similarity with insecticidal Cry proteins. However,
it contains three domains with five conserved repetitive blocks, a typical structure for PS
proteins [14]. PS3Aa1 requires proteolytic digestion at its N- and C-termini for activation,
thus converting the 81-kDa precursor protein into an active 64-kDa protein, with cytotoxic
effects on various cancer cell lines, such as HL-60 and HepG2 (Table 1) [14].

PS4Aa1 (Cry45Aa1) is a _-pore-forming aerolysin-type protein comprising 275
amino acids, with a predicted molecular weight of 30.07 kDa [14]. No repetitive sequence
blocks, as observed in PS1Aa1 and PS3Aa1, have been reported in this protein. PS4Aa1
has three domains, whose structures do not resemble those of Cry proteins [14]. The 31-
kDa protoxin is activated by cleavage in its C-terminal domain by pepsins in acidic
conditions, resulting in a fully active 27-kDa toxin [26]. The active protein exhibits cytotoxic
activity against human cancer cell lines, e.g., Caco-2, Sawano, MOLT-4, TCS (human
cervical cancer), and HL60 cells (Table 1) [9,14,17].

PS5 and PS6 are the most scarcely studied parasporins. PS5 has been isolated
from Bt strain A1100. Sequence analysis has revealed that PS5Aa1 (Cry64Aa) is an
epsilon protein that acts synergistically with the drug methotrexate [18]. Its gene sequence
is 918 bp in length, encoding a 305-amino-acid polypeptide with an expected molecular
weight of 38 kDa. Its C-terminus is cleaved by proteinase K, producing an active 30-kDa
protein [18]. PS6Aa1 (Cry63Aa) has been isolated from the Bt M109 and CP84 strains
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[19]. Sequence analysis suggests a protein of three domains, closely related to Cry
insecticides, with homology with and similarity to Cry2 of 21.9 and 56.4, respectively [19].
As for cytotoxic activity, PS5 has been shown to be active against MOLT-4, Caco-2,
HepG2, TCS, Hela, and Sawano cells, while PS6 shows weak cytotoxicity toward HepG2
cells (Table 1).

Like Cry proteins, Parasporins share structural and functional features with
poreforming toxins (PFTs), considering that its cytotoxic activity is due to the pore
formation in the cell membrane [9]. There are two larger groups of PFTs, Alpha-PFTs (_-
PFTs) and Beta-PFTs (_-PFTs), based on how the secondary structure of their
membrane-spanning elements are composed of _-helices and _-Barrels, respectively.
Within the _-PFTs, the aerolysin family includes several parasporins [27].

2.3.1 B-Type-Like Pore-Forming Parasporins

The nontoxic protein of the A1470 Bt strain and the toxic PS2Aa1 have similar
structures, especially in domain Il. Both molecules form a sandwich that comprises a _-
hairpin (S6 and S7 for the nontoxic protein; S8 and S9 for PS2Aa) and an anti-parallel
five-stranded B-sheet (S3, S9, S12, S5, and S8 for the nontoxic protein; S5, S6, S7, S10,
S11, and S13 in PS2Aa) (Figure 1C-E) [28,29]. In PS2 family members, the B-hairpin
forms a hydrophobic core with the inner surface of the 3-sheet. This surface is covered
with hydrophilic residues that surround the nucleus and are stabilized by hydrogen bonds.
The arrangement of hydrophobic and hydrophilic residues is a critical factor involved in
folding the protein [9]. In addition, three of the five strands of the B-sheet rearrange with
the S1 strand to form an our-stranded (B-sheet near the border of domain |, associated
with the helices of domain | through hydrophobic interactions [28]. Site-directed
mutagenesis was performed in the amphipathic B-strand of an epsilon toxin [9]. These
mutations altered the characteristics of the channel formed in the lipid bilayer, suggesting
that domain Il is involved in the insertion and formation of lytic pores [9].

Domain Il is also involved in pore formation and has a loop that crosses the
membrane [30]. It plays a vital role in the interaction between the individual monomers in

the oligomer. In PS2, the five-stranded _-sheet is rearranged into a three-stranded 3-sheet
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and two anti-parallel strands (S6, S11, S13/S14, S7, and S10) (Figure 1). These two _-
sheets form a B-sandwich, similar to the _-sandwich in domain Il [28]. The B-sheet
structure is quite similar to the structure of the Bt A1470 nontoxic protein, which ends in
two _-sheets: one with three strands and the other one with two (S4, S9, and S12; S5 and
S8) (Figure 1) [29]. In PS2Aa1, some hydrophobic residues within the _-sandwich are
exposed on both sides of the domain, forming small hydrophobic surface patches along
the B-strands. A pair of anti-parallel _-strands (S4-S8 and S9-S11) (Figure 2) returns to
the distal end of the domain, forming two loops [28]. The C-terminal residue is next to that
pair of loops, pointing to its outer terminus. This residue is removed during proteolytic
digestion, being a part of the hydrophobic nucleus inside the f-sandwich exposed to the
solvent, creating a hydrophobic zone in the B strand. These findings demonstrate the

critical role of the C-terminal residue in oligomerization [9].

Figure 12. Action mode of aerolysin-like parasporins (PS2Aa). Figure adapted from [9].
According to this model, the mechanism of action could be as follows: 1. The solubilized
protein binds to the GPl-anchored receptors at the N-terminus. 2. After C-terminal
proteolytic digestion, the activated protein monomers assemble (oligomerization). 3.
Through reorganization, a transmembrane _-barrel is formed.
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Sequence analysis using position-specific iterative (PSI)-BLAST indicated that the
sequences of PS2, PS4, and PS5 are homologous to those of the _-PFT family [23,25,31],
but they show different cytotoxic effects on normal cells [18]. Whereas PS4 did not show
cytotoxic activity for any of the normal cell lines investigated [32], PS5 showed moderate
cytotoxicity against the normal cell lines MRC-5 and UtSMC [18]. The high-molecular-
weight PSs (Figure 1A) are more closely related to the insecticidal Cry proteins than the
lower-molecular-weight PSs (Figure 1B). The bulk of the experimental data published to
date related to high-molecular-weight PSs, and data from the determination of Bt have
been a powerful tool for elucidating its role as a bio-controller of insect pests and disease
vectors [33]. Therefore, it is imperative to consolidate the current information to
characterize the great importance of the lower-molecular-weight PSs of the aerolysin type

in medicine and biotechnology.

2.4 Effects of Parasporins on Cancer Cells

The mechanism of action of pore-forming proteins (PFPs) is dynamic, with three
main steps: (1) the formation of water solubility, (2) self-assembly, and (3) insertion into
the membrane, which leads to a pore suspected to be highly destructive for membrane
integrity [34]. The points at which these proteins anchor to the membrane probably occur
at specific receptors located in the microdomains rich in cholesterol and sphingolipids
(lipid rafts), since these are requirements for GPIl-anchored proteins, and the glucan
region may be required for the binding and assembly in the membrane (Figure 2, part 1)
[9]. Similarly, it was reported that the cell membrane receptor Beclin-1 could be important
in the binding of three-domain parasporins (Parts 2 and 3, Figure 2) and that the Beclin-1
receptor is present in the mammary epithelium and epithelial carcinoma cells (Figure 2)
[9,34,35]. The rearrangement of the domains typical for the classic protein model of three
poreforming domains does not occur for PS1 [36]. Therefore, its activity is not oriented to
forming pores in the membrane [21,36]. PS1 was proposed to function as an activator of
the apoptotic signaling pathway [14,19,37]. Selective cytotoxicity has been reported for
the HelLa, Sawano, HepG2, HL-60, and MOLT-4 cell lines after PS1’s proteolytic activation



PARASPORAL PROTEINS AS AN APPROACH TO CONTROL DISEASES 67

by trypsin (Table 1) [6,38]. The activity of PS1 mainly involves modulating the influx of
Ca?* levels [6,21,39].

The PS2 mechanism of action likely starts with recognizing and binding to a
receptor located in the cancer cells’ membranes [24], identifying lipid rafts, and anchoring
the protein monomers in the periphery. The oligomers, resistant to sodium dodecyl sulfate
(SDS), are embedded in the membrane, leading to its permeabilization [18,24]. Although
PS2 is considered a selective pore-forming toxin, its primary receptors have not been fully
elucidated [18]. Cells exposed to PS2 show morphological changes, including
inflammation, blisters and lysis, microtubule disassembly, actin filament coiling, and
fragmentation of the mitochondria and endoplasmic reticulum. PS2 resides in the plasma
membrane and has been shown to activate apoptosis through caspases [14], triggering
increased permeability [14,18,31]. These effects are induced by the accumulation of PS2
by large oligomers in the membrane’s lipid rafts [8,18,24,39]. In turn, association of PS2
with GPI is required for cytolytic action. By contrast, membrane cholesterol slightly affects
the efficiency of oligomerization [1]. The activation of PS2 induced by proteinase K [25]
leads to the exposure of specific regions that bind to the receptor [18,25]. PS3 acts as a
pore former in cancer cells, thereby increasing cellular permeability [12,40]. Although PS3
is structurally like the Cry proteins, containing the five conserved blocks that characterize
Cry [7,40], the PS3 and Cry proteins are fundamentally different due to a castor domain
[7,40,41], which is present in many unrelated proteins and is presumed to enhance/induce
carbohydrate-binding capacity [40]. Similar to the above-described PS, the mechanisms
of action of PS3 remain largely unknown. Krishnan et al. suggested that PS3 is most likely
pore forming [16], which leads to an imbalance in ATP, increased cell size, and membrane
damage [40,41]. Its cytotoxic activity was evident in the HL-60 and HepG2 cell lines
[7,40,41], but it did not affect HeLa cells [41]. Studies on PS3, PS4, PS5, and PS6 are
limited compared to those on PS1 and PS2, and many action modes remain
undetermined. PS4 shows homology with both Cry and pore-forming _-type aerolysin. It
has been reported to be cytotoxic to the Caco-2, Sawano, and MOLT cell lines [5,41]. Its
structure mainly comprises _-sheet domains, and its pore forming activity is not dependent
on cholesterol [21,41]. Cells treated with this protein show an increase in size due to an

increase in the cytoplasmic compartment and shrinkage of the nucleus, leading to the
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rupture of the cytoplasmic membrane and cell death [42]. PS5 and PS6 are the most
recently discovered PS proteins. They have three domains, similar to PS1 and PS2, and
presumably have pore-forming activity. They have been reported to show cytotoxic activity
in liver and cervical cancer cell lines. However, there is no further information on their

mechanisms of action [14].

2.5 Perspectives on the Improvement of Bt Parasporins as an Innovative Strategy
for Controlling Cancer Cells

By deciphering structure—function relationships, proteins with improved properties,
e.g., desired thermal activity, selectivity, specificity, or folding, can be designed [43]. For
example, engineered proteins with various substitutions of amino acids are used in
receptor and channel-protein-binding studies [44]. Protein engineering is called the
synthesis of proteins with enhanced functionality in vitro and in vivo due to altered
physical, chemical, or biological properties through genomic and post-genomic strategies.
Genetic improvement is closely linked to complementary computational methods, which
aim to optimize the generation of mutant libraries by simulating the experimental
conditions of directed mutagenesis techniques [45—48]. In addition, other computational
methods are oriented toward predicting protein structures and designing models that allow
the prediction of molecular interactions and pinpoint amino-acid residues or regions at
crucial positions in natural and mutant proteins [43,49].

The computational technique most widely used for studying the possible
interactions of Bt Cry toxins with insect receptors is molecular docking, followed by
molecular dynamics, which has proven to help predict the stability of the interactions and
analyze the molecular mechanisms of action. Florez et al. [50] obtained five Cry11 variants
by DNA shuffing and showed the toxic activity against Aedes aegypti and Culex
quinquefasciatus for three of them. Molecular docking simulations were performed for
these three variants, and the amino acids with possible interactions were identified.
BenFarhat-Touzri et al. [51] cloned and sequenced the Cry1D-133 toxin and determined
its toxicity against S. littoralis larvae. Molecular docking simulations were performed to

explain the enhanced toxicity of this toxin and showed that the number of toxin—receptor
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interactions was higher than that of the interactions exhibited by the Cry1D toxin. The use
of computational techniques based on molecular dynamics has enabled researchers to
study the mechanisms of action of Cry toxins. The study of molecular dynamics has
provided novel insights into the oligomerization of Cry toxins at a molecular level. Sriwimol
et al. simulated the Cry4Ba structure with a three-dimensional reconstructed map for
trimeric protein states. For the first time, they showed the need for membrane-induced
conformational changes in Cry4Ba toxin monomers to allow the molecular assembly of a
pre-pore trimer, which can be inserted into the target membranes to generate a lytic pore
[52].

Other molecular dynamic studies have been applied to investigate the residue
interactions relevant to the toxicity of the Bt Cry toxin family. Pacheco et al. discovered
the importance of salt-bridge formation between a-helix residues from adjacent monomers
for the toxicity and oligomerization of the Cry1Ab and Cry5Ba toxins by molecular
dynamics’ simulations [53]. They showed a critical role for the salt bridge between the
E101 and R99 residues of Cry1Ab [54]. Site-directed mutagenesis experiments confirmed
decreased oligomerization and toxicity potential for Cry1Ab-E101K and Cry1Ab-R99E
mutants.

Interestingly, the R99—-E101 salt bridge is not fully conserved in Cry proteins, with
both or one of the residues being different in Cry5Ba. However, Pacheco et al. showed
that additional salt bridges with similar structural functions could also be formed in these
Cry proteins. In conclusion, the computational analysis highlighted the importance of salt
bridge formation between the a-3 helices of adjacent monomers for inducing/facilitating a
conformational change crucial for Cry toxicity [53].

Genetic Improvement of Cry Protein as a Model to Be Followed for Parasporins Bt
is an excellent candidate for producing both natural and genetically enhanced PS proteins
[55]. Studies on Bt have been in progress for over 100 years since the discovery of Bt in
Japan [56]. During this time, several studies have established associations between the
crystal morphology, protein sequences, and molecular weight, and the specific effects
against its insecticidal targets [57]. Bt continues to be of great scientific interest, and it is
one of the most studied biotechnological alternatives of biological origin on Earth. By

contrast, PS remains a scarcely explored option, as few researchers have awakened their
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curiosity in PS and anticancer pore-forming proteins. Various approaches have been
taken to modify Bt toxins’ binding specificity and affinity, with the ultimate goal of producing
genetically modified toxins that target new pest species and counteract the resistance
developed in the field. The alteration of the binding affinity and specificity of the Bt toxin
can come from domain exchanges, site directed mutagenesis, truncation, and the
generation and subsequent visualization of parasporal proteins in phage libraries
containing mutant toxins [55]. Although there are no reports on the genetic improvement
of PS-like parasporal proteins, here we review the technology applied to other types of Bt
crystal proteins, which can serve as a methodological and scientific basis for obtaining PS
proteins with improved cytotoxic activity against cancer cells. Table 2 presents several
examples of the directed evolution techniques that have been successful for Bt proteins
and might also be used shortly for PS modification and studies.

Table 6. Modifications made to Bt toxins to improve their efficacy.

Tvoe of Increase or
mo dyhr‘)ication Bt toxin Target insect decrease in References
toxicity
Domain exchanges
Domain Ill
Exchange . . . The toxicity
For Domain Il of mCry3Aa Diabrotica virgifera increased 219%. [61]
Cry1Ab.
. The toxicity
Domain Il 11, 1 .
P . increased between
Exchange Cry9Aa Helicoverpa 4.9 and 5.1 times, 62]
For Domains of armigera .
Cry1Ac concerning
' parentals.
Domain Ill g%’/]ﬁgf
Exchange ’ . Increased up to 5.5 [63]
For Domain Il of 83]22 Spodoptera exigua times for Cry1Fa.
Cry1Ca. Cry1Fa
. The toxicity
Domain lll g;{/lgg increased 172 and
Exchange Cry1Ba:  Heliothis virescens 09+ times more for [64]
For Domain Il of CrviDa: Cry1Ca and
Cry1CAc Cry o Cry1Fb,
y respectively.
Domain The toxicity
exchanges of increased up to
Domains Il and Crytla; Leptinotarsa tim;;ZZo?:da‘:é%j o [65]
I, between Cry1Ba decemlineata ’ P
Cry1Ba and
Cry1la and Crvila:
Cry1Ba. rytia,

corresponding.
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Type of Increase or
A Bt toxin Target insect decrease in References
modification A
toxicity
Site-directed mutagenesis
Loop 1, 2 and 3, L The toxicity
domain |l Cry4Ba CUIZ.),; P Lllpel g;sc,igglsex increased up to [66]
substitution. quing 700 times.
The toxicity
Loop 1 and 2 increased up to
domain I Cry19Aa Aedes aegypti 42.000 times, [67]
substitution concerning the
parental.
Substitution in , The toxicity
. Cry2Ab Anopheles gambiae increased up to [68]
the domain Il i
6.75 times.
Loop 1 and 2
domain Il CrviAa Culex piiens Change in insect [69]
substitution and y pip target.
deletions.
The toxicity
Substitution in CrvlAb Spodoptera increaf,ii?eip to 44 [70]
the domain IlI y frugiperda N
correspondingly to
the parental.
Truncated toxins
Truncat!on and The toxicity
selection of increased, showin
mutants, derived Crylla Telchin licus PP 9 [71]
mortality of 50% for
from a phage approach
library P ]
The toxicity
increased up to
Helix a-1 domain Pectinophora 100 and 150 times
| truncation. Cry1A gossypiella for Cry1Ab and [72]
CryAc,
respectively.
The toxicity
Helix a-1 domain CrviA Plutella xylostella; increased = 350 [73]
| truncation. y Ostrinia nubilalis times, against
resistant insects.
C-terminal . . The toxicity
truncation Cry1C Spodoptera exigua mcreased up to 4 [74]
times.
Phage-display library
Selection of
. Increased the
mutant toxins receptor affinit
from a phage- p y
) ) . potential, up to 16,
display library Cry1Aa Bombyx mori ) [75]
. and 50 times more,
based on their .
) contrasting the
potential of arentals
binding. P '
Selection of Increased the
mutant toxins Cry8Ka Anthonomus grandis toxicity up to 3.2 [76]

from a phage-
display library

times, contrasting
the parental.
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Increase or
mc.;rdyiﬁiaot:on Bt toxin Target insect decre_a§e in References
toxicity
based on their
potential of
binding.
Selection of
mutant toxins .
from a phage- ~ The t(;))gmty
display library Nil ol I?c‘{ease etween
based on their CrylAa llaparvata lugens -4 and 8.9 times, [77]
potential of concerning
binding in the parentals.
domain Il.

Domain exchanges between related proteins might have an increased toxicity
towards the target cells. For Cry proteins, several examples are presented in Table 2.
Site-directed mutagenesis at specific Domains or Loops is an efficient technique for
obtaining potent toxins with enhanced toxicity. An example is Cry19A, for which, by
substitutions in Domain Il loops 1 and 2, the toxicity increased up to 42,000 times,
concerning the parental [64].

Other techniques, such as truncated toxins or filtering of promising candidates with
increased receptor affinity through Phage-display libraries, are presented in Table 2.
Genetic improvement of 3D-Cry toxins is reviewed extensively by Susana Vilchez [75].
PSs require extensive structural and functional studies, which will help to unravel their
complex but elegant mechanism of action leading to the cytotoxic effects upon cancer cell
lines. Studies addressing this knowledge gap will help to elucidate the toxic action of PSs
and define the structure—function relationship. Acknowledging its potential as anticancer
molecules, PSs’ site-directed evolution studies might focus as well on analyzing the
cellular permeability and the potency of its toxicity to cells as well as the selectivity.

In the long term, the generation of PS variants might allow new alternatives to
address the threat of cancer to the well-being of humans and the burden on the health
system. The current knowledge highlights the potential role that bacterial proteins might

play in generating novel anticancer molecules [9].
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2.6 Conclusions

The low-molecular-weight PS proteins, such as the pore-forming toxin PS-2Aa1,
induce apoptosis in target cells and have cytotoxic activity against several human cancer
cell lines. Remarkably, low-molecular-weight PS proteins do not show detectable cytotoxic
activity against normal cells in most cases [12]. Therefore, PS proteins have emerged as
a viable, efficient, and natural alternative for combating cancer, one of the types of
diseases with the highest mortality rate in humans. However, limited knowledge on these
toxins at the molecular level, including the mechanism of action and the receptors targeted
on cancer cells, is available. PS2 is a single protein with a proposed action mode based
on its structure. Therefore, there is an urgent need to establish the structural properties
and mechanism of action to scale in in vivo studies and take the next step toward
developing valuable products for human health [75].

In addition, there is a need to identify and evaluate new Bt native strains with
improved cytotoxic activity toward cancer cells and select candidates for further genetic
improvement to obtain toxins with enhanced activity. PS proteins are in the process of
being consolidated as a viable alternative for cancer treatment. Compared to other current
approaches, they hold the potential to produce fewer side effects, improving both the

treatment outcomes and quality of life of cancer patients.
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This chapter is linked to the aims: - - To design engineering strategies for Parasporin
PS2Aa1, combining directed evolution methodologies, site-specific mutagenesis,
structural bioinformatics tools, and the structural and functional knowledge described in
the literature to obtain proteins with different potentials to control cancer cell lines
growing.- To analyze the PS2Aa1-APN receptor interactions using computational
strategies involving molecular docking and dynamics to explore the possible potential of
this membrane receptor to bind to the domain | of this parasporin.- To produce novel

parasporal proteins with enhanced activity against colon cancer cell lines and determine
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the cytotoxic activity of selected mutant proteins of Bacillus thuringiensis based on their

binding affinity to membrane receptors by computational approaches.

In this study, it was begun to investigate how computational tools provide insight
into some regions of the PS2Aa1 domain | that interact with the APN receptor, based on
this information a synthesis of peptides belonging to loops 1 and 2 of this anticancer
protein was performed. This chapter allowed to determine what region can be selected as
the candidate for obtaining new variants of PS2Aa1, based on the results of cytotoxicity
and binding assays. The results of this work were utilized to create PS2Aa1 variants, some

of which are described in Chapter 4.

3.1 Abstract

Parasporin-2Aa1 (PS2Aa1) is a toxic protein of 37 KDa (30 kDa, activated form
produced by proteolysis) that was shown to be cytotoxic against specific human cancer
cells, although its mechanism of action has not been elucidated yet. In order to study the
role of some native peptide fragments of proteins on anticancer activity, here we
investigated the cytotoxic effect of peptide fragments from domain-1 of PS2Aa1 and one
of the loops present in the binding region of the virus spike protein from Alphacoronavirus
(HCoV-229E), the latter according to scientific reports, who showed interaction with the
human APN (h-APN) receptor, evidence corroborated through computational simulations,
and thus being possible active against colon cancer cells. Peptides namely P264-G274,
Loop1-PS2Aa, and Loop2-PS2Aa were synthesized using the Fmoc solid-phase
synthesis and characterized by mass spectrometry (MS). Additionally, one region from
loop 1 of HCoV-229E, Loop1-HCoV-229E, was also synthesized and characterized. The
A4W-GGNS anticancer peptide and 5-fluorouracil (5-FU) were taken as a control in all
experiments. Circular dichroism revealed an a-helix structure for the peptides derived from
PS2Aa1 (P264-G274, Loop1-PS2Aa, and Loop2-PS2Aa) and B-laminar structure for the
peptide derived from Alphacoronavirus spike protein Loop1-HCoV-229E. Peptides
showed a hemolysis percentage of less than 20% at 100 yM concentration. Besides,
peptides exhibited stronger anticancer activity against SW480 and SW620 cells after
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exposure for 48 h. Likewise, these compounds showed significantly lower toxicity against
normal cells CHO-K1. The results suggest that native peptide fragments from Ps2Aa1

may be optimized as a novel potential cancer-therapeutic agent.

3.2 Introduction

In the world, colorectal cancer (CRC) is one of the major causes of death, among
the most common cancers types, CRC is currently ranked fourth, after female breast, lung,
and prostate cancer, with 1.93 million new cases and almost 935,000 deaths in 2020
according to the World Health Organization GLOBOCAN [1], representing about 10% of
cancer cases and deaths. Overall, colorectal cancer ranks third in terms of incidence but
second in terms of mortality. It is predicted that in the year 2035, the number of new cases
of CRC may increase to nearly 2.5 million [2]. The annual prevalence for colon cancer in
Colombia also.

Places it as the third most frequent cancer type, after prostate and breast cancer,
accounting for 8.3% of the total malignant neoplasms and with a mortality rate that locates
it in the fourth place [3]. Surgery, radiotherapy, and chemotherapy are the most common
treatments for colon cancer, which are very invasive and with a large number of side
effects [4-8]. The development of new strategies to combat colon cancer has become
urgent, and anticancer peptides (ACPs) are proposed as promising molecules. Compared
with other small organic molecules and proteins, ACPs have several outstanding
properties, such as small size, high activity, low immunogenicity, good biocompatibility,
diversity of sequences, and multiple modification sites for the functional molecules [9].
Initially, according to their mechanism of action, ACPs were considered membrane-active
peptides (necrosis) regarding their primary activity [10]. However, over the years, it was
clarified that they could also be linked to different processes such as mitochondrial
membrane lytic activity (apoptosis), angiogenesis inhibition, inhibition/activation of
essential proteins, or recruitment of immune cells to attack cancer cells [11,12]. From a
structural point of view, most ACPs have either a-helical or 3-sheet conformation but some
extended structures have also been reported [13]. Concerning cell targets, they can be

classified into two major groups. The first one includes peptides, such as cecropins and
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magainins, which are active against microbial and cancer cells while being harmless to
healthy mammalian cells. The second group contains ACPs, such as human neutrophil
defensins HNP-1 to 3 that act against all three types of cells: microbial, normal, and
cancerous [11,14]. For the design of ACPs, in silico techniques have been useful to save
time and reduce costs in experimental tests by predicting, screening, and designing
peptides with potential anticancer activity [15]. Equipments such as Support Vector
Machines, and methods like molecular docking and molecular dynamics have been used
in the design of ACPs [16], and also in the identification of potential anticancer molecules
that inhibit important targets such as CDK2 [17], CDK5, CDK7, and CDK9 [18]. Similarly,
fragmentation is a strategy to obtain short bioactive peptides from the bioactive proteins
[19], e.g., HPRP-A1 exhibited a broad-spectrum anticancer activity and it is derived from
the N-terminus of the ribosomal protein L1 of Helicobacter pylori [20]. Furthermore, Liu et
al. [21] designed the ABHS3 peptide, derived from the BH3 protein, and the data indicated
that the ABH3 peptide induces cell death through the lytic properties of the peptide that
disrupts cell membrane. Among others, a cyclo [EMTOVNOGQ)] peptide from alpha-
fetoprotein (AFP), a human protein produced during pregnancy, was tested for activity
against cancer cells [22]. An interesting protein with anticancer properties is PS2Aa1, also
classified as Cry46Aa1, which is produced by the Gram-positive bacterium Bacillus
thuringiensis (Bt) during sporulation. This protoxin (37 kDa) is activated by serine
proteases, such as proteinase K and trypsin, producing a highly toxic fragment (30 kDa)
active against cancer cells [23—-27]. Nevertheless, its mechanismof action or the receptors
involved in its interaction with cells is still mostly unknown in detail. PS2Aa1 shares a
remarkable structural similarity with Epsilon (ETX) and B-type aerolysin toxins, which are
recognized as [(-pore-forming toxins (B-PFTs). This similarity suggests a possible
mechanism of pore action for this type of toxins [28]. Another study [24] proposed the
induction of apoptosis as a mechanism of cell death together with the identification of
multiple survival pathways, inhibitions including AKT, XIAP, ERK1/2, and the induction of
the tumor suppressor PAR-4 after treatment with PS2Aa1. Abe et al. [29] proposed that
PS2Aa1 toxins are capable of producing oligomerization, which in turn induce cell death
by their binding to areas rich in membrane lipids, such as lipid rafts. It is important to note

that for many of the Cry insecticidal toxins, protein receptors present in lipid rafts have
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been recognized, such as aminopeptidases including human aminopeptidase (h-APN) or
alkaline ALP phosphatases, proteins anchored to GPI (glucosyl-phosphatidyl-inositol)
[30]; hence, receptor proteins of this type may induce the activity of toxins. Structurally,
PS2Aa1, has three different domains. Domain | is rich in aromatic amino acid residues
with structural diversity; it has an extended conformation of 3 sheets, with hydrophobic
regions in the distal surface of the domain, and it is involved in the processes of insertion
in the membrane and monomer oligomerization. Domain | is attributed to the primary
function of recognizing membrane receptors, such as the GPl and APN anchor proteins
in the glycan region. Domain Il is linked to amphipathic hairpins through 8 chains, which
are essential for pore formation. The domain Ill segment probably contains an
amphipathic elongation consisting of a 3 sheet and a helix and tends to be organized
similarly to aerolysins [23,28,31,32]. Therefore, the main goal of the present study was
the evaluation of the anticancer activity of three native sequences derived fromPS2Aa1
domain-1, P264-G274, Loop1-PS2Aa, and Loop2-PS2Aa against colon cancer cells
SW680 and SW480 using the strategy of fragmentation for the search of new bioactive
compounds. These fragments were chosen based on computational analysis of the
possible regions of interactions in the PS2Aa1 domain-1. Peptides sequences from
themost promising regions were selected as peptides, and molecular docking simulations
were performed with the APN receptor. Additionally, one fragment derived from
Alphacoronavirus, Loop1-HCoV-229E, was selected because it is well-known that
according to its mechanism of action, the virus interacts with the APN receptor [33].
Peptides showed to be bioactive in a dose-dependent concentration. Besides, for the most
active peptide against each evaluated cancer cell line, the cellular adhesion percentage
and fluorescence microscopy were evaluated to propose a possible explanation of the
mechanism involved in the anticolon cancer activity.

The present study constitutes a basis for the development of new analogs peptides
or else conducting site-directed mutations of the PS2 protein to increase its anticancer
potential. Additionally, Loop1-PS2Aa and P264-G274, peptides that exhibited stronger
anticancer activity against SW480 and SW620 respectively and demonstrated high
effectiveness and selectivity, are proposed as possible alternative as therapeutic agents

for the treatment of colon cancer.
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3.3 Materials and Methods

3.3.1 Materials and reagents

5-Fluorouracil (5-FU), fetal bovine serum (FBS) and sulforhodamine B (SFB) were
purchased from Sigma (Sigma Aldrich, U.S.A.). Dulbecco’s modified Eagle’smedium
(DMEM), L-glutamine, and penicillin/streptomycin were purchased from Lonza
(Walkersville, MD, U.S.A.). Trypsin-EDTA was purchased from Invitrogen/Gibco.

3.3.2 Peptide synthesis and characterization

All natives’ sequences fromPS2Aa1 andHCoV-229Ewere synthesized via F-moc
solid-phase peptide synthesis (SPPS) [34] using the tea-bag procedure reported by
Houghten [35]. Peptides were purified by Reverse Phase-High Performance Liquid
Chromatography (RP-HPLC) (Jasco Corporation, Tokyo, Japan) using a Vydac C-18
preparative column using a mixture of (A) H20 with 0.1% (v/v) TFA, and (B) acetonitrile
(ACN) containing 0.1% (v/v) TFA as mobile phase. For the elution of peptides, the gradient
program was: 30 min with 5-70% of B at 1 ml/min and detection at 220 nm. The molar
mass of purified peptides was determined by ESI-MS mass spectrometry (MS) [36,37]
(Supplementary Figures S1-S5). Circular dichroism (CD) of peptides was carried out at
25-C in a 1 mm path length cuvette and spectra were obtained over 190-260 nm in a CD
Spectrometer (J-815 Jasco Corporation, Japan) using a 0.2 mM peptide solution
dissolved in a mixture of 50 mM sodium phosphate buffer, pH 7.4, and 30% (v/v) 2,2,2-
trifluoroethanol (TFE). Each spectrum was obtained as an average of three scans taken
at a rate of 20 (hm/min) with a spectral band of 1 nm. Each experiment was repeated four
times and averages were taken of the resulting data [38].

3.3.3 Hemolytic activity assay

The hemolytic activity of the peptides was determined by measuring the hemolysis

in sheep erythrocytes induced by them, as reported in previous studies [39]. A suspension
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containing the erythrocytes and 0.1% Triton X-100 was used as a positive control. The

percentage of hemolysis was calculated using the following (eqn 1):

_ As — A0
Hemolysis (%) = 1100 — A" 100 (1)

where As is the absorbance of the sample, A100 is the absorbance of erythrocytes
completely lysed in 0.1% Triton X-100, and AO is the absorbance in the complete absence
of hemolysis. All tests were performed independently in triplicate.

3.3.4 Cell and culture conditions

All cell lines (SW480, SW620 andCHO-K1) used in this research were obtained
from the Programa de Nanobiocancer de Colombia Cientifica. Human epithelial colorectal
adenocarcinoma cells from line SW480 and SW620 have grown in 75 cm2 flasks 10ml
andmaintained in 10ml of Dulbecco’sModified EagleMedium(DMEM) containing 10% fetal
bovine serum(FBS), 2mMglutamine, 1%MEMof non-essential amino acids, 10.000U/ml of
penicillin, 10.000 pg/ml of streptomycin and 25 pg/ml of amphotericin B. Cells were
cultured at 37-C in a 5%CO02 atmosphere. CHO-K1, cell line derived from a biopsy of an
ovary of an adult Chinese hamster, was taken as control of normal cells.

3.3.5 Cytotoxicity assay

Assessment of cytotoxicity of tested peptides (P264-G274, Loop1-PS2Aa, Loop2-
PS2Aa, and Loop1-HCoV-229E) and 5-FU in non-cancerous (CHO-K1) cell line and
human colon cancer cells, SW480 and SW620, were performed by the SFB assay [40].
5-FU, an established chemotherapeutic drug, and peptide A4W-GGNS5, a potent
antimicrobial and anticancer peptide derived fromGaegurin 5, were used as positive
control. Briefly, CHO-K1, SW480, and SW620 cells at a density of 2 x 105 cells/well were
seeded into 96-well plates. After 24 h of incubation, the medium was removed, and cells
were exposed to different concentrations of peptides and chemotherapeutic drug (from O
to 150 uM) with the control being replaced with phosphate buffer saline (PBS). After 12
and 48 h of peptides and 5-FU treatment, without removing the medium, 50 pl of TCA
(50%pl/v) were added to each well, and the plates were incubated by 1 h at 4-C. After the
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plates were washed five times with water, they were dryed at room temperature. Then
100 pl of SRB (0.4% p/v) was added to each well and the plates were incubated for 30
min. Later on, the plates were washed five times with (1% v/v) acetic acid and dried at
room temperature, and the colorant SRB was dissolved in 200 pL of buffer Tris 10 mM
(pH 10.5). Finally, after gently mixing, the absorbance of each well was evaluated at 450
nm in a Varioskan™ LUX multimode microplate reader (Thermo Fisher Scientific,
Waltham, MA, U.S.A.). Experiments were done in triplicate and results are presented as
the percentage of inhibition of non-treated CHO-K1 or SW480 and SW620 cells. Data
represent the mean and standard deviation of three independent experiments (n=3). The
concentration at which the chemotherapeutic agent and the peptides effectively reduced
cell viability by 50% (ECS50) for each cell line, was calculated in GraphPad Prism 4.03
software (GraphPad Software, Inc., La Jolla, CA, U.S.A.) using non-linear regression.

3.3.6 In vitro binding assay

SW480 and SW620 cells at a density of 2 x 105 cells/well were seeded into 24-
well plates. After 24 h of incubation, cell binding was examined by inoculating the
suspension with 750 ul of the rhodamine-labeled peptide at different concentrations (from
0 to 150 uM). After 1 h of incubation at 37-C and 5%CQOZ2 atmosphere, a constant volume
of the supernatant (containing non-adherent peptides) was collected from the well, and
the fluorescence of the supernatant was measured in a Varioskan™ LUX multimode
microplate reader (Thermo Fisher Scientific, Waltham, MA, U.S.A.) (Aex = 546 nm; Aem =
568 nm). The assay was performed using six replicates for each peptide in SW620 and
SW480 cells from the same number of passes. The adherent fraction of the peptide was
measured by interpolation with a calibration curve for each peptide. The test results were
expressed as percent binding, taking into account the relationship between the initial

concentration of the peptide and the concentration of adherent peptide [41].
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3.3.7 Fluorescence microscopy

The assays for determining the localization of the peptides in the SW620 and
SW480 cells were carried out as previously published [42]. In detail, the cells were seeded
into chamber slides (2x10° cells/well) for 24 h, washed twice with PBS, and then incubated
in the absence and presence of the most active rhodamine-labeled peptides for each of
cell line, at a concentration twice the EC50 for 1 h at 37-C in the dark. After that, the
monolayers were washed three times with PBS (1 mM, pH 7.2) to remove the excess
peptide, and the cells were fixed with a 4% (v/v) solution of p-formaldehyde in PBS for 30
min. The cell monolayers were washed with PBS and the core was stained with 1 mg/ml
of Hoechst for 2 min at room temperature. The monolayers were analyzed in a Nikon
Eclipse TE2000-E fluorescence microscopy.

3.3.8 Annexin V-Cy3 staining

The presence of phosphatidylserine at the cell surface was detected by
phosphatidylserine binding protein annexin V conjugated with Cy3 using the commercially
available Annexin V-Cy3 apoptosis detection kit (APOAC, Apoptosis Detection Kit,
Sigma). The cells (2.0 x 10° ml-1) were seeded into chamber slides for 24 h, washed
twice with PBS, and then incubated in the absence and presence of the most active
peptides with the respective EC50 concentrations of the most active peptides for each of
cell line (SW480 and SW620) for 24 and 48 h. The PBS and binding buffer were used to
wash the adherent cells and the washed cell adherents were suspended in 50 ul of Ann-
Cy3 and 6-CFDA. Then, the plates were incubated for 10 min in the dark. Afterwards, the
excess label was removed by washing the cells with binding buffer. EVOS M7000 digital
inverted fluorescence microscope (Thermo Fisher Scientific; Waltham, MA, U.S.A.) was
used to observe Ann-Cy3 and 6-CFDA-labeled cells. This assay allowed one to
differentiate live cells (green), necrotic cells (red), and apoptotic cells (red nuclei and green
cytoplasm). The percentage of cells reflecting apoptotic and necrotic cells was manually
calculated. Data were collected for three replicates and used to calculate the respective

means and standard deviations [24].
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3.3.9 Caspase 3-7 assay

To measure the specific activity of caspase 3 and 7, an assay kit named
CellEvent™ Caspase-3/7 Green Detection Reagent (Invitrogen™) was used. This assay
provides a proluminescent caspase-3/7 substrate containing a sequence (DEVD) specific
to caspase 3 and 7. If caspases 3 and/or 7 are active, the substrate is cleaved and
aminoluciferin will be emitted. Briefly, chamber slides were seeded with 50 ul of cancer
cells (for SW480 and SW620, 20000 cells/well) resuspended in the culture medium. Plates
were incubated at 37°C, 5% CO2 for 24 h. Cells were loaded with 7.5 yM CellEvent™
Caspase-3/7 Green Detection Reagent then treated at EC50 concentration ofmore active
peptide for each cell and incubated for another 4 h. After that, the monolayers were
washed three times with PBS (1 mM, pH 7.2) to remove the excess peptide, and the cells
were fixed with a 4% (v/v) solution of p-formaldehyde in PBS for 30 min. About 10 pL of
Entellant were added each sample and mounted with a glass coverslip. The monolayers
were analysed in a Nikon Eclipse TE2000-E fluorescence microscopy [43].

3.3.10 LDH assay

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in many different cell
types that is released into the cell culture medium upon damage to the plasma membrane.
The CyQUANT LDH Cytotoxicity Assay was used to accurately and quantitatively
measure this extracellular LDH. For this test 10.000 cells/100 pul (the optimal number) were
plate in triplicate wells in a 96-well tissue culture plate with additional wells for controls
(Spontaneous LDH Activity and Maximum LDH Activity). Cells were incubated overnight
at 37°C with the appropriate level of CO.. After overnight incubation, samples were
prepared according to the following: was added 10 pl of sterile, ultrapure water to one set
of triplicate wells of cells, was added nothing to one set of triplicate wells of cells and was
added 10 pl of the peptides to one set of triplicate wells of cells. To the set of triplicate
wells serving as the Maximum LDH Activity Controls, was added 10 ul of 10x Lysis Buffer,
then mix by gentle tapping. The plate was incubated at 37-Cwith the appropriate level of

CO2 for 45 min. Then, 50 pl of the supernatant were transferred of each sample
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(Spontaneous LDH Activity, Maximum LDH Activity, and Chemical-treated LDH activity)
to a 96-well flat-bottom plate in triplicate wells. Aliquot of 50 ul of reaction mixture was
placed to each sample well, then mixed well. The plate was incubated at room
temperature for 30 min protected from light. About 50 ul of Stop Solution was added to
each sample, then the absorbance at 490 and 680 nm was measured [44].

3.3.11 Molecular docking of peptides and APN receptor

The 3D structure of the peptides was predicted using the software PEP-FOLD 3.5
[45], and the 3D structure of the APN receptor was obtained from the Protein Data Bank
[46] (PDB ID: 6ATK), keeping only the A chain. For the two peptides that produced the
best experimental results, two rounds of molecular docking simulations were performed
to predict their binding with the APN receptor by using the software tool Rosetta (version
3.12) [47]. In the first round, 500 models were obtained by using a global simulation, i.e.,
the peptide could move around the APN receptor. For this round, the flags used in Rosetta
were set as follows: -nstruct 500, -dock pert 3 3, -spin, -randomize1, -randomize2, -ex1
and -ex2aro. Later on, the number of possible hydrogen bonds between the peptide and
the APN was obtained for each of the 500 models, and the most frequent residues
involved in hydrogen bond interactions were identified. Additionally, for each peptide, the
model with the highest number of hydrogen bonds, and the peptide located near to the
most frequent residues, were selected to be used in the refinement step by using the
FlexPepDock protocol of Rosetta with the following flags: -nstruct 100, -
flexPepDocking:flexpep score only, -flexPepDocking:pep refine, and the Rosetta
FlexPepDock web server [48] (version 3.2) was also used with the number of low and
high-resolution structures equal to 100. Finally, the resulting models were analyzed in

terms of hydrogen bonds with the APN receptor.

3.3.12 Statistical analysis

All experiments were repeated at least three times. Results were expressed as

mean values+- standard error (mean+- SE). Significant differences between the
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treatments and their respective controls were determined based on one-way ANOVA

followed by Tukey’s test. A level of P<0.05 was considered to be significant.

3.4 Results

3.4.1 Design and characterization of the peptides

Based on previous journal publications [49] and results obtained by a
computational analysis in our research group, it was possible to identify some probable
regions of PS2Aa1 that can interact with the h-APN receptor. Based on these
considerations, the PS2Aa1 was fragmented, and three peptides, namely P264-G274,
Loop1-PS2Aa and Loop2-PS2Aa, were derived from this toxin, and their synthetic forms
were synthesized by Fmoc methodology. Additionally, one region from loop 1 of HCoV-
229E, Loop1-HCoV-229E, was synthesized to use as a control, since it has been shown
that the HCoV-229E acts through its interaction with the h-APN receptor [33]. Here, the
biological activity of peptides derived from different loops in the PS2Aa1 and HCoV-229E
was evaluated against colon cancer cells. Peptides presented different physicochemical
properties, as shown in Table 1. The net positive charge of peptides varies from+1 to +3.
According to Heliquest [50], P264-G274 peptide has 63.64% of polar residues and
36.36% of non-polar residues, a hydrophobicity (H) value of 0.19, and a hydrophobic

moment (uH).

Table 7. Peptides sequence, molecular characterization and physicochemical properties
(net positive charge) (https://www.bachem.com/service-support/peptide-calculator/), H
(hydrophobicity), uH (hydrophobic moment).

. Number of Molecular weight (Da)

Peptide Sequence residues z Theoretical Observed uH
P264-G274 PARDVLNTTSG-NH:2 11 +1 1129.29 1130.23 0.19 0.38
Loop1-PS2Aa NNETYFNAVKP-NH:2 11 +1 1295.47 1295.49 0.17 0.23
Loop2-PS2Aa TYFNAVKPPITA-NH: 12 +2 1320.61 1320.63 0.56 0.34
"00"212';500\/' FKPQSGGGKCF-NH; 11 +3  1154.41 1154.44  0.33 0.35

A4W-GGN5 FLGWLFKVASK-NH: 11 +3 1294.67 1294.68 0.80 0.50




PARASPORAL PROTEINS AS AN APPROACH TO CONTROL DISEASES 93

Figure 13. Secondary structure of peptides. A) theoretical in silico secondary structure of
P264-G274, Loop1-PS2Aa, Loop2-PS2Aa, and Loop1-HCoV-229E. B) circular dichroism
spectra of the peptides in TFE (30% p/V). CD was recorded after four accumulations at
20 °C, using a 1Tmm path length quartz cell, between 190 and 250 nm at 100 nm min-1,
with a bandwidth of 0.5 nm. Peptide concentration: 1 mg/mL.
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value of 0.30; besides, itis an uncharged peptide. Loop1-PS2Aa and Loop2-PS2Aa
peptides presented H values of 0.17 and 0.56, respectively. yH values of Loop1-PS2Aa
and Loop2-PS2Aa peptides were 0.23 and 0.34, respectively. Loop1-PS2Aa peptide
presented a net positive charge of +1, while Loop2-PS2Aa peptide presented a net
positive charge of +2. Loop1-HCoV-229E, a unique peptide derived from HCoV-229E
spike protein, presented an H value of 0.33 and a pH value of 0.35. Additionally, this was
the peptide with the highest net positive charge (+2) along with the control peptide A4W -
GGNS. Peptides were characterized by MS, and all the peptides presented the same
theoretical and experimental mass (m/z), as shown in Table 1.

On the other hand, the theoretical in silico secondary structures of the peptides
obtained with the software PEP-FOLD 3.5 [45] were compared with the CD spectra. All
the peptides exhibited a theoretical a-helix secondary structure (see Figure 1), except for
the Loop1-HCoV-229E peptide that exhibited a theoretical B-lamellar secondary structure.
The secondary structure of the peptides was also confirmed by the determination of their
CD spectra. Figure 1 shows the CD spectra of all the synthesized compounds, in which
all PS2Aa1 derivatives exhibited a maximum absorption band at 190 nm and two minimum
absorption bands between 205 and 220nm (see Figure 1A,B). On the other hand, the CD
spectra for alphacoronavirus-derived peptides exhibited a secondary structure of B-
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sheets, with a maximum absorption band at 195 nm and a minimum absorption band at
216 nm.

3.4.2 Anticancer and hemolytic activities

The anti-proliferative response of the peptides and the chemotherapeutic drug (5-
FU) on SW480 and SW620 were examined using the SRB assay. The anticancer activities
P264-G274, Loop1-PS2Aa, Loop2-PS2Aa, and Loop1-HCoV-229E peptides against two
different cancer colon cell lines are shown in Table 2. For all cell lines tested, Loop1-
PS2Aa exhibited a stronger anticancer activity against SW480 after exposure for 48 h,
whereas the most active peptide against SW620 was P264-G274 at the same exposure

time.

Table 8. ECso and HCso values of the anticancer and hemolytic activity of the peptides.

. ECso |.IM %HCs0
Peptide SW480 Sz CHO-K1  at 150 (uM)
P264-G274 90.98+0.75 11.08£0.52 122
Loop1-PS2Aa 23.76+1.25 106.2£1.67 18.1
Loop2-PS2Aa 92.99+0.98 15.95:0.69 9.4
Loop1-HCoV-229E 125.0£1.32 >150.0 9.2
A4W-GGN5 98.63:1.17 22.07+1.63 23.0
5-FU 24.38%0.82 11.92£1.20 R —
--- Undetermined

The results show dose-dependent inhibition of cell growth at 48 h, as illustrated in
Figure 2A—C. The ability of all peptides to inhibit the growth of SW480 and SW620 cells
is significant from the concentration of 4 yMon. Within all cell lines tested, Loop1-PS2Aa
exhibited stronger anticancer activity against SW480 after exposure for 48 h, whereas the
most active peptide against SW620 was P264-G274 at the same time of exposure. At 48
h of exposure, the peptides did not exhibit significant inhibition of normal CHO-K1 cells
(Figure 2C). Furthermore, the peptides were more active against SW620 cells than
against SW480 cells. 5-FU exhibited significant inhibition of the growth from 48 h of
treatment in both cell lines.

The percentages of viability SW480 cells at the highest peptides concentration (150
MM) were as follows: Loop1-PS2Aa peptide 16%; Loop2-PS2Aa peptide 39.5%; peptide
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P264-G274 41.6%; Loop1-HCoV-229E peptide 56.2%. In this case, the Loop1-PS2Aa
peptide was more active than the positive controls 5-FU (18.9% viability) and A4W-GGNS
(41.8% viability) (Figure 2A). In the case of SW620 cells, the percentages of cell viability
at the same peptide concentration were: P264-G274 16.5%; Loop2-PS2Aa peptide
24.1%; Loop1-PS2Aa peptide 46.8%; Loop1-HCoV-229E peptide 55.2%. 5-FU exhibited
strong activity on SW480 cells with a viability percentage of 2.8%, while the value for the
A4W-GGNS peptide was of 32.2% (Figure 2B). The anticancer activities of P264-G274,
Loop1-PS2Aa, Loop2-PS2Aa, and Loop1-HCoV-229E peptides against two different
colon cancer cell lines are shown in Table 2. The peptides presented anticancer activity
with EC50 values ranging from 11.28 ym to more than 150 uM. Loop1-PS2Aa peptide
showed higher activity (EC50 23.76 uM) than 5-FU (EC50 24.38 uM)- against SW480,
while the EC50 values of P264-G274, Loop2-PS2Aa, Loop1-HCoV-229E, and A4W-
GGNS peptides were 90.98 uM, 92.99 uM, 125.0 yM, and 98.63 pM, respectively.
Moreover, the peptide P264-G274 showed the highest EC50 value of 11.28 pM, followed
by 5-FU (11.92 uM), Loop2-PS2Aa (15.95 uM), A4W-GGN5 (22.07 uM) Loop1-PS2Aa
(106.2 yM) and Loop1-HCoV-229E peptides (>150.0 uM).

The peptides were more active against the SW620 cells than against SW480 cells
after 48h of exposure. The degree of hemolysis of the peptides derived fromPS2Aa1 was
determined on human erythrocytes. The results presented in Figure 3 and Table 2 show
that all evaluated peptides exhibited an HC50 value of less than 150 pM, with a
percentage of hemolysis less 24% lower than the positive control (TX-100 0.1%). These
results indicate that all compounds evaluated may be promising candidates as anticancer
agents, without producing a negative effect on red blood cells.

3.4.3 In vitro binding assay

In vitro cell binding of the most active peptides was evaluated at an 1 h incubation
period with the compounds labeled with rhodamine fluorochrome. The concentration of
the attached peptide was calculated indirectly by quantifying the fluorescence of each of
the supernatants of the peptides at different concentrations and by performing the
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calibration curve of each of the most active peptides against the SW480 cell lines and
SW620.

The results show that at low peptide concentrations, the percentages of cell binding
are high, but as the concentration increases, they decrease probably when approaching
the saturation level of the molecules in contact with the cell membrane (Figure 4). In Figure
4, the Loop1-Ps2Aa peptide, the most active against the SW480 cell line, showed that at
its highest concentration (150 yM) 19.3% of it has bound (37.4 yM). In contrast, at low
concentrations, 4 , 8, and 16 uM, the percentages of binding were 100%, 95.3%, and
63.5%, respectively. On the other hand, the P264-G274 peptide presented a very low
level of cell binding at all the concentrations evaluated with SW620 cells. At 4 yM
concentration, only 35.3% of the cells binding, while at the highest peptide concentration
(150 pM) only 4%had adhered or penetrated the cell. These results showa greater
difficulty of adhesion or entry of the P264-G274 peptide on the SW620 cells when
compared with the binding of the Loops1-PS2Aa peptide to the SW480 cells. The number
of residues with which the peptide chain of P264-G274 can interact with the receptors
present in SW620 cells may be less.
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Figure 14. Effect of peptides (P264-G274, Loop1-PS2Aa, Loop2-PS2Aa, Loop1-HCoV-
229E, and A4W-GGNS5) and the chemotherapeutic drug (5-FU), on the viability of -
cancerous and non-cancerous cells measured by the SRB assay. A4W-GGNS and 5-FU
were used as a positive control. (A-C) SW480, SW620, and CHO-K1 cells were incubated
with peptides in the concentration range of 0-150 uM for 48 h. Dosages that caused a
statically significant decrease in cell growth compared to the untreated control at each
time point were indicated by asterisks (*p< 0.05; one-way ANOVA followed by Tukey’s

test).
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Figure 15. Hemolytic activity of peptides (P264-G274, Loop1-PS2Aa, Loop2-PS2Aa,
Loop1-HCoV-229E, and A4W-GGNS. Hemolytic activity of peptides against human red
blood cells at different peptide concentrations (4-100 pM), in Hank’s glucose at 37°C for
4h of exposure. Experiments were performed in three independent replicates. Dosages
that caused a statically significant decrease in cell growth compared to the untreated

control at each time point were indicated by asterisks (*p< 0.05; one-way ANOVA followed
by Tukey’s test).
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3.4.4 Fluorescence morphological evaluation

The Hoechst double staining of SW480 and SW620 cells is represented in Figure
5. Under fluorescence microscopy, more uniformly blue live cells with normal morphology
were observed in the control of untreated cells than in the peptides treated cells. The
colocalization of the peptide Rho-Loop1-PS2Aa at 47.5 uM resulted in the entering of
compounds into the nucleus of SW480 cells, while the peptide Rho-P24-G274 was located
in cytoplasmic regions, without affecting the nucleus. These results were observed after
1 h of exposure. These findings suggest that Rho-Loop1-PS2Aa and Rho-P24-G274 can

be able to interact with nuclear and cytoplasmic proteins on SW480 and SW620 colon
cancer cells.
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3.4.5 Annexin V-CY3 staining

The early apoptotic cells are differentiated using the combination of annexin V-Cy3
(red emission) and 6-CFDA (green emission). In the case of early apoptosis, both annexin
V-Cy3 and 6-CFDA are positive (green and red emission), whereas in necrosis only
annexin V-Cy3 is positive (only red emission) and in viable cells, only 6-CFDA is positive
(only green emission). The results are given in Figure 6. When the cells were treated with
most active peptides for each of the cell lines, Loop1-PS2Aa and P264-G274, both
annexin V-Cy3 and 6-CFDA are positive which clearly indicates the early stage of

apoptosis. Same results were observed with the control of chemotherapeutic drug 5-FU.
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Figure 16. In vitro cell binding of the most active peptides (A) Cell binding of Loop1-PS2Aa
peptide on the cancerous cell line SW480. (B) Cell binding of P264-G274 peptide on the
cancerous cell line SW620. Experiments were performed in three independent replicates.
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Figure 17. SW480 and SW620 colon cancer cells were stained by Hoechst and observed
under fluorescence microscopy (20X). Cell morphology was observed under fluorescence
microscopy, the bar represent 100um.

Control Rho-Loopl-PS2Aa
Control Rho-P264-G274

SW620

Table 9. Top 10 of the APN residues that were found to interact with peptide P264-G274
through hydrogen bonds.

Number of hydrogen Number of hydrogen bonds

Residue bonds in 500 models Residue in 100 refined models
Argt% 15 Asp’#® 126
GIn®%8 12 GIn®®1 38
GIn®12 11 Arg?90 31
Asp’#® 10 Glus®® 20
Glu'” 9 Arg®58 3
Glu%# 7 Glu®es 3
Glu®® 7 His® 3
GIn®%¥ 7 His"%2 2
GIn%?2 7 Serds! 1
Glu™* 7 Asn?36 1
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3.4.6 Caspase and LDH mechanism

Recent data suggest that caspase-3 and caspase-7must have distinct functions.
Caspase-3 can inhibit ROS production and is the effector caspase necessary for efficient
cell killing. In contrast, caspase-7 has no significant role in sensitivity to intrinsic cell death,
but it is responsible for ROS production and cell detachment. The action mechanism of
Peptides Loop1-PS2Aa and P264-G274 against SW480 and SW620, respectively, is
mediated by intrinsic apoptosis (green cells Figure 7A,B). Likewise, for the effect of the
peptides over SW480 and SW620 in the extracellular medium no LDH enzyme was
detected (Figure 7C).
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Figure 18. Photomicrographs of control and Annexin V-Cy3/6-CFDA stained SW480 and
SW620 colon cancer cells treated with the peptides Loop1-PS2Aa and P264-G274,
respectively for 24 h and 48 h. 5-FU was taken as a positive control, the bar represent
100um.
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3.4.7 Molecular docking of peptides and h-APN receptor

The computational results obtained suggest that peptide P264-G274 has a
preference for interacting with amino acid residues such as GIn and Glu when it is free to
move around the h-APN monomer. In the refinement step, where this peptide could only
move in a specific region of the APN, the preferred residues were Asp749, GIn691,
Arg690, and Glu689. Table 3 shows the top 10 residues in the APN with their
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corresponding number of hydrogen bonds found in the 500 models obtained in the global
simulations, and the top 10 of APN residues found in the 100 models predicted in the
refinement step. Moreover, Figure 8 shows the top 10 residues in the 3D structure of the
APN for both rounds of simulation, and Figure 9 shows the interactions of the resulting
complex between the peptide P264-G274 and the APN. Similarly, the peptide Loop1-
PS2Aa peptide shows a preference to interact with residues such as Asp, GIn, and Glu in
global simulations, and a preference for Asn746, Arg658, andAsp423 in the refinement
round. Table 4 shows the top 10 of the APN residues involved in hydrogen bonds with this
peptide in both, global and refinement simulations.

Moreover, Figure 10 shows these top residues highlighted in red color, and Figure
11 shows the interactions of the resulting complex between the peptide Loop1-PS2Aa and
APN. Finally, Table 5 summarizes of the APN and peptides residues involved in the
hydrophobic and hydrogen bond interactions for the best complexes found for P264-G274
and Loop1-PS2Aa peptides.

3.5 Discussion

Current cancer treatment is often accompanied by several detrimental side effects;
for instance, toxic effects of 5-FU, a chemotherapeutic drug that is usually used for
metastatic colon cancer treatment [51]. Besides, the development of drug resistance by
cancer cells has limited the success of chemotherapeutic drugs. Therefore, a safe and
selective anticancer agent with a new mode of action has been evaluated. Parasporin-
2Aa1 (PS2Aa1) was shown to be cytotoxic against specific human cancer cells. In order
to study the role of some native peptide fragments of proteins on anticancer activity, here
we investigated the cytotoxic effect of peptide fragments from domain-1 of PS2Aa1 and
one of the loops present in the binding region of the virus spike protein from
Alphacoronavirus (HCoV-229E). In this respect, P264-G274 (PARDVLNTTSG-NH2) and
Loop1-PS2Aa (NNETYFNAVKP-NH2)- amphipathic cationic ACPs, could be a choice.
The reported results demonstrate that P264-G274 and Loop1-PS2Aa peptides exhibit
time and concentration-dependent manner of growth inhibition of SW620 and SW480

cells, respectively. These may be due to the electrostatic interaction of positive charges
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(from +1 to +3) in the peptides with the negative charge of anionic molecules, such as
phosphatidylserines, and glycosaminoglycans, which make the cancer cell membranes
similar in composition to the bacterial membranes [52]. The initial electrostatic interactions
between the cationic.

Figure 19. Caspase and LDH assay. A) intrinsic apoptosis of Loop1-PS2Aa peptide on
the cancerous cell line SW480 after 4 hours of exposure. B) intrinsic apoptosis of P264-
G274 peptide on the cancerous cell line SW620 after 4 hours of exposure. C) No detection
of LDH enzyme in the extracellular medium after 4 hours of exposure with the peptides
Loop1-PS2Aa peptide on the cancerous cell line SW480 and P264-G274 peptide on the
cancerous cell line SW620. Experiments were performed in three independent replicates.
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Table 10. Top 10 of the APN residues that were found to interact with peptide Loop1-
PS2Aa through hydrogen bonds.

Number of hydrogen Number of hydrogen bonds

Residue bonds in 500 models Residue in 100 refined models
Asp®’® 7 Asn’46 165
GIn®® 7 Arg®s8 162
Glu™® 6 Asp?® 14
Asp'™® 5 Ser®! 6
Arg? 5 GIn®1 4
GIn2% 5 Asn*30 1
GIn%2 5 Pro*?’ 1
GInto8 5 Gly5% 1
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. Number of hydrogen . Number of hydrogen bonds
Residue bonds in 500 models Residue in 100 refined models
His?"° 5 Arg?90 1
Glu'® 5 Asp4? 1

Figure 20. APN residues involved in hydrogen bonds with P264-G274 peptide. This figure
shows the top 10 of the APN residues involved in hydrogen bonds with peptide P264-
G274, in 500 models obtained in global simulations (left) and 100 models obtained in the
refinement round (right).

GLOBAL REFINEMENT

Table 11. Summary of APN and peptides residues involved in molecular interactions in
the best complexes.

Peptide Hydrogen Bonds* m;g:g&?g:slf
Arg3(B) - Asp749(A)
i Asp4(B) - Asn746(A) A: Asn430, Pro744.
P264-G274 Asn7(B) - Asp749(A) B: Thrs.
Asn7(B) - GIn691(A)
A: Asp649, Ser651, Ala652,
Asn(B) — Asn746(A) Pro654, Val655, Asp749.
Loop1-PS2Aa Asn7(B) - Arg658(A) B: Thr4, Ala8, Lys10
Tyr5(B) - GIn691(A) B Sierinddng

*A= APN, B=Peptide.

peptide with the negatively charged cancer cell membranes are important to
destabilize the membrane [53]. Subsequently, peptides may rapidly penetrate the cancer
cells with a hydrophobic property (36.36% of nonpolar residues in P264-G274 and 45.45%
in Loop1-PS2Aa peptides). The other peptides, like Loop2-PS2Aa and Loop1-HCoV-
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229E, were not significantly inhibited despite having a higher net positive charge than the
more active peptides (Table 1).

So also, the presence of some residues such as Trp becomes essential in the
sequence. Therefore, our results suggest that a combination of P264-G274 and Loop1-
PS2Aa peptides with 5-FU can exert a synergistic effect and enhance the efficacy of
therapeutics. Peptides structure plays a central role in their activity. It is commonly
accepted that most ACPs do not fold in a well-defined structure when free in solution but
adopt a-helix or B-sheet structure when electrostatic interactions with membranes occur
[53]. Differences in terms of structure were the first method for the classification of ACPs.
Examples of some AMPs, lately defined as a-ACPs, are cecropin, magainin, melittin, and
buforin II, with lactoferricin B, HNP-1/3, and games in being classified as -ACPs W [54].
More recently, it was noticed that, independently of the secondary structure that the
peptide adopts, a classification considering the mechanisms of action.

Figure 21. Interactions in the resulting complex between P264-G274 peptide and the
APN. a) Complex between the P264-G274 peptide and APN, b) Hydrogen bonds and
hydrophobic interactions found in the complex.
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in the target cancer cells was more suitable [54]. Initially, ACPs were related to
necrosis processes as their primary activity. However, over the years, it was clarified that
they could also target different processes, such as mitochondrial membrane lytic activity
(apoptosis), targeting essential cell proteins, inhibiting angiogenesis or recruiting immune
cells to attack cancer cells and non-membrane activities [54]. These ACPs have high
selectivity toward cancer cell membranes and develop low resistance compared to
conventional chemotherapeutic drugs. From a structural point of view, P264-G274 (EC50
= 11.28 against SW620) and Loop1-PS2Aa (EC50 = 23.76 against SW480) peptides with
the alpha-helix secondary structure were found to be more active compared with the
peptide derived from alpha-coronavirus Loop1-HCoV-229E (EC50 = 125.0 yM and higher
than 150.0 yM against SW480 and SW620, respectively). Furthermore, these compounds
presented a lower EC50 value compared with the 5-FU positive control and the A4W-
GGNS5 peptide for each of the cell lines where they were most active (Table 2).

Figure 22. APN residues involved in hydrogen bonds with Loop1-PS2Aa peptide. This
figure shows the top 10 of APN residues involved in hydrogen bonds with peptide P264-
G274, in 500 models obtained in global simulations (left) and 100 models obtained in the
refinement round (right).
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The present study is the first one carrying out the fragmentation of the toxic protein
PS2Aa to understand the role of some regions of domain I, knowing in advance that the
protein has exhibited high anticancer activity [17]. This domain is composed of four short
alpha-helices and beta antiparallel sheets, which is also characterized by being rich in
exposed aromatic amino acid residues (Phe, Trp, and Tyr), suggesting a possible site of
binding of PS2 to susceptible cancer cells. Recently, the role of GPl-anchored proteins in
the mechanism of action of PS2 toxins has been studied. In the CHO (Chinese hamster
ovary) cell lines, it was observed that the glucan present in the GPI proteins induces
oligomerization processes in the PS2 toxins but has a co-receptor function in the toxic
action because it is also present in resistant cells to PS2Aa1 peptide [55]. Therefore, the
APN is another very interesting receptor to investigate. The h-APN receptor has been
shown to have a high affinity to HCoV-229E. The HCoV-229E receptor-binding domain
(RBD) binds at a site on h-APN called H-site. The HCoV-229E RBD binds to h-APN in its
closed conformation, and structural comparison shows that the H-site does not differ
between the open and closed conformations. It was also studied that there are three
extended loops responsible for the binding of the receptor and the evolution of HCoV-229,
and their close relatives are accompanied by changing loop-receptor interactions. Within
loop 1, residues Cys317 and Cys320 form a disulfide bond that makes a stacking
interaction with the side chains of residues Tyr289 and Glu291 in hAPN The most
prominent of the remaining RBD—-hAPN interactions are the salt bridge between residue
Arg359 in loop 2 and residue Asp315 in hAPN and the interactions between residues
Trp404 and Ser407 in loop 3 with residues Asp315 and Lys292 in hAPN; the importance
of Trp404 in loop 3 as evidenced by the fact that mutating it also ablated binding [56].

The entry of the most active peptides into the cell may be mediated by interaction
with receptors such as hAPN. Figure 5 shows that the colocalization of the peptide Loop1-
PS2Aa peptide at 47.5 uM was in the nucleus of SW480 cells after 1 h of exposure, while
the peptide P24-G274 was located in cytoplasmic regions in the same time of exposure,
without affecting the nucleus. Likewise, results obtained at higher levels of cell adhesion
demonstrated that the Loop1-PS2Aa peptide enters SW480 cells much faster than P24-
G274 peptide in SW620 cells. Slater et al. [57] compared in an in vitro model of cancer

progression, the SW480 and SW620 paired cell lines derived from a colon
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adenocarcinoma and its lymph node metastasis, respectively. Their chemosensitivity and
the cancer stem cell (CSC) properties were investigated. The mentioned study determined
that the SW480 and SW620 cells exhibited similar

Figure 23. Interactions in the resulting complex between Loop1-PS2Aa peptide and the

APN. a) Complex between the Loop1-PS2Aa peptide and APN, b) Hydrogen bonds and
hydrophobic interactions found in the complex.
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growth rates, although the SW480 cells were more migratory in wound healing
assays on collagen and fibronectin matrices. SW480 and SW620 cells displayed similar
CSC profiles, although, SW480 cells demonstrated significantly greater tumor sphere
forming efficiency over SW620 cells. Tumor spheres derived from SW480 and SW620
cells also displayed differential sensitivity to 5-FU, oxaliplatin, geldanamycin, and

novobiocin, which was not apparent when cells were grown under adherent conditions.
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These results suggest that although the two cell lines have similar levels of putative CSC
populations, there are differences in their physiology that cannot be explained by these
CSC levels. Finally, according to the molecular docking simulations performed, an
interaction is possible between the best experimental peptides, i.e., P264-G274 and
Loop1-PS2Aa, and the h-APN receptor which is overexpressed in cancer cells. Even
though the number of possible hydrogen bonds revealed the global simulations is low for
the top residues, the situation changes significantly with the refinement models, where
residues withmore than 100 possible hydrogen bonds were found in 100 predicted
models. Our results demonstrate that some regions of the domain | of PS2Aaf,
represented in small peptide fragments of the protein, may be related to anticancer activity
and initial adhesion with receptors. The latter results could be remarkable, in finding the
main cell membrane receptor who interacts with the parasporins in human cancer cells.
This strategy of protein fragmentation can give insights about the mechanism of
action of PS2Aa1 and the role that each of its domains plays in the cytotoxic effect in

different cancer cell lines.
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3.7 Supporting information

Figure S1. Chromatogram and mass spectra of P264-G274 peptide.
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Figure S2. Chromatogram and mass spectra of Loop1-Ps2Aa peptide.
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Figure S3. Chromatogram and mass spectra of Loop2-Ps2Aa peptide.
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Figure S4. Chromatogram and mass spectra of Loop1-HCoV-229E peptide.
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Figure S5. Chromatogram and mass spectra of A4W-GGNS5 peptide

1200000 F—— 3901 (56)_ 05082019 - CH2
A
1000000 7|
=
=
=
g 500000
E
0_ \/\l\—-\._\_;\w\ﬁ/\/‘
———————————————
0,0 20 4,0 6,0 80 100 120 140
Retention Time [min1
B
Peak#:1 R.Time:5.458(Scan#:) MassPeaks:984 BasePeak:444.8(17175589)

Spectrum Mode:Averaged 5.433-5.467(327-329)
BG Mode:Calc Segment 1 - Event 1

30000000 ]
20000000_: ; Theoretical ions: 1296.8 648.9 432.9 325.0 260.2
1 < -
~
1 <
(o)
] o
10000000 ] =
] <
Lt L |
L R B B D DAL I AL L B IR B AL IR B B B I B

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Iz



PARASPORAL PROTEINS AS AN APPROACH TO CONTROL DISEASES 122

4. Site-Directed Mutants of Parasporin PS2Aa1 with Enhanced Cytotoxic Activity

in Colorectal Cancer Cell Lines

Miguel Orlando Suarez-Barrera
Lydia Visser

Efrain Hernando Pinzon-Reyes
Paola Rondon-Villarreal

Juan Sebastian Alarcon-Aldana

Nohora Juliana Rueda-Forero

Molecules
2022, 27, 7262. https://doi.org/10.3390/molecules27217262

Author Contributions: Conceptualization, M.O.S.-B., L.V., E.H.P.-R., P.R.V. and
N.J.R.-F.; Investigation, M.O.S.-B., L.V., EH.P.-R., P.R.V., J.S.A.-A. and N.J.R.-F;
Methodology, M.O.S.-B., L.V., E.H.P.-R., P.R.V. and N.J.R.-F.; Project administration,
N.J.R.-F.; Writing—original draft, M.O.S.-B., L.V., E.H.P.-R., P.R.V., J.S.A.-A. and
N.J.R.-F.; Writing—review and editing, M.O.S.-B., L.V. and N.J.R.-F. All authors have
read and agreed to the published version of the manuscript. Funding: The work has
been funded by MINCIENCIAS, MINEDUCACION, MINCIT, and ICETEX, through the
Program Ecosistema Cientifico Cod. FP44842-211-2018 Project number, 58668.

This chapter is linked to the aims: - To design engineering strategies for Parasporin
PS2Aa1, combining directed evolution methodologies, site-specific mutagenesis,
structural bioinformatics tools, and the structural and functional knowledge described in
the literature to obtain proteins with different potentials to control cancer cell lines
growing.- To analyze the PS2Aa1-APN receptor interactions using computational
strategies involving molecular docking and dynamics to explore the possible potential of
this membrane receptor to bind to the domain | of this parasporin.- To produce novel

parasporal proteins with enhanced activity against colon cancer cell lines and determine
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the cytotoxic activity of selected mutant proteins of Bacillus thuringiensis based on their

binding affinity to membrane receptors by computational approaches.

This work is a continuation of Chapter 3, and it describes a site-directed
mutagenesis strategy for obtaining PS2Aa1 variants with aminoacid substitutions in Loop
1 of Domain |, with the variant 3-35 showing an increased potential in the control of
colorectal cancer cell lines. Furthermore, it was discovered that the residue 256 is crucial
in the interaction of this protein with the receptor APN.

4.1 Abstract

Parasporin 2 has cytotoxic effects against numerous colon cancer cell lines,
making it a viable alternative to traditional treatments. However, its mechanism of action
and receptors remain unknown. In this study, site-directed mutagenesis was used to
obtain PS2Aa1 mutants with variation in domain | at positions 256 and 257. Variants 015,
002, 3-3, 3-35, and 3-45 presented G256A, G256E, G257A, G257V, and G257E
substitutions, respectively. Cytotoxicity tests were performed for the cell viability of cell
lines SW480, SW620, and CaCo-2. Mutants 3-3, 3-35, and 3-45 efficiently killed the cell
lines. It was found that the activated forms of caspase-3 and PARP were in higher
abundance as well as increased production of yH2AX when 3-35 was used to treat CaCo-
2 and SW480. To assess possible membrane-binding receptors involved in the
interaction, an APN receptor blocking assay showed reduced activity of some
parasporins. Hence, we performed molecular docking and molecular dynamics
simulations to analyze the stability of possible interactions and identify the residues that
could be involved in the protein—protein interaction of PS2Aa1 and APN. We found that
residues 256 and 257 facilitate the interaction. Parasporin 3-35 is promising because it
has higher cytotoxicity than PS2Aa1.

Keywords: Anticancer; Parasporin; Site-directed mutagenesis; Apoptosis; APN

receptor
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4.2 Introduction

The use of bacteria and their byproducts, i.e., attenuated or genetically modified,
has begun to increase in recent decades based on their ability to recognize specific
characteristics of cancer cells. They can act directly on mechanisms involved in the
proliferation and growth of tumor cells [1]. Additionally, their use as antitumor agents
represent a promising strategy because of the ease of their genetic manipulation, which
allows biomolecules with improved toxic activity and specificity to be obtained [1-4].
Mizuki et al., in the first report on Parasporin (PS) in 2000 [5], described its potential as
an anticancer molecule, specifically in leukemia. Subsequently, most studies have
focused on the characterization and screening of new proteins identified from Bacillus
thuringiensis (Bt) strains and isolates [6—10]. Akiba and Okumura proposed in 2017 that
the mechanism of action of this protein is in inducing apoptosis [11], but many unknowns
persist up to now, especially regarding the identity of the major PS receptor, with N-
aminopeptidase (APN) and GPIl-anchored proteins having been proposed as candidates
[6,7,12,13]. Parasporin 2Aa1 (PS2Aa1) has shown cytotoxic effects against several
human cancer cells, being highly specific for human liver and colon cancer cells [7-9],
thus representing an additional treatment alternative for colorectal cancer. This protein is
a polypeptide that requires proteases such as proteinase K to switch from a pro-toxin of
37 kDa to its active form of 30 kDa, which is shown to be highly cytotoxic and selective
toward different cancer cell lines [10]. Furthermore, this protein is believed to act
specifically on the membrane of target cells through domain |, which indicates the
presence of a specific PS2Aa1 receptor whose identity is so far unknown [12]. Once
PS2Aa1 is bound to the receptor, through domains Il and Ill, it forms oligomers that
permeabilize the membrane and lead to the formation of pores, which induces structural
cytoskeletal alterations, organelle fragmentation, alterations in cell morphology, and finally
lysis of susceptible cells [8]. Considering this scenario, our research group is studying the
structure—function relationship of Parasporin 2, while exploring its possible use as a
therapeutic alternative. This is how we recently designed and prepared peptides in which
loop 1 of domain | was mutated, and the selection of this site in the design was supported
by in silico modeling with APN. In that study, the Loop1-PS2Aa and P264-G274, peptides
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exhibited stronger anticancer activity than the wild type against SW480 and SW620,
respectively, and demonstrated high effectiveness and selectivity; hence, they were
proposed as possible alternative therapeutic agents for the treatment of colon cancer. In
this sense, we decided to take domain | of PS2Aa1, mutate the residues that presented
differentiated activities in the reported peptides, and consider additional positions for the
modification of these peptides to generate the libraries of PS2Aa1 mutants, which we
describe below [6]. The goal of this work was to obtain a characterized set of PS2Aa1
mutants with modifications in domain | and assess its cytotoxicity in colon cancer cells.
Moreover, we used molecular docking and molecular dynamics simulations to analyze the
possible interactions between PS2Aa1 and APN receptor, which have been proposed as
a possible interacting protein. Additionally, our work contributes to the understanding of
the relation between the structure and function of these proteins and their possibilities of

being used as new treatments in the future.

4.3 Results

4.3.1 Cloning and Obtention of PS2Aa1 Mutants

The gene ps2Aa1 (NCBI accession number AB099515.1) was cloned in the
plasmid pET30a to generate the construct pET-30a/ps2Aa1, which was corroborated by
restriction assays with a band of ~1 Kb for PS2Aa1 and a band of ~5.4 Kb for pET30
(Figure 1). Then, the construct was transformed into E. coli strain DE3BL21 for the
production of plasmid and subsequent site-direct mutagenesis to create four libraries, one

for each primer set.
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Figure 24. Agarose gel showing the construct pET-30a/ps2Aa1 treated with the restriction
enzymes Kpnl and Hindlll; Lane 1: construct pET-30a/ps2Aa1; Lane 2: construct pET-
30a/ps2Aa treated with the restriction enzymes Kpnl and Hindlll; Lane M: molecular
weight marker.
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A low mutation rate was obtained, whereby only 12 of the 71 selected mutants had
mutations in their sequences. Therefore, from the 12 PS2Aa1 mutants, 6 were chosen for
cytotoxicity assays. Mutant 0-2 presented an amino acid change from glycine (G) to
aspartic acid (D) at position 256 of its amino acid chain corresponding to position 1000 of
the nucleotide sequence; mutant 0-6 had an amino acid change from glycine to valine (V)
in the same position; mutant 0-15, like the previous proteins, presented an amino acid
change at position 256 to become alanine (A); therefore, these three mutants were
obtained from the primer set flanking nucleotide position 1000. On the other hand, mutants
3-35 and 3-45 presented amino acid changes in their sequences at position 257 (position
1003 in the nucleotide chain), changing from glycine (G) to valine (V) and glutamic acid
(E), respectively. It is, therefore, assumed that these mutants were obtained from the
primer set targeting position 1003.
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4.3.2 Description of Parasporins Obtained from PS2Aa1 Using Site-Directed

Mutagenesis

From the libraries in E. coli, 103 colonies were sequenced. Mutagenesis was

successful, although not in all the colonies because of the randomness attributed to the
reaction by adding equimolar conditions of adenine, guanine, cytosine, or thymine.
The sequence analysis showed 99.9% identity with parasporin 2 of Bt, determined by
BLASTnN searching of the contigs for each variant, and MatGat, similarity/identity matrices
for DNA [14]. The contigs were translated to their respective amino acid sequence and a
multiple sequence alignment was performed comparing each of these sequences with the
native parasporin reported in the PDB (code: 2ztb). The substitutions obtained at residues
256 and 257 were mostly glycine for alanine (A), aspartic acid (D), valine (V), and glutamic
acid (E), as described in Table 1.

Table 12. Description of parasporins obtained from PS2Aa1 using site-directed
mutagenesis.

ID Type/Site of the Mutant . . .
(Library) prutation Name Amino Acid Sequencing
Wt. PS2Aa1 (PDB 2ZTB) - 251-KRVGPGGHYF-260
02 SUS/256 G256D 251-KRVGPDGHYF-260
015 SUS/256 G256A 251-KRVGPAGHYF-260
3-3 SUS/257 G257A 251-KRVGPGAHYF-260
3-35 SUS/257 G257V 251-KRVGPGVHYF-260
3-45 SUS/257 G257E 251-KRVGPGEHYF-260

4.3.3 Cytocidal Activities of PS2Aa1 Variants in Human Colorectal Cancer Cells

We first compared the native Bt protein 4R2 with the recombinant PS2Aa1 and
found that the activities were comparable in SW480 and SW620, but PS2Aa1 was more
effective than 4R2 in CaCo-2 (Figure S1). Cell line NCM460 was used as a control. In this
normal colorectal cell line, none of the parasporins showed any relevant effect, consistent
with previous reports of specificity of the parasporin to cancer cells (Figure S1). The
variants showed different patterns in the cell lines. In SW480, the protein with the highest
cytotoxic activity was 3-35 with an ICso of 0.32 pyg/mL, more than three times that of
PS2Aa1 (ICso = 1 pg/mL). All of the variants were effective, with 002 having the lowest
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cytotoxicity (ICso = 4.68 pyg/mL). In SW620, 3-35 was also the most cytotoxic (ICso 2.06
pug/mL), while 3.45 was the least (ICso 17.77 pg/mL). Against CaCo-2 cells, the mutant 3-
35 was the most cytotoxic (ICs0 0.96 pg/mL), with similar results observed for 3-3 and
3.45, whereas 0015 and 002 were not effective (Table 2).

Table 13. Cytocidal activities of PS2Aa1 variants in human colorectal cancer cells.
IC50 Parasporin pg-mL™" (95% CI)

Parasporin

SW480 SW620 CaCo-2

0015 2.42 (1.59-4.70) ND ND

002 4.68 (2.57-17.74) ND ND

3-3 2.02 (1.51-2.96) ND 0.98 (0.83-1.16)

3-35 0.32 (0.22-0.43) 2.46 (2.07-3.00) 0.88 (0.81-0.95)

3-45 0.78 (0.65-0.92) ND 0.96 (0.84-1.09)
P2SAa1 1.00 (0.65-1.55) 5.70 (4.10-9.50) 2.57 (1.84-4.15)

4R2 0.62 (0.41-0.86) ND ND

ND: non-detectable.

Comparisons with PS2Aa1 were based on ordinary one-way ANOVA employing
Tukey’s multiple comparison test for SW480 and CaCo-2. All the comparisons were
significantly different (**, ***), except between the activity of PS2Aa1 and the native strain
4R2 in SW480 (Figure 2).

Figure 25. Tukey’s multiple comparison test for (A) SW480 and (B) CaCo-2. The results
for the percentage of cell growth inhibition correspond to 5 ug-mL~" for each parasporin.
PS2Aa1 was used as a control. ** p <0.01, and *** p < 0.001, ns (non-significant)
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4.3.4 Variants of PS2Aa1 Induce Apoptosis in Human Colorectal Cancer Cells

To expand our results, we performed an analysis with annexin V (AV) and
propidium iodide (PIl) to characterize the percentage of cells in apoptosis and death. For
this part of the study, the cell lines SW480 and CaCo-2 and the parasporins 015, 3-35,
and PS2Aa1 were selected, owing to the observation of relevant cytocidal activity.

After the treatment of CaCo-2 and SW480 with 5 uyg/mL of each parasporin, higher
percentages of apoptotic cells, 25% and 37%, respectively, were observed for both cell
lines when treated with parasporin 3-35 followed by PS2Aa1 and, lastly, 015 (Figure
3A,B), which is similar to the cytotoxicity results, where 3-35 also excels. The differences
between PS2Aa1 and 015 were not remarkable, and no differences in dead cells were
detected in all of the treatments, suggesting the late activation of apoptosis in the cell lines
by parasporin 2Aa1 and its variants as an effect of the pore-forming action of these
proteins, which was previously suggested to be the mechanism of action [13,15-17]. HSD
Tukey testing was performed with the results of annexin V-positive cells, showing that
there are significant differences between PS2Aa1.r and 3-35 in the treatment of CaCo-2
(*). For SW480, it was shown that there are differences between PS2Aa1.r and 3-35 (**)
and Ps2Aa1.r and the control (*); p < 0.05 (Figure 3B).

To further investigate the induction of apoptosis, we also measured different
markers using Western blot analysis, such as cleaved caspase-3, cleaved poly (ADP-
ribose) polymerase-1 (PARP), and Histone 2 family member, phosphorylated on serine
139 (y-H2AX). For both CaCo-2 and SW480, activation of caspase-3 and PARP was more
induced by the treatment with parasporin 3-35, with multiple bands obtained for both
proteins. PARP cleavage is more pronounced in SW480 and corresponds with the lowest
ICs0 (0.32 ug-mL™") in the cytotoxicity assay (Table 2). We did not see differences between
the results of caspase-3 and yH2AX in the cell lines. In the case of yH2AX, the band
intensity in the treatment with 3-35 is the highest. The presence of a slightly higher
molecular weight band at 17 kDa indicates the phosphorylated form of this modified
histone involved in the repair of DNA damage (Figure 3C).
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Figure 26. Cytotoxic effects of parasporins to CaCo-2 and SW480. Detection of annexin
V/PI (A), statistical analysis of induction of apoptosis by parasporins (B). Western blot of
PARP, caspase-3 (Casp3), and yH2AX in SW480 and CaCO-2 after treatment with the
indicated parasporins (C). GAPDH was used as a loading control. The amount of toxins
used for each treatment was 5 ug/mL over 48 h. * p < 0.05, ** p < 0.01, ns (non-significant)
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4.3.5 Cytotoxic Activity of PS2Aa1 Variants Is Affected by APN Receptor Inhibition

We next checked for the presence of APN as a possible receptor for PS2Aa1. The
highest level of expression of the APN receptor was obtained in the positive control cell
line HL60, and the protein was not present in negative controls MCF-7 and U2932 (Figure
4A). In the case of colorectal cancer cells, the amount of APN is higher in CaCo-2
compared with SW480. We next blocked APN with an inhibitor and tested the effect of the
different parasporins at 5 ug-mL™". The effect of 3-35 and PS2Aa1 on SW480 and Caco-
2 was diminished to the point of no cytotoxicity at the lowest concentration of APN inhibitor
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(5 uM) (Figure 4B, C), which strongly suggest that the effect of 3-35 and PS2Aa1 is
presumably dependent on binding to APN. To further understand these results, in silico

analysis was performed via docking and molecular dynamics simulations.

Figure 27. (A) Detection of APN receptor in different cell lines HL60, MCF-7, U2932,
CaCo-2, and SW480. Metabolic activity of (B) SW480 and (C) CaCO-2 without parasporin
(NP), parasporin 0015, 3-35, and the recombinant of PS2Aa1 (PS2Aa1.r) at 5 ug-mL™" in
the presence or absence of the APN inhibitor.
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4.3.6 Molecular Docking and Molecular Dynamics Analysis Highlight Residues 256
and 257 of Domain | of PS2Aa1

The predicted models were ranked based on the number of hydrogen bonds in the
interface, with the top 10 shown in Table 3. After visual inspection, model number 560
was selected to perform the molecular dynamics simulations. Figure 5 shows the selected
complex between PS2Aa1 and APN with the relevant residues in the interaction.
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Table 14. Top 10 models according to the number of hydrogen bonds in the interface.

Number of Hydrogen Bonds
Top Model in the Interface
560
3413
105
819
994
2079
3521
1015
1742
708
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Figure 28. Relevant residues for PS2Aa1-APN interaction. Relevant residues for
interacting with the APN receptor are displayed. GLY256, ARG76, ARG266, and SER273.
PS2Aa1 and APN are colored blue and teal, respectively.

The 560-model selected by molecular docking analysis was subjected to molecular
dynamics computational simulations to identify possible residues of wild-type PS2Aa1,
which showed preference in protein—protein interaction (PS2Aa1-APN). As shown in
Table 4, after three molecular dynamics simulation replicates, some of the PS2Aa1
residues were in contact with APN for the longest simulation time and at a smaller average
distance from the center of mass of the PSAa1 residue and the closest APN residues.
Table 4 records the wild-type PS2Aa1 residues, for each of the three simulation replicates,
that were in contact for more than 80% of the simulation time and that also maintained
inter-action distances of less than 5 A. These two conditions suggest in silico that these
residues could be of interest in the PS2Aa1-APN interaction.

Table 15. Residues in contact with APN receptors.

MD Contact Residues (>80%) *
Replicate 1 PRO255, GLY256
Replicate 2 ARG76, PRO238, ILE239, THR240, VAL241, ARG266,
GLY256, GLY257, THR272, SER273, GLY274
Replicate 3 ARG76, PRO238, ILE239, THR240, VAL241, ASP242,

PRO255, GLY256, GLY257, ARG266, ASP267, ASN270,
THR272, SER273, GLY274, THR275
* The residues in contact with APN receptors at 80% frequency are shown for each independent MD.
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Table 5 below presents a review of these residues from their prevalence in the
three replicates, that is, the frequency with which these residues were identified as
preferential for interaction in the molecular dynamic simulations (Table 4). There, GLY256
seems to be the residue of conspicuous importance, as it is the only residue recorded in
all three replicas of molecular dynamics; the importance of this residue could be explained
based on its position, because GLY256 is in a PS2Aa1 loop (Figure 5), a mobile and
flexible part of the protein. Moreover, GLY256 presents stable dynamics (SD 0.21 A), with
an average minimum distance of 4.44 A to APN (Figure 6), and is the closest residue.

Table 16. Prevalence of PS2Aa1 residues among MD replicates.

MD PS2Aa1 Residues
Replicate 3 GLY256
Replicate 2 ARG76*, PRO0O238, ILE239, THR240, VAL241, PRO255,
GLY257, ARG266*, THR272, SER273*, GLY274
Replicate 1 ASP267, ASN270, THR275

* Residues with the highest frequency in the MD replicates.

Figure 29. Residues relevant for the interaction with APN at distances less than 6 A
between the center of mass of the relevant PS2Aa1 residues and the nearest APN
residue. Above, PS2Aa1 and APN are colored blue and teal, respectively.

Residues ARG76, PRO238, ILE239, THR240, VAL241, PRO255, GLY257,
ARG266, THR272, SER273, and GLY274 had high prevalence in two MD replicates
(Table 6), high-lighting the significant prevalence (frequency) of residues ARGT76,
ARG266, and SER273 that were close to the APN receptor. These three residues are
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found within the beta-sheet secondary structure of PS2Aa1 (Figure 5), which could limit
their interacting with APN.

There are also some residues that could have had a modest role in the PS2Aa1-
APN interaction because they appeared in only one MD replicate (ASP267, ASN270, and
THR275) and were the farthest residues from APN. Likewise, the previous group of
residues were located in the beta-sheet secondary structure of PS2Aa1, which reduced
their chance to interact with APN.

Lastly, some high-prevalence residues have an average distance of less than 6 A
(Table 6). These were PR0O255, GLY256, THR272, and SER273, with GLY256 having

the shortest distance and significant relevance in all the simulations (Table 6, Figure 6).

Table 17. Distances of the residues of PS2Aa1 relevant to interacting with APN.

Comparison Mean SD
GLY256 4.44 0.21
THR272 5.53 0.61
SER273 5.58 0.09
PRO255 5.77 0.26
THR240 6.04 0.27
ARG266 6.29 0.70
PRO238 6.30 0.58
GLY274 6.33 0.23
ASP267 6.49 0.44
ARG76 6.58 0.55
GLY257 6.64 0.69
ASN270 7.04 0.79
THR275 7.59 0.45
VAL241 7.64 0.75
ILE239 7.74 0.25

These results also suggest the participation of amino acids PRO255 and GLY256
as part of the loop of domain | of PS2Aa1 in the interactions with the APN receptor (Figure

6), being within the top 4 of the residues with the shortest interaction distance (Table 6).
4.4 Discussion
In this study, genetic modification was used to obtain mutants with substitutions in

residues 256 and 257 of PS2Aa1. These modifications allowed us to build a library of new

parasporins with different activities against colorectal cancer cell lines. Site-directed
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mutagenesis was performed considering the results of Cruz et al. [6], where peptides from
loop 1 of PS2Aa1 had remarkable activity and adherence with SW480. It was established
that the oligonucleotides with the mutations incorporated for site-directed mutagenesis
should be present at the N-terminal end (variable region), specifically in domain | of
PS2Aa1 because, based on previous molecular docking studies, this region is the one
presumably responsible for specific binding to membrane receptors [14]. The search for
conserved domains found that PS2Aa1 shares conserved domains with aerolysin-type
BPFT proteins, which comprises a highly conserved region corresponding to the chain of
the C-terminal end and a highly variable region at the N-terminal end of the protein, which
usually contains recognition signals [11] and corresponds to domain | of the BPFT
proteins. Its high variability means that this family of proteins has various binding receptors
that are highly specific.

For the mutants, we obtained a selectivity index of 18.9 and 17.5 for PS2Aa1
against SW480 and SW620, respectively, and 46.4 and 34.4 for variant 3-35 against
SW480 and SW620, respectively (data not shown). PS2Aa1 is described as an aerolysin
and beta-pore-forming protein type because of their shared homology [15]. Parasporins
and aerolysins are anticancer proteins [16] and the cytogenetic effects of aerolysin
produced by Aeromonas hydrophila on normal and tumor cells have been studied;
however, the latter present a toxic effect upon normal cell lines, unlike parasporins, which
have an undetectable or only slight effect on normal cell lines [7,8] and a greater effect on
several cancer cell lines.

Concerning the ICso, 40.15 ug-mL~" PS2Aa1 and 39.93 ug-mL~" 3-35 were noted
for CHOK-1 and >100 pg-mL~" for both against NCM460 presenting the parasporins and
their variants as potential candidates for cancer treatment in the future. Moreover, in this
study, we decided to analyze the possible interaction between PS2Aa1 and the designed
mutants with the membrane receptor APN. Our results were like those found by
Periyasamy et al. (2016) [7], where the use of an APN inhibitor reduced the cytotoxic
activity of PS2Aa1. We found that the lowest concentration of APN inhibitor led to the loss
of the cytotoxic activity of 3-35 and PS2Aa1 with CaCo-2 and SW480. Although not
conclusive, our results showed that variant 3-35 requires, to some extent, APN receptor

for its cytotoxic activity against Caco-2 and SW480. However, it is interesting to note that
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the mutant 3-35 achieved the highest cytotoxicity with cell line SW480, despite the CaCo-
2 cell line having higher amounts of APN. Hence, it is likely that APN is not the only
receptor directly involved in the mechanism of action of these toxins [6,17]. As previously
mentioned, GPIl-anchored proteins play a crucial role in the interaction with the cell
membrane. These receptors seem to be more relevant in the activity of the PS in cancer
cell lines because cell lines such as MCF-7 lack APN, but PS2Aa1 has strong activity
against this line [18]. It has been suggested that APN could be a receptor in the
mechanism of action of PS2Aa1 because parasporin activity decreased substantially in
HCT116 cells, a colorectal cancer cell line, when treated with an APN inhibitor [7]. In
addition, it is known that PS2Aa1 is related to the Cry proteins, which use APN as a
receptor in the midgut of insects [17,19-23]; in this scenario, APN receptor is important
for parasporin activity. The data indicate that, although there was a decrease in cytotoxic
activity, it was not completely lost, which leads to the assumption that APN is important,
but it is not the only receptor involved. Considering another binding receptor for PS2Aa1,
the GPIl-anchored proteins have also been suggested as relevant to the binding to the cell
membrane. It was determined that the glycan core, which is part of CD59, is essential for
the recognition of the aerolysin-type parasporin [6,7,12].

PS2Aa1 in its native form can induce apoptosis in mammalian cancer cells [24] like
PS produced by B. thuringiensis A1519, which induces the mitochondrial apoptosis
pathway in Jurkat cells via caspase-3 and -9 cleavage followed by the release of
cytochrome C [25]. In this study, we showed through cytotoxicity assays that the mutant
3-35 had a more remarkable effect on cancer cell lines, and the amount of cleaved
caspase-3 and PARP and the production of yH2AX were reported for the first time. We
also presented the effect of this mutant in early and late apoptosis with respect to
recombinant PS2Aa1; these results suggest that the point variation G257V on Loop 1 can
alter the behavior of the protein measured by its differentiated cytotoxicity and apoptosis
induction when compared with the native PS2Aa1.

The molecular docking and dynamics simulations showed that it is likely that a
stable interaction between domain | of PS2Aa1 and APN receptor could take place.
Moreover, the mutation of mutant 3-35 was performed in the region of amino acids

involved in interactions during the molecular dynamics simulations (Figure 7). Residue
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256 was present in all three replicates, with the smallest interaction distance between its
center of mass and the APN contact surface (Figure 7). The experimental results showed
that its mutation reduced the interaction and cytotoxicity, so the G in position 256 seems
relevant for the cytotoxic effects of PS2Aa1. In contrast, the mutation of position 257,
which was involved in two replicates of molecular dynamic simulation, led to an improved
interaction and cytotoxicity, i.e., the change of glycine for valine improved the cytocidal
activity of the designed mutant 3-35 by creating a more nonpolar amino acid, suggesting
that it feasibly conferred more stability on the protein. This mutant outperformed native
Ps2Aa1 and 4R2 in terms of cytotoxicity in all three tested cell lines: SW480, SW620, and
CaCo-2.

Figure 30. PS2Aa1-APN interaction. Relevant residues for interaction with APN are
analyzed in Figure 6. Distances were computed between the center of mass of the
relevant residues of PS2Aa1 and the closest residue from APN.

¥
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Finally, the use of site-directed mutagenesis might helpful to obtain a clearer
understanding of how parasporin 2 works and to shed some light on understanding the
action mechanism while generating proteins with enhanced activity like variant 3-35. This

study reveals interesting features of domain | and highlights the relevance of residues 256
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and 257 in the interaction with possible receptors that might be interacting with PS2Aa1,

such as APN, and membrane-anchored receptors or GPl-anchored proteins [12].

4.5 Materials and Methods

4.5.1 Bacterial Strains and Culture Conditions

E. coli strain DE3BL21 harboring the construct pET30a + PS2Aa1 and Bacillus
thuringiensis (Bt) BMB171 were cultured in Luria Bertani (LB) broth incubated at 37 °C

with constant agitation for 24 h.

4.5.2 Parasporin Site-Directed Mutagenesis

Mutagenesis assays were carried out using the Gene-Art Site-Directed
Mutagenesis Plus kit according to the manufacturer’s instructions and four sets of
designed primers (Table 7). Reaction and amplification conditions were developed
according to the kit specifications.

Each of the mutation reactions was directly transformed into chemically competent
TOP10F and DH5aT1 cells, 70 pL of the transformed cells was then inoculated on plates
with LB + kanamycin agar (25 pg/mL) + X-gal + Isopropyl (3-D-1-thiogalactopyranoside
(IPTG) and incubated for 18 h at 37 °C, and white/blue cell screening was performed.

Table 18. Primers designed for site-directed mutagenesis of PS2Aa1.

Primer Id. Sequence
-Pet100Ps2a_994 FW 5-TTC CCA AAA GAG TAG NGC CAG GTG GGC ATT A-3'
-Pet100Ps2a 994 RV 5-TAATGC CCACCT GGC NCTACTCTTTTG GGA A-3'
-Pet100Ps2a_997 FW 5'-CCA AAA GAG TAG GGC NAG GTG GGC ATT ATT T-3'
-Pet100Ps2a 997 RV 5'-AAA TAATGC CCACCT NGC CCTACT CTTTTG G-3'

-Pet100Ps2a_1000_FW 5-AAA GAG TAG GGC CAG NTG GGC ATT ATTTTT G-3'
-Pet100Ps2a_1000_RV 5'-CAA AAA TAA TGC CCA NCT GGC CCT ACT CTT T-3
-Pet100Ps2a_1003_FW 5-GAG TAG GGC CAG GTG NGC ATT ATT GGT T-3

-Pet100Ps2a_1003 RV 5-AAC CAA AAA TAA TGC NCA CCT GGC CCT ACT C-3'
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4.5.3 Library Verification

The positive clones (blue colonies) were cultured in LB plates with kanamycin (25
pug/mL). A single colony was selected and cultured in 5 mL LB broth at 37 °C overnight
with agitation at 200 rpm. The plasmid pET-30PS2-Variant was isolated using the Wizard
Plus SV Minipreps DNA purification system (Promega®) according to the manufacturer’s
instructions. Sanger sequencing of the desired fragments using universal T7 primers was
performed by Macrogen® (Seoul- Korea). The ~1000 bp contig was assembled using
DNA Baser version 5.15 (Sequence assembly software) and used in BLASTn search

(National Center for Biotechnology Information; www.ncbi.nim.nih.gov) URL (accessed on

19- September-2022). The protein sequence was deduced using the Translate tool
available at Expasy (https://web.expasy.org/translate/) URL (accessed on 20- September-

2022) followed by multiple alignment sequence analysis of the variants in comparison with
native PS2Aa1 using Bio-Edit Software [26]. Finally, variants with non-silent mutations
were transformed into Bt BMB171 via electroporation using two consecutive electric
pulses of 1.5 kV during 4.5 ms. Following this procedure, four PS2Aa1 mutant libraries

were created.

4.5.4 Preparation of Activated Parasporin Proteins

Bt BMB171 variants were cultivated in LB broth and incubated for 5 days at 30 °C.
The cells were then harvested by centrifugation at 10,000 rpm for 10 min; the pellet
containing the precipitated parasporin proteins was solubilized in 5 mL of solubilization
buffer (56 mM Na2COs (pH: 11.4) and 11 mM of dithiothreitol (DTT) (pH: 11.4)) for 2 h at
37 °C. Insoluble material was removed by centrifugation at 10,000 rpm for 10 min and the
supernatant was passed through a 0.22 ym membrane filter. The filtrate (70 mL) pH was
adjusted to 8 using 1 M Tris-HCI (pH 8).

The solubilized proteins were digested using proteinase K (final concentration of
185 pg/mL) for 1 h at 37 °C. Phenylmethylsulfonyl fluoride (PMSF) was added (final
concentration 1 mM) to stop proteolytic processing. To confirm the presence of the

parasporin proteins, SDS—PAGE analysis was performed as previously described [19].
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The protein concentration was determined using the Bio-Rad Protein Assay (Bio-Rad

Laboratories, Mississauga, ON, Canada).

4.5.5 Colon Cancer Cell Lines

Colon cancer cell lines were obtained from the American Type Culture Collection
(ATCC). Lines SW-480 and CaCo-2 were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 25 mM glucose and 2 mM L-glutamine, supplemented with 10% fetal bovine
serum (FBS), 10,000 pg/mL penicillin and streptomycin, and 1% non-essential amino
acids; SW620 and NCM460 were cultured in RPMI supplemented with 10% FBS. The
cultures were incubated in a humidified incubator at 37 °C under a 5% CO2 atmosphere.

4.5.6 Cytotoxicity Assays of PS2Aa1 Mutants in Colon Cancer Cells

To characterize the anti-proliferative activity of the toxins PS2Aa1 and mutants,
concentrations ranging from 0.25 to 5 ug/mL of the activated protein were prepared. The
cells were incubated with parasporin for 72 h, and anticancer activity was assessed on
the basis of cell viability following incubation with alamar blue (BioRad) for 5 h at 37 °C
under a 5% CO> atmosphere. Emission at 560 nm and excitation at 590 nm were
measured using a CLARIOstar reader. ICso concentrations were calculated from these
data.

4.5.7 APN Detection and Blocking Assay

Western blot detection of APN was carried out using antibody CD13/APN (Cell
Signaling Technology®) and GAPDH was used as a loading control. The proteins
extracted from HL60 and MCF-7 were used as the positive and negative control,
respectively. The blocking assay was performed as reported by Periyasamy et al. 2016
[7]. Briefly, CaCo-2 and SW480 cells were used, but, because of the presence of APN
receptors, the concentration of the APN blocker Dinitroflavone (Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) was diluted from 5 to 50 yM and added to the cells, with triplication
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of samples. This was followed by incubation for 72 h at 37 °C under a 5% CO2 atmosphere
using 3 pg of parasporin. The results of metabolic activity were analyzed using the alamar

blue assay, as previously described [7].

4.5.8 Molecular Docking and Molecular Dynamics Analysis

Molecular docking analysis was performed to determine possible interactions
between PS2Aa1 and the APN receptor. The 3D structures of PS2Aa1 and APN were
downloaded from the Protein Data Bank with PDB ID 2ZTB and 6ATK, respectively. The
simulations were performed using the protein—protein global docking protocol of Rosetta
[27] with flags construct-5000, -spin, -randomize1, and -randomize2, and simulations were
run in the software version 3.9. Later, the Interface Analyzer protocol of Rosetta [28] was
used to analyze the interaction between PS2Aa1 and APN. Next, the top 10 models were
visually inspected for the selection of a suitable model in which the amino acids
corresponding to domain | of PS2Aa1 were interacting with a valid region of APN.
Subsequently, the selected model was used to perform molecular dynamics (MD)
simulations, in triplicate, for PS2Aa1-APN complexes. The MD simulation protocol
included solvation with TIP3P water molecules, and Na* and CI~ ions were added to
ensure the neutrality of the system at an ion concentration of 150 mM. The Amber ff19SB
force field for proteins was implemented for all systems.

The system was first minimized and equilibrated using Amber18 software. For the
parasporin—APN complexes, stepped minimization, heating, and balancing were
performed. Complexes were first minimized for 5000 (steepest descent) and 10,000
(conjugate gradient) followed by heating for 1 ns and then in an NVT to 300 K. For all
simulations, an 8 A cutoff was used for unbounded Coulombic and Lennard—Jones
interactions and for periodic boundary conditions with a particle mesh Ewald treatment of
long-range Coulombic interactions. A 2 fs time-step was employed by the SHAKE
algorithm and the production steps were 100 ns for both systems.
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4.5.9 Statistical Analysis

Type 1 ANOVA and Tukey’s test was performed using Graphad Prism 8. Statistical
significance was indicated as * p <0.05, ** p < 0.01, and *** p £0.001, with an IC of 95%.
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4.7 Supplementary information

Figure S1: Cytocidal activities of variants of Parasporin 2 (PS2Aa1) obtained with site
directed mutagenesis to CaCo2 cell lines. the toxin activated with proteinase K was added
(final concentrations, 0.2ug/mL to 5ug/mL).
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Figure S2: Cytocidal activities of variants of Parasporin 2 (PS2Aa1) obtained with site
directed mutagenesis to SW620 cell lines. the toxin activated with proteinase K was added
(final concentrations, 0.2ug/mL to 5ug/mL).
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Figure S3: Cytocidal activities of variants of Parasporin 2 (PS2Aa1) obtained with site
directed mutagenesis to SW480 cell lines. the toxin activated with proteinase K was added
(final concentrations, 0.2ug/mL to 5ug/mL).
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Figure S4: Cytocidal activities of variants of Parasporin 2 (PS2Aa1) obtained with site
directed mutagenesis to NCM460 cell lines. the toxin activated with proteinase K was
added (final concentrations, 0.2ug/mL to 5ug/mL).
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This chapter is linked to the aim:- To produce novel parasporal proteins with
enhanced activity against colon cancer cell lines and determine the cytotoxic activity of
selected mutant proteins of Bacillus thuringiensis based on their binding affinity to

membrane receptors by computational approaches.
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5.1 Abstract

Cry11 proteins are toxic to Aedes aegypti, the vector of dengue, chikungunya, and
Zika viruses. Cry11Aa and Cry11Bb are protoxins, which when activated present their
active-toxin form in two fragments between 30 and 35 kDa respectively. Previous studies
conducted with Cry11Aa and Cry11Bb genes using DNA shuffling generated variant 8,
which presented a deletion in the first 73 amino acids and one at position 572 and 9
substitutions including L553F and L556W. In this study, variant 8 mutants were
constructed using site-directed mutagenesis, resulting in conversion of phenylalanine (F)
and tryptophan (W) to leucine (L) at positions 553 and 556, respectively, producing the
mutants 8F553L, 8W556L, and 8F553L/8WS56L. Additionally, two mutants, A92D and
C157R, derived from Cry11Bb were also generated. The proteins were expressed in the
non-crystal strain BMB171 of Bacillus thuringiensis and subjected to median-lethal
concentration (LCso) tests on first-instar larvae of A. aegypti. LCso analysis showed that
the 8F553L, 8W556L, 8F553L/8W556L, and C157R variants lost their toxic activity (>500
ng-mL™"), whereas the A92D protein presented a loss of toxicity of 11.4 times that of
Cry11Bb. Cytotoxicity assays performed using variant 8, 8W556L and the controls
Cry11Aa, Cry11Bb, and Cry-negative BMB171 on the colorectal cancer cell line SW480
reported 30—-50% of cellular viability except for BMB171. Molecular dynamic simulations
performed to identify whether the mutations at positions 553 and 556 were related to the
stability and rigidity of the functional tertiary structure (domain lll) of the Cry11Aa protein
and variant 8 showed the importance of these mutations in specific regions for the toxic
activity of Cry11 against A. aegypti. This generates pertinent knowledge for the design of
Cry11 proteins and their biotechnological applications in vector-borne disease control and
cancer cell lines.

Keywords: Bacillus thuringiensis; Cry11; site-directed mutagenesis; Aedes

aegypti; cancer cell lines
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5.2 Introduction

The use of insecticidal proteins based on Bacillus thuringiensis (Bt) formulations is
a promising approach to controlling different disease-transmitting vectors. Additionally,
these toxins are ecosystem-friendly, offering an efficient and equally effective alternative
to chemical treatments, and they do not present a risk to other living organisms, including
humans. However, the resistance acquired by insects against Cry toxins is becoming a
challenge [1]. Hence, current research has been focused on the development of more
robust and stable Cry toxins to better control vector-borne diseases.

Cry11 proteins have three active domains that act against vector-borne diseases
in the Dipteran order [2]. The best-characterized member of this family is Cry11Aa, a
protein of approximately 70 kDa produced by Bt subsp. israelensis (Bti), in which
proteolytic activation removes approximately 28 amino acids from the N-terminus. The
resulting protein is cleaved into two fragments of 32 and 34 kDa. These fragments remain
associated and exhibit insecticidal activity against A. aegypti [3,4]. Cry11Bb, produced by
Bt subsp. Medellin (Btmed) [2] has the distinction of having toxic effects on mosquito
genera such as Culex and Anopheles. This toxin weighs 94 kDa, and its toxic effects result
from solubilization and proteolytic processing into fragments of 30 and 35 kDa in the
midguts of insects [5].

Protein engineering has emerged as a tool for developing modified Cry proteins
with novel activities. Directed evolution methodologies focus on amino acid substitution
and the insertion or elimination of DNA sequences [6]. For the improvement of Cry toxins,
strategies related to rational approaches such as protein engineering [7], domain
exchanges [8], use of synthetic peptides involved in the enhancement of protein stability
[9], and site-directed mutagenesis [10], as well as non-rational approaches such as DNA
shuffling, error-prone PCR, and microarrays with phage libraries have also been used [7].
These approaches, in addition to obtaining improved variants, have allowed the
identification of insect-dependent toxin activation mechanisms, stability, oligomerization,
and the modulation of interactions with membrane receptors in the epithelial cells of the
midgut of insects [11]. Simultaneously, mutagenesis studies have enabled the

development and/or conditioning of new molecular biology techniques, providing
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alternatives to overcome the resistance acquired by insects and the development of green
biotechnology that could reduce the negative environmental impact [12].

It has been reported that small changes in amino acid residues of the three-domain
Cry proteins provided an improvement in their toxicity or target changes [7]; for example,
the change of a residue (V171C) in the 5-Cry1Ab endotoxin showed a loss of toxic activity
against Manduca sexta, an insect susceptible to this toxin, while increasing its toxicity (25-
fold) against Lymandria dispar, since this modification probably contributed to greater
protein stability and a better binding rate to the midgut receptors [13]. Additionally, some
studies have reported genetic improvements in Cry11 using DNA-shuffling techniques or
site-directed mutagenesis [7]. Our group is focused on the directed evolution of Cry11 and
Parasporin proteins through DNA shuffling [10], thermodynamics and secondary structure
formation analysis [14], and the development of an in silico/in vitro workflow [15]. Previous
reports highlighted that variant 8 obtained via DNA shuffling from Cry11Aa and Cry11Bb
exhibited up to 3.78- and 6.09-fold higher toxicity to A. aegypti than Cry11Aa and
Cry11BDb, respectively [10]. Mutations in variant 8 are responsible for the increase in
toxicity; however, it is important to assess the role of each mutation to understand the
mechanism of action of Cry11. Simultaneously, Cry proteins have been described as
possible adjuvants because of their resistance and stability in highly alkaline environments
during the development of vaccines [16], making these bioproducts relevant not only in
environmental applications but also in the biomedical field. Our group is currently focused
on generating new proteins with anticancer activity, considering the possibilities with the
mutations obtained with variant 8 and subsequent proteins. We also assessed whether
mutations in these proteins influence the anticancer activities. Therefore, molecular
analysis and determination of toxicity were performed using A. aegypti larvae with the
colorectal cancer cell line SW480 as targets. Mutants 8F553L, 8W556L, and
8F553L/8W556L were used to analyze mutations in variant 8 at these positions.
Furthermore, the A92D and C157R variants were used to analyze mutations at residues
92 and 157 in the Cry11Bb toxin. Finally, a computational analysis of the possible
implications of the mutations at positions 553 and 556 in the three-dimensional structure
of the Cry11Bb toxin was performed.
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The results presented here elucidate the role of induced mutations in proteins with
insecticidal and anticancer activities. This work provides new insights into the structure—
function relationship of the parasporal proteins of Bt and their applications as insecticidal

toxins and anticancer proteins.

5.3 Results

5.3.1 Variants Were Successfully Obtained from Variant 8 and Cry11Aa

The designed primers were effective in obtaining each variant. The constructs
pSV2-L553F, pSV2-L556W, and pSV2-L553F/L556W were verified using a restriction
enzyme assay with Hindlll and Sacl, and were observed in an agarose gel; a double band
was obtained, of which one of 5 kb corresponds to the size of the plasmid and the other
one of approximately 2 kb corresponds to the size of the Cry gene (Figure S1).
Simultaneously, the constructs pSV2-A92D and pSV2-C157R showed a linearized vector
pSV2 digested with Hindlll and Sacl (5 kb) and bands of the inserts between 2 and 3 kb.
Each construct was used to transform the crystalline strain BMB171; the transformation
efficiency was established at =10° CFU-ug~" of the DNA (construct). Sequencing of these
constructs revealed that the individual mutants, L553F and L556W, were successfully
reversed from cytosine to adenine and from guanine to thymidine, respectively.

5.3.2 Cry 11 Proteins and Variants Are Produced in Bt BMB171

The viable cell count for each mutant and control was > 1 x 10° CFU-mL"". Dry
weight estimates ranged from 0.023 to 0.061 g-mL~". The protein concentration obtained
was between 12.32 and 40.74 mg-mL~" as measured using the Bradford method.

The electrophoretic protein pattern was verified using 10% SDS-PAGE. The
samples stained with Coomassie R-250 blue showed a protein pattern with a recognizable
band close to 70 kDa for the L553F, L556W, L553F/L556W, and Cry11Aa proteins,
whereas for the mutants A92D, C157R, and Cry11Bb, the observed band was close to 90
kDa. For the specific case of BMB171, the banding of the Cry11 protein was not shown.
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After activation with proteinase K, a double band was observed for each of the mutant and
native proteins, with molecular weights of 30 and 35 kDa, confirming the activation of the
protoxin to the toxin (Figure S2).

5.3.3 The Residues Phenylalanine (553) and Tryptophan (556) Are Relevant to the
Insecticidal Activity of the Variant 8 Protein

Variant 8, obtained via DNA shuffling, presented insecticidal activity approximately
five times higher than that of the parental genes Cry11Aa and Cry11Bb. By reversing the
mutations in residues 553, 556, and 553/556, no toxic activity was detected with an LCso
of up to 500 ng-mL~" (Table 1), indicating the importance of these residues (F and W) for
the toxicity of this protein. Similarly, no toxic activity was detected for C157R; the mutant
A92D showed a decrease in the activity of 11.44 compared with Cry11Bb.

Table 19. LCso for each of the variants obtained in this study.
LCso (ng-mL"") (95% Cl)

Origin of Bt Protein Strain Aedes aegypti
8F553L >500
Variant8 Derivatives 8W556L >500
8F553L/8W556L >500
L C157R >500
Cry11Bb Derivatives A92D 313.71 (158.73-317.46)
Cry11Aa 39.20 (20.04-45.12)
Controls Cry11Bb 27.40 (15.64-31.47)
Variant 8 8.22 (2.01-9.33)

5.3.4 Cry Proteins Have an Antiproliferative Effect on the SW480 Cell Line

We used strain BMB171 as a Cry-expressing negative control, which showed no
detectable or slight activity against SW480 cells. The activities of all Cry proteins, including
the controls Cry11Aa and Cry11Bb, were similar, measured at 10 ug-mL~" for 48 and 72
h, with metabolic activities of 50% and 30%, respectively (Figure 1A,B). Furthermore, the
calculated 1Cso showed no differences between the controls Cry11Aa and Cry11Bb, and
8W556L, with an ICso of 6.5—7.0 ug-mL~". Surprisingly, 8W556L was 1.6 times more active
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for this cell line than Variant 8. This suggests that residue 556 might be relevant for

anticancer activity.

Figure 31. Cytotoxicity activity of the Cry proteins on the colorectal cancer cell line SW480
at48 h (A). and 72 h (B). The measurements were determined with Alamar Blue staining.
The ICso was calculated with different concentrations of Cry proteins (0.5-10 ug-mL™") at
48 and 72 h (C). No ICso was calculated for BMB171.
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Variant 8 10.82 (9.72-12.21) 5.71 (4.60-7.14)
Cry11Bb 6.76 (5.32-9.02) 5.04 (3.55-7.33)
Cryl1Aa 6.94 (4.74-10.64) 7.33 (5.08-10.98)
8WS556L 6.47 (5.67-8.97) 4.82 (3.48-6.80)
BMB171 - -

5.3.5 Modeled Structures by De Novo Methodology

Owing to the lack of available homologous structures for the designed variant 8, de
novo methodology was used to obtain energetically favorable models for further analysis.
The highest identity percentage for Cry11Bb was 25% for related structures reported in
the Protein Data Bank (PDB) [17] and similar results were obtained for the variant 8 protein
sequence. Following de novo contact-based modeling, a structural view of variant 8 and
the mutants 8F553L, 8W556L, and 8F553L/8W5S56L is shown in Figure 2.
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Figure 32. Structural model of variant 8 (A). Representations of the variants 8F553L (B),

8W556L (C), and the combination of 8F553L and 8W&556L (D) after running MD
simulations of the mutated complexes.
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The structure of variant 8 was modeled based on a sequence of 571 amino acids,
which were initially subjected to other modeling methods with unsuccessful results. The
selected mutations were located in a domain with non-representative matches to other
proteins with available structures. However, this region still folds into a representative
backbone that confers stability and is crucial for subsequent interactions with other
molecular entities. A similar analysis was performed after modeling de novo Cry11Bb and
sampling its variants for convergence purposes (Figure 3).
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Figure 33. Structural model of Cry11Bb (A). Representations of the variants A92D (B)
and C157R (C) after running MD simulations of the mutated complexes.
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For this isoform, the variants are located in a region composed of multiple helices
but pointing in opposite directions from a group of helices (Figure 3B,C). This set of
models was more challenging to predict owing to the larger sequence size (750 amino
acids). However, with the proposed method and energy evaluations, we conclude that the
models are suitable for additional computational analysis.

Molecular dynamics simulations were performed with an implicit solvent in triplicate
for domain Il of variant 8 and Cry11 wild-type molecules, where amino acid mutations
were performed based on the results, trajectory, root-mean-square deviation of atomic
position (RMSD), root-mean-square fluctuation (RMSF), and radius of gyration.

RMSD analysis (Figure 4A) showed that the mutant molecule (variant 8) registered
greater stability when exposed to solvent than the wild-type molecule (Cry11). This
stability can be attributed as a consequence of the two mutations made at positions 553
and 556; in the same way, the greater stability of the mutant molecule seems to favor the
interaction of the molecule in the toxicity process.

The radius of gyration analysis (Figure 4B) shows that the wild-type protein (Cry11)
retains a less rigid structure after the first quarter of the DM simulation has elapsed, while
the mutated protein, although it starts with a less rigid structure, is presented in the course
of the rest of the interaction to the more compact solvent. This preferentially compact
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conformation of the mutant after a small non-rigid interval seems to favor the interaction
of the molecule in the process that desiccates the toxicity of the mutant. The RMSD and
radius of gyration calculations between the systems showed a statistically significant
difference in the t-test, with a p-value of 0.000 (<0.05).

Figure 34. RMSD of simulated (A): red color (variant 8) and blue color (Cry11). The radius
of gyration of the simulated (B): red color (variant 8) and blue color (Cry11).
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RMSF analysis allowed us to observe some amino acids that presented average
differences greater than 2 A (Table 2) between the wild and mutant systems; the amino
acids with the greatest difference could explain the increase in the toxicity of the mutant.
Some amino acids of interest present differences greater than 3 A in the mutant: LEU59,
SER70, LEU87, and TRP265; the latter shows the greatest difference of 5.78 A and
corresponds to one of the mutated amino acids (Table 2). These amino acids that
significantly change their spatial conformation with respect to their initial positions in the
wild-type protein could be determining factors in the increase in the toxicity of the mutant
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protein. It is highlighted that the amino acid LEU556, one of the mutated amino acids, has

a very high conformational difference.

Table 20. The difference in RMSF is the difference in A of the spatial position of the same
amino acid in the two systems, wild-type (Cry11), and mutant (Variant 8).

The Difference in RMSF between the Two

Amino Acids Position Systems (A)
LEU 350 3.71A
SER 361 3.72 A
LEU 378 3.84 A
PRO 512 2.40 A
PHE 524 2.18 A
THR 534 2.00 A
LEU 556 578 A
SER 562 2.32 A

5.4 Discussion

The efficiency of Cry proteins produced by Bt is high, and only small amounts are
generally necessary to cause toxicity [7]. Over time, the target insects for these proteins
have developed various resistance mechanisms associated with the alteration of intestinal
proteins that activate Cry proteins, modification of receptor-binding sites in the midgut,
and synthesis of oligosaccharides, among others [18—20]. Therefore, there is a need to
apply various genetic improvement strategies such as DNA shuffling, domain swapping,
and/or truncation [7]. These approaches will aid in controlling resistant mosquito
populations and in elucidating the structure, function, and mechanisms of action of these
proteins [11].

In the present study, a site-directed mutagenesis approach was used to explore
the role of positions 553 and 556 in the differential activity of variant 8, a mutant obtained
via DNA shuffling of Cry11Aa and Cry11Bb [10]. Herein, we present a molecular analysis
of the lethality of these mutated variants in A. aegypti larvae. The LCso values obtained
for the mutants were >500 ng-mL™", suggesting that the reversal of amino acids located
at positions 553 and 556 directly affected the lethality of these variants and that the
chemical nature of these residues probably plays a significant role in their structural
function. Additionally, the 556 variant was tested in SW-480 colon cancer cell lines, as

Cry proteins that lack insecticidal activity could be candidates for anticancer proteins. The
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results indicated that the insecticidal activity of 8WW556L was null, but when tested against
SW480, its cytotoxic activity was almost two times higher than that of variant 8 at 48 h and
similar to the cytotoxic activity of Cry11Aa and Cry11Bb. At 72 h, the activities of all Cry
proteins were similar. This difference in activity against both targets indicates that the
mechanism of action probably depends on the composition of the cell membrane [20-22],
and the mutation of 8W556L is located in domain lll; this region is involved in the
processes of oligomerization and stabilization of the Cry proteins [3,21].

It is not the first time that Cry proteins or peptides obtained from Cry proteins have
been used to control cancer cell lines. In 2022, it was reported that the co-administration
of inactivated and activated forms of Cry1Ac with doxorubicin in a triple-negative breast
cancer mouse model enhanced tumor immunity [22]. In 2021, Rendon-Marin et al.
evaluated the activity of peptides obtained from Cry11Bb and found that the peptide BTM-
P1 had a toxic effect on Caco-2 and MCF-7 cells, inducing apoptosis in MCF-7 cells with
low hemolytic activity [23]. The background of the reported information and the study
presented in this paper make exploring new targets for Cry proteins a promising approach
for biotechnology and human medicine.

Computational simulations of molecular dynamics allowed us to establish
hypotheses about the influence of the amino acids at positions 553 and 556 (mutants
8F553L, 8W556L, and 8L553F/8 L556W) on the structural behavior of domain Il arranged
in a solvent for the Cry11 and variant 8 proteins. Molecular simulation studies
demonstrated that the structure of domain Il in the mutated variant 8 protein remained
with greater energy stability, showing a compact structure throughout the simulation time;
3% of the amino acids in the mutated domain changed their initial configuration at a
distance greater than 2 A, at the positions LEU350, SER361, LEU378, and LEU556.
Amino acids such as phenylalanine and tryptophan have chemical characteristics that
differ from leucine. For leucine, its conformation is given by aliphatic side chains, whereas
[24,25] phenylalanine and tryptophan are made up of aromatic rings [24] that are involved
in hydrophobic interactions and tend to be positioned at the center of a protein, excluded
from the solvent, allowing better stability and function. Electron delocalization also plays
an important role. These results suggest that the indolyl NH functional group in the

tryptophan residue may be associated with protein—receptor interactions. Previous studies
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on chemical modifications of tryptophan, such as sulfenylation, led to a loss of toxicity in
mice and apparent binding affinity for rat brain and cockroach synaptosomal preparations
[24]. Currently, different scientific fields are exploring the role of tryptophan in the photon-
sensing capabilities of living organisms through the resonance delocalization of Tr-
electrons [25].

Cry proteins are highly conserved within their three domains; any changes in any
residues either enhance activity, induce loss of activity, or change the target, depending
on the domain affected. Studies conducted by Fernandez et al. [3] showed that the toxicity
of Cry11Aa is affected by amino acid substitutions via site-directed mutagenesis of
hydrophobic residues (alanine) to hydrophilic residues, such as glutamic acid. The loops
responsible for binding to membrane receptors have a greater binding affinity as they are
hydrophobic regions; their chemical properties continue to be preserved because they are
not exposed to the solvent. Similarly, in studies based on loop 3 of the Cry1Ab protein
where a substitution of phenylalanine for alanine was made, a significant reduction in the
toxic activity (3.5 times) towards insects of the order Lepidoptera was observed since
binding to the receptors present in the insect membrane did not occur because alanine,
having an aliphatic chain within its chemical characteristics, hinders the generation of
hydrogen bonds between the protein and the receptor [26]. This result is different from
others because phenylalanine is an amino acid with aromatic chemical characteristics. In
contrast, Tiewsiri and Angsuthanasombat reported a high decrease in toxicity against A.
aegypti when making alanine substitutions in the positions where aromatic amino acids
(tryptophan, tyrosine, and phenylalanine) were found at residues 243, 249, and 264,
respectively, located in the a-7 helix, which confirmed that aromatic residues are involved
in the increase or decrease in toxicity [27].

The receptor binding capacity of Cry toxins is attributed primarily to domain Il rather
than domain Ill, although the latter may be involved in the binding processes [28]. Several
studies have shown that domain Ill of various Cry toxins is involved in receptor binding
[28,29]. For example, the substitution of domain IIl in Cry1Ab and Cry1Ac with domain Il
of Cry1Ca resulted in an approximately 10-fold increase in toxicity towards Spodoptera
exigua and the recognition of receptor proteins present in insect membranes [30].

Moreover, Mushtaq et al. designed a hybrid toxin that shared domains | and Il of Cry1Ac
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(active sites for Anticarsia gemmatalis and Chrysodeixis includens) and domain Il of
Cry2Ac7 to generate a new protein with increased toxicity against both species [31]. The
results indicated that the toxicity against A. gemmatalis and the binding to its membrane
receptors were maintained; a different case occurred with C. includens, where no toxicity
was found [31].

The A92D and C157R variants obtained by site-directed mutagenesis of Cry11Bb
were intended to demonstrate the significance of the amino acid residues located at
positions 92 and 157 in domain |. The results obtained for the LCso assays against A.
aegypti

showed a 13- and 21.8-fold decrease in toxicity for the A92D and C157R variants,
respectively, compared with the parental Cry11Bb (Table 1). Genetic manipulation of
domain | is mainly focused on studying or improving the toxic activity of Cry proteins
against the formation of pores or ion channels in the midgut membranes of insects. This
domain comprises various polar amino acids that directly participate in the formation of
hydrogen bonds or salt bridges [7,32]. Wu and Aronson reported that the substitution of
specific residues at position A92D of the Cry1Ab protein caused a reduction in toxic
activity due to the substitution of the negatively charged amino acid residues at this
position, which caused detrimental effects on pore formation in M. sexta [33]. Additionally,
Alzate in 2010 reported a three-fold decrease in the insecticidal activity of the Cry1Ab
toxin against M. sexta when modifying the L157R position, which correlated with the
degree of loss of transport activity of ions generated by the chemical nature of the modified
amino acids [13].

This work is promising for the study of the structure—function relationship of Cry11
proteins as a valuable biotechnological asset that, in the future, might be an alternative to
the use of chemical insecticides in the control of mosquitoes, and may aid in preventing
the spread of vector-borne diseases, and simultaneously, in the collecting of information
to enhance modeling and in the obtaining of biomolecules directed to the control of
mosquito-borne diseases considered a problem of public health worldwide [34]. This work
also explored the potential biomedical applications of this parasporal protein in controlling

the proliferation of primary adenocarcinomas. Further research is required to elucidate
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whether these mutations broaden the targets of these proteins while contributing to a

deeper understanding of the structure—function relationship in the Cry11 protein family.

5.5 Materials and Methods

5.5.1 Culture Media, Strains, and DNA Extraction

The bacterial strains were cultured in Luria Bertani (LB) broth supplemented with
ampicillin 50 pug-mL™" for the transformants of Escherichia coli DE3BL21 strain and
chloramphenicol 10 pg/mL for the transformants of the non-crystal producing Bt BMB171
strain; Plasmid DNA was extracted using the Wizard Minipreps kit (Promega®, Madison,
WI, USA) following the manufacturer’s instructions. Agarose gel electrophoresis was
performed at a concentration of 0.8% and stained with SYBR-safe 10x.

5.5.2 Synthesis and Design of Cry11Bb and Variant 8 Mutants

5.5.2.1 Cry11Bb Mutant Library

Variants obtained using rational approximations for Cry11Bb were designed based
on the toxin—receptor interaction analyzed in previous studies [7,13,33,35,36]; the
Cry11Bb sequence was modified at position 92, changing an alanine for aspartic acid
(A92D), and in the second variant, changing the cysteine for arginine at position 157
(C157R). The genes were synthesized at Genescript (Piscataway, NJ, USA) and cloned
into the expression vector pSV2, followed by electroporation in E. coli DE3BL21. The
transformation was verified using plasmid extraction, followed by a restriction assay using
Hindlll/Sacl (NEB, Manchester UK), and then visualized using agarose gel
electrophoresis.
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5.5.2.2 Variant 8 Mutant Library

Primers were designed using the web service
https://www.lifetechnologies.com/order/oligoDesigner/mutagenesis (accessed on 8
January 2021). The pSV2 plasmid harboring the variant 8 gene was used as the template;
the selected positions for mutations were 553, 556, and a double mutation 553 and 556.
The primers used are listed in Table S1 (Supplementary Material). The GeneArt™ Site-
Directed Mutagenesis System kit (Thermo Fisher Scientific, Waltham, MA USA) was used
for amplification, following the manufacturer’s instructions. The constructs were amplified,
transformed into chemically competent E. coli TOP10 cells, and electroporated into Bt
BMB171 cells. The library was verified via sequencing the constructs; for this, 20 pug-uL™"
were sent to Macrogen (Seoul, Republic of Korea) and sequenced using the oligos: 8BMDF
(CTGCTGGAATACGGGTACA) and 8MDR (AATTTCGGTTGTTCAATAAGT).

5.5.3 Obtaining Final Complete Culture (FCC) of Bt

Mutants L553F, L556W, L553F-L556W, A92D, and C157R and recombinants
expressing Cry11Aa and Cry11Bb toxins, together with the non-crystal-forming strain Bt
BMB171, were grown in 10 mL of LB broth with chloramphenicol at 10 ug-mL~" and
incubated at 30 °C with shaking at 300 rpm for 7 d. After 48 h of incubation, spore and
crystal formation were examined using malachite green staining. To obtain FCC, 5 mL of
each culture was centrifuged at 10,000 rpm for 5 min at 4 °C. The supernatant was
discarded, and 1 mL of 1M NaCl was added. The preparation was incubated for 1 h at 30
°C with stirring at 50 rpm. Subsequently, it was centrifuged at 12,000x g for 5 min at 4 °C.
The supernatant was discarded, 1 mL of 1x phosphate buffered saline (PBS) was added,
and the pellet was homogenized and centrifuged under the above-mentioned conditions.

This procedure was repeated twice, and cells were frozen in 1 mL of PBS.
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5.5.4 Protein Electrophoresis on Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

The samples were run on a 10% acrylamide gel. The gel and electrophoretic run
were prepared following the instructions in the protocol book by Sambrook [37].
Coomassie blue R-250 and destaining solution were used for gel development for 30 min.
The samples were treated with proteinase K at 10 yg-mL~" to verify the characteristic

activated fragments of Cry11 proteins.

5.5.5 Protein Preparation and Half-Lethal Concentration (LCs)

The cultures of each mutant dissolved in PBS 1x were subjected to heat stress,
which was performed as follows: 100 pL of each culture was incubated at 72 °C for 20
min followed by incubation at 4 °C for 10 min. Dilutions of 107" to 10~ were made with a
final volume of 100 L, and then the dilutions were plated on LB agar with chloramphenicol
(10 yg-mL~") and incubated at 30 °C for 24 h. The results were reported in spores/mL of
culture. Proteins were solubilized by taking 200 pL of the final culture of each mutant and
parental strain and adding 800 pL of crystal solubilization buffer (50 mM NaOH and 10
mM EDTA; pH 11.7). This solution was incubated overnight at 4 °C, followed by
centrifugation at 27,000% g for 5 min at 4 °C. The supernatant was collected, and the
volume was adjusted to 1 mL with 0.1 M Tris-base pH 7.4. To quantify the proteins, the
Bradford micro-technique was used at 540 nm with a NanoDrop 2000. Three
measurements were performed for each variant.

To establish the amount corresponding to the total protein of the cell mass, a dry
weight estimation was performed by taking 500 pyL of the FCC of each variant and
centrifuging at 15,000 rpm at 4 °C for 30 min. The supernatant was discarded, and the
pellet dried for 48 h at 20 °C. Subsequently, dry weight measurements were performed.
Lethality tests were performed on each of five larvae of A. aegypti in instar | in triplicate
with three replicates. To estimate lethality, live larvae were counted and translated into
the percentage of dead larvae. Statistical analyses were performed using the ProBit
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function, and the mean lethal concentration (LCsp) was calculated using R-Project
Software v4.2.0. [38].

5.5.6 Variants of Cry in the Control of the Human Colorectal Cancer Cells

The solubilized proteins were activated using proteinase K (185 ug-mL~") for 1 h at
37 °C. Phenylmethylsulphonyl fluoride was added (final concentration: 1 mM) to inhibit the
proteolytic activity. SDS-PAGE was performed to confirm the presence of Cry proteins.
Protein concentration was determined using the Bio-Rad Protein Assay (Bio-Rad
Laboratories, Mississauga, ON, Canada).

cell absorbance with treatment

% metabolic activity = x 100 (1
% metabolic activity cell absorbance without treatment (7)

Colorectal cancer cells (20,000/well) of SW480 (obtained from American Type
Culture Collection-ATCC-Accession number CCL-228) were plated, and RPMI culture
medium (Sigma Aldrich®, St. Louis, CO, USA) supplemented with 10% fetal bovine serum
was added to make a final volume of 100 yL. Subsequently, 100 yL of culture medium
with activated proteins at twice the concentration to be evaluated (0.5, 1, 2, 3, 5, and 10
pMg/mL) were added and incubated for 48 and 72 h at 37 °C. Finally, 10 pL of Alamar blue
was added to each well and incubated for 4—6 h to measure the fluorescence (Ex 560 nm
and Em 590 nm) and thus determine the IC50. The results are expressed in terms of
metabolic activity using the following formula:

5.5.7 Structural Modeling of Cry11 Variants

To design the Cry11 mutants, a protocol was prepared to model two Cry11 variant
structures: variant 8 and Cry11Bb. To fit the model, we applied a de novo prediction
method called trRosetta [39], which was built using direct energy minimization with
Rosetta Commons functionalities [40], including inter-residue distances and orientation
restraints predicted by a deep neural network (https://yanglab.nankai.edu.cn/trRosetta/),
accessed on 10 April 2022.

The best model per sequence was subjected to energy and geometrical

evaluations using the ProSa web server
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(https://prosa.services.came.sbg.ac.at/prosa.php) accessed on 15 April 2022 and the
structural  assessment  pipeline  available on the  SwissModel portal

(https://swissmodel.expasy.org/assess) accessed on 15 April 2022.

5.5.8 Generation of Additional Variants and Sampling of the Models

Based on the initial models, a subsequent set of variants was predicted by
performing single-point mutations on the variant 8 and Cry11Bb structures. The first
variation consisted of mutations at positions 553 and 556 (mutants F553L, W556L, and
F553L/W556L) of the variant 8 model. Single-point mutations were performed using UCSF
Chimera [41] through the prediction of rotamers using Dunbrack backbone-dependent
libraries [42], in which the Cry11BDb structure was used to generate the variants A92D and
C157R. Molecular Dynamics (MD) was performed in triplicate for Cry11 and variant 8 in
periods of 100 ns. The simulation protocol for all systems was solvated with TIP3P63
water molecules with a margin of at least 14 A from the protein, and Na* and Cl~ ions were
added to ensure the neutrality of the system. At an ion concentration of 150 mM, the
Amber ff1464 and GAFF65 force fields for the proteins were implemented for all systems.
The system’s energy was first minimized and balanced using Amber18.67 software for
complexes, and stepped minimization, heating, and balancing were performed.
Complexes were first minimized for 1000 conjugate gradient steps, followed by 10,000
unrestricted steps, heated in 200 ps unrestricted steps, and then in an NPT set (7 ns) up
to 300 K. The protocol for the setup of the protein system simulations on the GPU was
followed. Finally, simulations were performed under NPT conditions (Langevin thermostat
with Berendsen Barostat) to ensure the balance of the entire system.
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6.Summary, Conclusions, and Future Perspectives

Miguel Orlando Suarez Barrera

6.1 Summary and Conclusions

Bacillus thuringiensis was first identified in the 20th century by Ishiwata in 1901,
who reported that this microorganism had the ability to infect Bombyx mori plague. This
plaque caused severe damage to the silk industry in Japan and the authors called these
bacteria Bacillus sotto. A decade later, Berliner isolated the same (Gram-positive)
bacterium from the larvae of Ephesitia kuehniella in Thuringia (Germany) and called it
Bacillus thuringiensis (Bt), this name is currently the most preferred name for this
bacterium [1]-[5]. Bt is a ubiquitous Gram-positive aerobic bacterium that is highly
resistant to high temperatures and desiccation leads to the formation of endospores (1 to
1.2 micrometers wide and 3 to 5 micrometers long). It has been isolated from various parts
of the earth, mainly in niches such as soil, plant leaves, and dead insects. Its genome is
about 2.4 to 5.7 million base pairs, and most strains have extrachromosomal elements,
some of which are circular and others linear, varying in size from two to hundreds of
kilobases [2]. Bt belongs to the B. cereus group, which includes 5 species: B. cereus, B.
anthracis, B. mycoides, B. pseudomycoides, and B. weihenstephanensi [3].

Bt parasporal toxins have been described as crystal-shaped proteins that have
therapeutic effects on a broad range of diseases and toxic effects on pest vector
organisms. Two of these crystals, i.e. the Cry and Cyt proteins, also have cytocidal activity
against human cancer cell lines; these proteins have been named parasporins (PS) [4].
Currently, PSs have gained attention in biotechnology and medicine, with Bt as one of the
most important microorganisms used as a biocontrol agent and, more recently, as a
producer of noninsecticidal parasporin proteins [5].

To date, the study of proteins produced by Bt has focused only on quantifying their

insecticidal potential, ignoring their potential uses in other areas of biotechnology and
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health. However, in recent years, several new properties have been discovered in crystals
extracted from different Bt strains, such as anticancer cell activity, anti-protozoal activity,
and lectin activity [6]- [8]. In particular, the anticancer cell activity represents a novel
opportunity for further research on the parasporin application in cancer therapy and
diagnosis [7].

Chapter 1 describes current knowledge on Bt-derived parasporal proteins,
including Cry and PS toxins, their classification, structure, mechanism of action, and target
cells, as well as the scientific progress made in nearly two decades of work. The focus is
on Cry11 and the aerolysin-type parasporin PS2Aa1 and their prospects as approaches
to combat diseases related to public health. Next, it describes the potential of these toxins
to become the subject of genetic improvement studies leading to producing biomolecules
with an enhanced toxic effect. Finally, it helps to define the specific mechanism of action
of Bt PS proteins and elucidate their biotechnological and medical utility.

Chapter 2 is a compilation of studies from different research groups related to
describing and characterizing PS to explore new applications of these proteins. In this
chapter, we present the classification of PS according to their molecular weight (i.e. high
and low molecular weight), which resulted in six different families of PS1-PS6. Overall,
knowledge about these PS at the molecular level, including the mechanism of action and
the receptors targeted by cancer cells, is limited. For example, the PS2Aa1 protein, a
member of the PS2 family, is known as a 3 pore-forming toxin, which induces apoptosis
in several human cancer cell lines.

In this chapter, we explored the options of applying genetic modifications to PS,
including a broad spectrum of site-directed mutagenesis approaches, e.g., generation of
truncated proteins and phage display experiments. This allowed the generation of PS
variants with a different spectrum of activities against human cancer cells aiming at
obtaining biomolecules with enhanced toxicity and stability. We determined its structural
properties and mechanism of action using in vivo studies to take the next step toward
developing valuable products for human health. In addition, it is important to identify new
native Bt strains with improved cytotoxic activity against cancer cells to obtain promising
candidates for further genetic improvement leading to toxins with enhanced activity. It has

become evident that PS proteins are emerging as a viable alternative for cancer treatment.
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Compared to other currently applied approaches, PSs have the potential to cause fewer
side effects with improved treatment outcomes and quality of life of cancer patients.

In Chapter 3, It was investigated the cytotoxic effect of peptide analogs from
domain | of PS2Aa1, where through a rational design, the conserved regions were
identified and changed to increase the charge and hydrophobicity. Peptides were
synthesized using the Fmoc solid-phase synthesis and characterized by mass
spectrometry (MS). The peptide derived from PS2Aa1 (P264-G274) was taken as a native
control. Peptides showed a hemolysis extent of less than 20% at a concentration of 100
MM compared with the TritonX-100 positive control, which was set to 100%. P264-G274,
showed EC50 value of 11.28+0.52, like the control peptide Loop2-PS2Aa (15.95+£0.69) on
SW620 cell line. Likewise, these peptides showed significantly lower toxicity against CHO-
K1 normal cells. The Loop1-PS2Aa peptide at 47.5 uyM was in the nucleus of SW480 cells
after 1 h, whereas the P24-G274 peptide was localized in cytoplasmic regions during the
same exposure time without affecting the nucleus. Similarly, the results obtained at higher
levels of cell adhesion showed that the Loop1-PS2Aa peptide penetrated SW480 cells
much faster than the P24-G274 peptide in SW620 cells. The molecular docking
simulations also showed an interaction between the best experimental peptides, i.e. P264-
G274 and Loop1-PS2Aa, and the APN receptor.

This study provides a foundation for generating novel analog peptides or site-
directed alterations of the PS2 protein to boost its anticancer potential. Furthermore,
Loop1-PS2Aa and P264-G274, peptides that have shown more significant anticancer
action against SW480 and SW620, respectively, as well as good efficacy and selectivity,
are proposed as potential therapeutic agents for the treatment of colon cancer.

In Chapter 4, the site-directed mutagenesis assays aimed to obtain variants with
mutations in domain | of PS2Aa1 because it is the most variable region among proteins
and its potential role in binding to receptors (Akiba & Okumura, 2017). We generated a
library containing numerous potential domain | mutants by site-directed mutagenesis.
After sequence validation, only 12 clones had a mutation leading to an amino acid change,
of which 6 were selected because they had mutations in domain |. The expected variants
were not generated for most of the the side-directed mutagenesis primers (n=997). A

potential explanation for not generating these mutants could be the formation of dimers
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(data not shown in the paper), which significantly reduces the yield of transformants
(Edelheit et al., 2009).

From the cytotoxicity assays, it could be deduced that the 3-35 mutant had the best
cytotoxic effect against the cell lines. This variant was characterized by an amino acid
change at position 257, where valine replaced glycine. It is well known that mutations can
alter protein function by improving or decreasing their stability and interactions with ligands
of other biomolecules (Studer et al., 2013). For example, the hydrophobicity of nonpolar
aliphatic amino acids, such as glycine, valine, proline, isoleucine, and leucine, may be
involved in maintaining the three-dimensional structure of proteins. In other studies, the
authors found that amino acid substitutions of Glutamic Acid and Asparagine residues to
alanine in Cry4Ba mutants (PS-related) reduced toxicity to A. aegypti mosquito larvae. In
this chapter, we found that using a Dinitroflavone which acts as an APN inhibitor, resulted
in the loss of the cytotoxic activity of PS2Aa1 G257V and PS2Aa1 against CaCo-2 and
SW480. Additionally, to corroborate these results, the Tosedostat antiproliferative APN
inhibitor and a loss of cytotoxic activity were observed up to 5 times against SW480 using
the mutated parasporin N65, similar to the results presented in Chapter 4 (Figure 11).

Figure 35. The activity of PS2Aa1 and the mutant N65 against SW480 in the presence
(10nM) or absence of Tosedostat.
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Our results suggest the role of APN in ensuring the anticancer activity of PS,
potentially by identification of the cell membrane and their oligomerization. These data
support the findings of Periyamy et al. (2016) [6], showing a reduction in the cytotoxic
activity of PS2Aa1 by an APN inhibitor. Therefore, it is likely that APN is not the only
receptor directly involved in the mechanism of action of these toxins [6,16]. The Molecular
dynamic results of the mutant 3-35 showed residue 256 of PS2Aa1 was present in all
three replicates and exhibited the smallest interaction distance between its center of mass
and the APN contact area compared to the results of the Native PS2Aa1. Experimental
results showed that mutation of this amino acid residue reduced the interaction and
cytotoxicity, so the G at position 256 appears essential for the cytotoxic effects of PS2Aa1.
The potential use of APN as a receptor by the Bt PS protein is not new; Cry proteins are
known to deliver this receptor to target cells in the insect midgut. It should be noted that
PS was earlier classified as Cry proteins, and PS2Aa1 was initially referred to as
Cry46Aa1. There is a lack of proof to show that the APN receptor is relevant for the action
of PS2Aa1, and the absence of this receptor in MCF-7 cells sensitive to PS2Aa1 further
complicates this issue. Nevertheless, the evidence from this study and others related to
the mechanism of action of PS awakens curiosity and indicates to gain more knowledge
about PS proteins, including the use of mutant PS.

Furthermore, novel Bt native strains with improved cytotoxic action against cancer
cells must be identified and evaluated, as well as candidates for future genetic
development to acquire toxins with increased activity. PS proteins are being established
as a potential alternative for cancer treatment. They have the potential to cause fewer
adverse effects than other current techniques, increasing both treatment outcomes and
cancer patients' quality of life.

In Chapter 5, site-directed mutagenesis was performed to investigate the role of
single amino acids at positions 553 and 556 and of the 4 amino acids covering positions
553-556 in defining the enhanced activity of variant 8 (14). The results showed a
decreased lethality of the mutant variants against A. aegypti larvae compared to the
original variant 8. The LC50 values obtained for the mutants were >500 ng/ml, indicating
that the reversal of amino acids at positions 553 and 556 significantly affected their activity
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against A. aegypti larvae. The properties of these amino acid residues probably play a
critical role in the functionality of this protein.

Computer molecular dynamics simulations allowed us to hypothesize the influence
of amino acids at positions 553 and 556 and the two amino acids on the structure of
domain Il of Cry11Aa and variant 8 proteins. The molecular simulations' conclusions
indicated that the domain |l structure was energetically more stable in variant 8 than the
original protein Cry11Aa, maintaining a compact structure throughout the simulation
period. Moreover, 3% of the amino acids in the mutant domain changed their original
configuration at a distance of more than 2 A.

Site-directed mutagenesis of Cry11Bb revealed the importance of amino acid
residues at positions 92 and 157 in domain |. LC50 assays against A. aegypti showed a
13-fold and 21.8-fold reduction in toxicity of the A92D and C157R variants, respectively,
compared with the parental Cry11Bb. This work revealed promising data and novel
insights into the importance of specific amino acids in defining the functionality of Cry11
and represented a valuable biotechnological asset in the control of vector-borne diseases,
a public health problem around the world.

This research is pertinent to analyzing the structure-function relationship of Cry11
proteins as a significant biotechnological resource that could offer an alternative to using
chemical insecticides in mosquito control. Furthermore, this protein's potential biomedical
applications in limiting the proliferation of primary adenocarcinomas have been studied.
More research is needed to determine whether these mutations broaden these proteins'
targets and contribute to a better understanding of the structure-function link in the Cry11

protein family.

6.2 Discussion and future perspectives

There is a need to find and evaluate new native Bt strains with improved cytotoxic
activity against cancer cells and to find candidates for future genetic improvement to
obtain toxins with enhanced activity. PS Proteins are being established as a potential
alternative for cancer treatment. They can potentially cause fewer adverse effects than

other current homologous, improving both treatment outcomes and quality of life for
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cancer patients. Parasporins have attracted the interest of researchers due to their
selective toxic activity against different types of cancer cells and have therefore been
proposed as a treatment option. In this context, it is crucial to understand how these
proteins function, what they do in affected cells, and why they affect only certain types of
cells. PS2Aa1 (Mpp46Aa1) is one of the parasporins with the broadest anti-cancer
spectrum. Therefore, its mechanism of action was investigated in this study by
characterizing variations acquired by site-directed mutagenesis.

It was found that some residues, such as Trp, play an important role in the
sequence of PS2Aa1. This discovery implies that combining P264-G274 and Loop1-
PS2Aa peptides with 5-FU may synergistically impact and improve therapeutic efficacy.
Peptide structure is important to their efficacy. When free in solution, most ACPs do not
fold into a well-defined form but acquire a -helical or -sheet structure when electrostatic
interactions with membranes occur. A library of mutants with a differential activity was
created using PS2Aa1 as a template and based on preliminary studies showing mutants
with random substitutions in G256 and G257 amino acids to study different specific protein
regions of PS2Aa1. Genetic modification was used to obtain mutants with substitutions in
residues 256 and 257 of PS2Aa1. Therefore, these modifications allowed us to build a
library of new parasporins with different activities against colorectal cancer cell lines. In
this context, several studies had documented changes in the activity of Bt proteins when
critical amino acid substitutions were made by site-directed mutagenesis, as in the case
of Cry9Ca, where variants L186D and V189D with mutations in the same loop were
virtually inactive against Manduca sexta in vitro assays [13]. Similarly, replacing valine
171 in Cry1Ab with a cysteine increased its toxicity to Lymantria dispar while decreasing
its toxicity [13]. It is consistent with the activity of the 0-35 variant, as it gains activity over
all cell lines compared to PS2Aa1.

Based on previous molecular docking studies, it was determined that the
oligonucleotides with mutations incorporated for site-directed mutagenesis should be
present at the N-terminal end, specifically in domain | of PS2Aa1, as this region is thought
to be responsible for specific binding to membrane receptors [14]. PS2Aa1 has domains
in common with aerolysin-type PFT proteins. It includes a highly conserved area

corresponding to the C-terminal chain and a highly variable section at the protein's N-
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terminus that generally contains recognition signals [11] and corresponds to the domain |
of PFT proteins. Due to its tremendous diversity, this protein family contains a diverse
spectrum of highly specialized binding receptors. Molecular docking and dynamics
simulations revealed the possibility of a permanent link between PS2Aa1 domain | and
the APN receptor. Moreover, mutant 3-35 was mutated in the region of amino acids critical
for the interactions in the molecular dynamics simulations. The shortest interaction
distance between its center of mass and the APN contact region was identified in all three
replicates, with residue 256 having the shortest interaction distance between its center of
mass and the APN contact region.

PS2Aa1 can induce apoptosis in cancer cells in its native state, comparable to PS4,
which is produced by B. thuringiensis A1519 and activates the mitochondrial apoptosis
pathway in Jurkat cells via cleavage of caspase-3 and -9 and subsequent release of
cytochrome C [25]. Using cytotoxicity assays, it was found that mutant 3-35 has a more
pronounced effect on cancer cell lines, and we quantified for the first time the amount of
caspase-3 and PARP cleaved and the formation of yH2AX [24]. In addition, we
demonstrated how this mutation affects early and late apoptosis in recombinant PS2Aa1.
These results demonstrate that the point mutation G257V on loop 1 can alter the activity
of the protein, which is characterized by differential cytotoxicity and apoptosis.

On the other hand, cry proteins and Cry protein-derived peptides have been used
to target cancer cell lines. In a triple-negative breast cancer model in mice, co-
administration of inactivated and activated versions of Cry1Ac with doxorubicin improved
tumor immunity in 2022 [22]. Rendon-Marin et al. investigated the effect of Cry11Bb-
derived peptides in 2021 and discovered that the BTM-P1 peptide was hazardous to
Caco-2 and MCF -7 cells and caused MCF-7 cell death with moderate hemolytic activity
[23]. The influence of amino acids at positions 553 and 556 (mutants 8F553L, 8W556L,
and 8L553F/8 L556W) on the structural behavior of the solvent-arranged domain |l for
Cry11 and variation 8 proteins was hypothesized using molecular dynamics simulations.
Molecular simulation studies revealed that the Il domain structure in the mutant variation
8 protein was more energy stable and compact throughout the simulation period. At
positions LEU350, SER361, LEU378, and LEU556, 3% of the amino acids in the mutant

domain modified their initial structure by more than 2 positions.
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6.2.1 Parasporal proteins: anticancer biomolecules

6.2.1.1 New studies of the interaction of PS2Aa1 (Mpp46Aa1) with the cell-membrane
receptor GPI-Ap

GPl-anchored proteins were confirmed to be expressed on four cell lines that
exhibited differential cytotoxicity by parasporin 2. However, the expression of GPI-
anchored proteins was similar in cells. Therefore, PS2 requires some GPIl-anchored
proteins for effective cytolysis [14]. We took this into account to start the new in silico
phase using X-ray crystallography of GPI-Ap CD59 and PDB of PS2Aa1, recently named
Mpp46Aa1, to generate the coordinate file for mutant N65, which has increased cytotoxic
activity against various cancer cell lines. Furthermore, in the new molecular dynamics’
simulations, at least one of the substitutions in N65 mutant parasporin was involved in

interaction with CD59, to be more specific with the glycan core.

6.2.1.2 Colorectal cancer (CRC) as a target of Parasporin strategies

CRC is one of the leading causes of cancer mortality, responsible for 655.000
deaths per year worldwide [23]. In Colombia, incidence and deaths are also high.
According to reports from the Global Cancer Observatory, the disease accounted for one-
third of all cancer cases in both sexes and all age groups and had a significant psycho-
affective, social, and economic impact, challenging the health system [24]. Current
treatment of CRC relies mainly on surgery, chemotherapy, radiotherapy, and targeted
therapy; thus, combining two or more approaches is often recommended.

The most optimal treatment approach depends on the stage of cancer development
and the histopathological and clinical characteristics. Therapeutic agents for the treatment
of CRC include cytotoxic agents (5-fluorouracil, oxaliplatin, capecitabine, and irinotecan),
targeted therapies (antibodies against endothelial growth factor A —bevacizumab, and
antibodies against epidermal growth factor receptor -cetuximab and panitumumab). In the
1980s, many scientists tested drug combinations with 5-fluorouracil (5-FU), and in the

mid-1990s, the combination of 5-FU and leucovorin became a standard therapeutic
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adjuvant for stage Ill CRC patients [25]. Furthermore, the addition of oxaliplatin to 5-FU
and leucovorin soon improved survival rates compared with treatments containing only 5-
FU and leucovorin. It argues for using combinations of therapeutic approaches with
synergistic effects on CRC. However, these molecules and hybrids often exhibit low
solubility and/or limited bioavailability and may induce toxic severe side effects on the
gastrointestinal tract, bloodstream, nerves, heart, and skin. Therefore, there is a need to
develop delivery systems for molecules and hybrids to achieve better therapeutic efficacy
with fewer side effects [26].

As an alternative to synthetic active ingredients, in recent years, there has been a
growth in the use of proteins and peptides as therapeutic molecules in drug development
[27]. For example, the anticancer activity of PS proteins from Bt has been demonstrated,
and genetic modification of PS can lead to molecules with improved anticancer action as
a therapeutic alternative against CRC. However, in the case of oral administration, on its
journey to the therapeutic target, these molecules are subject to enzymatic degradation,
have a short half-life, display a limited permeability through biological membranes, and
can provoke immune responses. Together, these diminish efficient and specific delivery
[27], [28].

The use of nanosystems for the administration of active ingredients has been
explored to transport anticancer agents as a treatment for CRC. Compared to
conventional drug delivery, nanobioconjugates can be designed to protect drugs from first-
pass metabolism and enzymatic degradation in the stomach and small intestine, which
leads to an increase in the amount of drug available for localized release in the colon [29].
Currently, most drug-loaded nano Particles (NPs) have been designed for intravenous
administration, accumulating in blood vessels and subsequently eradicating cancer
cells[29], [30]. However, releasing NPs directly into the colorectal region can lower the
physiological barriers to successfully targeted chemotherapy and improve the efficacy of
the active ingredients proposed as a preventive and therapeutic strategy. Therefore,
nanobioconjugates based on hybrids of molecules and PS and peptides should be
developed to allow their site-specific delivery and targeting to optimize the treatment of
CRC and protect interaction with the physiological environment to maintain their stability

and reduce the immune response.
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6.2.1.3 Personalized medicine using parasporins, and other molecules in the control of
CRC

Under personalized medicine, avant-garde technologies, devices, therapeutic
approaches, and practices are used according to the patient's particular biology and
molecular basis as a more efficient and effective way to diagnose and intervene in the
disease, especially cancer [31]. Personalized medicine is expected to play a fundamental
role in assessing disease risk or predicting response to treatment to understand a person's
health status and thus inform healthcare decisions. Unlike trial and error, once a disease
is diagnosed, the best treatment alternative follows the statement "therapy with the right
drug at the right dose for the right patient" [32], promoted by personalized medicine.

A potential treatment can be designed and tailored based on the patient's response,
considering their genome and biology, and can therefore be more effective, precise, and
profitable; this is an accepted practice within the concept of personalized medicine, which
is on its way to replacing mass-produced single-dose or fixed-dose combinations of
conventional treatments. In this context, the development of functional nanocarriers [29],
[33], [34] for controlled, site-specific drug delivery is a branch of personalized medicine
that promises to revolutionize healthcare. Developing therapeutic alternatives for CRC
based on nanoconjugates of hybrid molecules and proteins could provide new avenues
to fight this disease. However, advanced and consolidated knowledge regarding efficacy,
mechanisms of action, biosafety, in vivo pharmacokinetics, and biodistribution of
Parasporin PS2Aa1 and Hybrid 5-Fluoracil/Curcumin, will be necessary before they can

be used against CRC as personalized medicine.

6.2.1.4 Variant 8 peptide-based nanoconjugates as a new resource

The mutations within variant 8 could make them an asset in preventing the spread
of cancer, like their counterparts, the parasporins. It has also been shown that coupling
nanomaterials to biomolecules can increase their activity and stabilization against cancer

cell lines [9]. However, this part requires further studies.
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Optimization of Cry proteins has led to a functional approach to increase their
efficacy in targeting vectors that have shown low susceptibility and resistance to native Bt
toxins over time, and even to solve problems that affect them, such as environmental
conditions. Nanobioremediation techniques have contributed to the development of a new
field of research based on interaction phenomena between nanomaterials and
microorganisms, and the synthesis of nanoparticles is of great interest. [19]. The synthesis
of bioconjugates has evolved through experiments on bioreduction and biosorption of
nanomaterials by microorganisms that assimilate and/or reduce inorganic materials [22].

Variant 8 is the protagonist of the Cry part described in this work, and our in-depth
work contributed to understanding how and why this protein has an enhanced effect in the
control of mosquito disease vectors, but since this work, new approaches have emerged
about the use of variant 8 in the control of cancer cell lines. The development and recovery
of variant 8 peptides conjugated to nanoparticles as a new source for the control of cancer

cell lines represents a novel and attractive approach.
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7.3 About Me: Miguel Orlando Suarez Barrera (MOSB)

| was born on October 3™ 1986 in Bucaramanga Colombia. | began my studies at
the Universidad de Santander UDES as an industrial microbiologist, graduating in 2009,
and from that point, | began my career as a researcher working with Bacillus thuringiensis
and as a university professor. In 2016, | graduated with a master's degree in basic
biomedical sciences, and a new phase of my life began. | worked at other universities,
served as a training member for the Colombian government on biosafety topics, and
received several national awards and grants. | continued my studies on site-directed
mutagenesis of Cry proteins and published several mutant proteins that serve as models
to consolidate this model of biocontrol of mosquitoes transmitting tropical diseases and
authored academic articles about its mechanism of action.

At the same time, | participated in quorum sensing inhibition work using enzymes
extracted from Bacillus thuringiensis to control multidrug-resistant bacteria, identifying
microbiomes of different soils for tropical fruit cultivation, and participating in bio-projects
on remediation and bioremediation. In 2018 | started my Ph.D. studies at the Universidad
de Antioquia U.de.A with a project on anticancer proteins from Bacillus thuringiensis called
Parasporins. This project is part of the most ambitious initiative of the Colombian Ministry
of Science and Technology that aims to find and design new molecules to treat colorectal
cancer. This program was called NanoBiocancer. After two years, | started my double
Ph.D. at the University of Groningen RUG, where | worked in the Department of Pathology
and Biological Medicine, where | conducted my studies on new Bacillus thuringiensis
proteins and their activity in different cancer cell lines, their characterization, and
construction of models for the initiation of possible steps in the mechanism of action.
Nowadays, | am the Pl of a new project funded by the Colombian government focused on
the continuation of parasporin-mutated proteins, the target of this call is the creation of
combinatory treatments between the parasporin and other natural molecules, including
plant and fungi, reaching future preclinic assays on mice, all these directed in the control
of colorectal cancer. | am preparing myself to receive next year a position as the director
of the ‘grupo de Biologia molecular y Biotecnologia de la Universidad de Santander’, and

the head teacher of the laboratory under the same name. Additionally, | will participate in
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different projects with the Colombian government related to training, conferences, and

workshops on different topics.
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7.7.1 Abstract

The Cry11 family belongs to a large group of d-endotoxins that share three distinct

structural domains. Among the dipteran-active toxins referred to as three-domain Cry11
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toxins, the Cry11Aa protein from Bacillus thuringiensis subsp. israelensis (Bti) has been
the most extensively studied. Despite the potential of Bti as an effective biological control
agent, the understanding of Cry11 toxins remains incomplete. In this study, five Cry11
variants obtained via DNA shuffling displayed toxic activity against Aedes aegypti and
Culex quinquefasciatus. Three of these Cry11 variants (8, 23, and 79) were characterized
via 3D modeling and analysis of docking with ALP1. The relevant mutations in these
variants, such as deletions, insertions and point mutations, are discussed in relation to
their structural domains, toxic activities and toxin-receptor interactions. Importantly,
deletion of the N-terminal segment in domain | was not associated with any change in
toxic activity, and domain Ill exhibited higher sequence variability than domains | and Il
Variant 8 exhibited up to 3.78- and 6.09-fold higher toxicity to A. aegypti than Cry11Bb
and Cry11Aa, respectively. Importantly, variant 79 showed an a-helix conformation at the
C-terminus and formed crystals retaining toxic activity. These findings indicate that five
Cry11 variants were preferentially reassembled from the cry11Aa gene during DNA
shuffling. The mutations described in loop 2 and loop 3 of domain Il provide valuable
information regarding the activity of Cry11 toxins against A. aegypti and C.
quinquefasciatus larvae and reveal new insights into the application of directed evolution
strategies to study the genetic variability of specific domains in cry11 family genes.
Keywords: Bacillus thuringiensis, Cry11, DNA shuffling, docking, Aedes aegypti,

Culex quinquefasciatus

7.7.2 Introduction

Bacillus thuringiensis (Bt), a Gram-positive bacterium characterized by the
production of Cry d-endotoxins capable of killing insects, has been used since the late
1930s as a biological control agent (Melo et al., 2016). A total of 308 holotype toxins are
clustered into 75 Cry proteins (Crickmore et al., 2014) (revised February, 2018). The
tertiary structures of nine Cry toxins determined via X-ray crystallography to date contain
three conserved domains with specific functions and implicated in the structural stability
of the protein. The domain | is a bundle of 7—8 a helices involved in pore formation, domain

Il is a B-prism with exposed loops regions involved in receptor binding and, domain Ill is
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a B-sandwich and has influence on receptor binding, ion channel formation and insect
specificity (Li et al., 1991; Grochulski et al., 1995; Derbyshire et al., 2001; Galitsky et al.,
2001; Morse et al., 2001; Guo et al., 2009; Hui et al., 2012; Figure 1A).

The mechanisms by which Bt induces death in insects are controversial and have
not been completely elucidated (Vachon et al., 2012). Currently, there are two
mechanisms related to Bf- induced toxicity in insects that have been accepted; the
sequential binding and signaling pathways (Zhang Q. et al., 2017). The sequential binding
mechanism has been extensively studied and is based on the formation of pores in
epithelial cells in the midgut of targeted insects, which results in toxin-receptor
interactions, osmotic imbalance and cell death (Bravo et al., 2007; Pardo- Lopez et al.,
2013). After crystal ingestion, Cry toxins become solubilized, and specific proteases
presentin the lumen of the midgut activate the toxins, which then bind to specific receptors
located in the insect midgut. In some Cry toxins, this event induces the proteolytic removal
of helix a1 (Aronson, 2000), triggering Cry toxin oligomerization, insertion of oligomeric
structures altering membrane stability, receptor and production of channels or pores,
ultimately leading to cell lysis and insect death (Bravo et al., 2004; Figure 1B). The
signaling pathways is a recent proposed mechanism in which the activation of signaling
cascades, leads to increased cyclic AMP and protein kinase activities, resulting in cell
death (Zhang et al., 2006). Both of these mechanisms contain gaps. In the sequential
binding mechanism, the presence of several types of resistance and the link between
proteolysis and pore formation are not understood (Melo et al., 2016). In the signaling
pathway mechanism, how Cry toxin-receptor interactions mediate toxic activity is unclear
(Melo et al., 2016). In this context, it has been suggested that Cry toxins can cause death
based on their ability to induce both pore formation and ion channel activation (Zhang Q.
et al., 2017).

The pBtoxis megaplasmid from Bt subsp. israelensis (Bti) contains four Cry
proteins encoded by the cry4Aa, cry4Ba, cry10Aa, and cry11Aa genes and two Cyt
proteins encoded by the cyt1Aa and cyt2Ba genes (Berry et al., 2002). The cry genes
produce 134, 128, 78, and 72 kDa polypeptides, respectively, all of which possess
larvicidal activity higher than of the Cyt’s proteins (Ben-Dov, 2014). However, the high

toxic activity of Bti is the result of synergistic interactions between all of them (Ben-Dov,
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2014). That is the case of Cyt1Aa that despite the low toxicity, it is highly synergistic with
Bti Cry toxins and aids to overcome resistance in mosquitoes to Cry toxins (Wirth et al.,
1997). Due to the synergistic interactions of Bt subsp. israelensis toxins, this bacterium
has been used worldwide to control mosquito larvae of the genera Aedes, Culex and
Anopheles, which are involved in the transmission of diseases including malaria,
hemorrhagic fever, dengue fever, lymphatic filariasis, yellow fever (Ben-Dov, 2014),
Chikungunya and Zika (Chouin- Carneiro et al., 2016; Gardner et al., 2016; Tsetsarkin et
al., 2016).

Cry11Aa from Bti is a 72 kDa protoxin that is activated by gut enzymes via the
proteolytic removal of 28 residues from its N-terminus and proteolytic cleavage into two
fragments of 38 and 30 kDa that remain associated and retain toxicity (Dai and Gill, 1993;
Revina et al., 2004; de Barros Moreira Beltrao and Silva-Filha, 2007). The Cry11Aa toxin
has higher activity against Aedes and Culex than against Anopheles (Revina et al., 2004;
Otieno-Ayayo et al., 2008). In A. aegypti, this toxin interacts with two midgut brush border
membrane receptors; a GP| anchored and alkaline phosphatase (ALP1) (Fernandez et
al., 2006) and also binds to Cyt1Aa as a kind of membrane-bound receptor of Cry11Aa
increasing the toxic activity (Perez et al., 2005). Other midgut proteins different to the
receptor alkaline phosphatase (ALP1) such as ATP binding protein, increases the toxicity
of Cry11Aa against C. quinquefasciatus (Zhang L. et al., 2017). Other two toxins, Cry11Bb
(94 kDa) and Cry11Ba (81 kDa), share a similar insect specificity and are phylogenetically
related to Cry11Aa. Cry11Bb and Cry11Ba are produced by Bt subsp. medellin and Bt
subsp. jegathesan, respectively (Delecluse et al., 1995; Orduz et al., 1998).

Although the tertiary structure of Cry11 toxins have not been determined by X-ray
crystallography, Cry11Aa have been the most studied among this group using protein
engineering tools. Several mutations haven been introduced into different domains that
are implicated in its toxicity. Therefore, studies have focused on domain | developing N-
terminally truncated forms of Cry11Aa (Pang et al., 1992) or modifications in domains ||
and Il altering the interactions with its receptor in the midgut, confirming the importance
of these domains for Cry11Aa-mediated toxicity (Fernandez et al., 2005, 2009). Based on
phage display libraries and site-directed mutagenesis, the exposed regions of loop a8, 4

and loop 3 in domain Il of Cry11Aa have been shown to be involved in the interaction of



PARASPORAL PROTEINS AS AN APPROACH TO CONTROL DISEASES 197

Cry11Aa with A. aegypti brush border membrane vesicles (BBMVs). Specifically, two
mutations in loop a8, V262E and E266A, reduced the toxic activity of Cry11Aa against A.
aegypti (Fernandez et al., 2005). There are also mutations in loop a-8 that are involved in
Cry11Aa—ALP1 receptor interaction, that affect the Cyt1Aa and Cry11Aa interaction
reducing the synergism between these proteins and decreasing their toxic activity (Perez
et al., 2005). Other binding sites have been described for the interaction of Cry11Aa with
the receptor ALP1 as an important secondary receptor for Cry11Aa and Cry11Ba (Chen
et al., 2017). The involved regions are located in loop 2 of domain Il and 18-19 of
domain Il of Cry11Aa, which interact with ALP1 regions R%-G'%?2 and N257—|2%,

respectively (Fernandez et al., 2009).

Figure 36. Structure of the Cry toxins, domains, and their mode of action. (A) Ribbon
diagram of Cry deduced 3D structure. Three domains are colored in red blue and green,
respectively. (B) Sequential binding mechanism. 1. The toxin binds to GPl-anchored APN
and ALP receptors in the lipid rafts; 2. Binding to cadherin receptor 3. Proteolytic cleavage
of the helix a1 at N-terminal end; 4. N-terminal cleavage induces the formation of pre-pore
oligomer 5. Increasing of the oligomer binding affinity to GPI-anchored APN and ALP
receptors; 6. Oligomer inserts into the membrane, leading to pore-formation and cell lysis;
and 7. Cellular death.
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Since the three Cry11 toxins are phylogenetically related and exhibit similar
specificity to insect species, it is possible to infer similarities at structural level that can be
analyzed after mixing their genes in order to create novel proteins with improved
properties. Therefore, considering the lack of studies focused on this approach, we
designed a DNA shuffiing strategy to obtain variants with increased toxicity to A. aegypti
and C. quinquefasciatus. DNA shuffiing has been used alone or in combination with phage
display and the staggered extension process via homologous recombination to increase
the activity of Cry toxins against specific insect pests (Lucena et al., 2014). This technique
is a powerful approach based on recombination between parental genes in a single DNA
shuffiing reaction following random fragmentation (Stemmer, 1994).

Here, we report five variants that were reassembled from the cry11Aa gene that
exhibit from moderate to high toxic activities against A. aegypti and C. quinquefasciatus
mosquito larvae. Variant 8 was the most toxic to the mosquito larvae, and variants 23 and
79 displayed important differences in 3D structure, toxin-ALP1 interactions and toxicity
in which are implicated domains Il and Ill preferably.

7.7.3 Materials and methods

7.7.3.1 Microbial Strains, Clone Selection and Gene Constructs

For DNA manipulation, Escherichia coli DH5a, JM109 (Promega) and
DH5aTOP10© (Life Technologies) cells were grown at 37°C in Luria Bertani (LB) culture
medium supplemented with ampicillin (50 pg/ml) and X-gal (50 mg/ml). A Bt 4Q2-81 strain
carrying the pBTMS3 plasmid and expressing the cry11Bb gene from Bt subsp. medellin
(Restrepo et al., 1997) and a second Bt 4Q2-81 strain carrying the pJEG90.1 plasmid and
expressing the cry11Ba gene from Bt subsp. jegathesan (Delecluse et al., 1995) were
cultured as previously described (Restrepo et al., 1997) in M1 medium supplemented with
30 pg/ml tetracycline and 20 pyg/ml erythromycin. Crystal production was evaluated via
phase contrast microscopy. E. coli DH5a cells harboring the pSV2 plasmid, which carried
the p19 gene upstream of cry11Aa from Bt subsp. israelensis, were cultured in M1

medium supplemented with 20 pg/ml chloramphenicol; this strain was obtained from Dr.
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Neil Crickmore from the University of Sussex. The pTOAa, pTOBa-1, pTOBa-2, and
pTOBb plasmids carrying the cry11Aa, cry11Ba-1, cry11Ba-2, and cry11Bb genes,
respectively, were amplified via PCR and cloned using the TOPO TA Cloning® system
(Life Technologies) (Supplementary Table 1). To obtain pGEBb-1, the pTOBb vector
was digested with EcoRIl and BamHl|, releasing an insert of 3.5 kb that was ligated into
pGEM7zf (+) (Promega). The DNA shuffiing library was cloned into the TA TOPO cloning
system. Selected variants were subcloned into the pSV2 expression vector using Hindlll
and Sacl and transformed into BMB171 cells in LB supplemented with 6 pg/mi
chloramphenicol. The acrystaliferous strain BMB171 was used to produce the variants
and was donated by Dr. Ziniu Yu from the State Key Laboratory of Agricultural
Microbiology, Huazhong Agriculture University, Wuhan, Hubei, China.

7.7.3.2 Isolation of cry11 Genes via PCR

The cry11 genes were amplified via PCR using specific primers and plasmid DNA
from constructs pBTM3, pSV2 and pJEG90.1 as templates. Briefly, reactions were
conducted in a final volume of 50 pl that contained 20 ng of plasmid DNA, 0.5 uM primers,
1x Taq polymerase buffer, 0.4 mM dNTPs, 1.5 mM MgCl. and 0.5 U GoTaq polymerase
(Promega). The amplification conditions were denaturation at 94°C for 5 min followed by
35 cycles of 45 s at 94°C, 45 s at 55°C, and 4 min 30 s at 72°C, and a final extension at
72°C for 10 min. The PCR products were separated via electrophoresis and purified using
the PCR Clean- Up System (Promega). The cry11Ba gene was obtained via two
independent PCRs, producing a 1.8-kb product (denoted Ba1) corresponding to cry11Ba
with a deletion of 246-bp downstream of the ATG start site and a 0.9-kb fragment (denoted
as Ba-2) that contained a 0.75-kb fragment of cry71Ba including the stop codon and a
249-bp segment homologous to the multiple cloning site (MCS) of the pHT315 shuttle

vector.



PARASPORAL PROTEINS AS AN APPROACH TO CONTROL DISEASES 200

7.7.3.3 cry11 Gene Cloning, Insert Validation, and Sequencing

The cry11 genes obtained via PCR were cloned using the TOPO TA system.
Recombinant variants for each product were selected, and plasmid DNA was extracted
using the Wizard Plus Minipreps kit (Promega). Verification of each insert was performed
via digestion of 50 ng of DNA with EcoRl, followed by separation via agarose gel
electrophoresis. The released inserts were also used as templates for PCR to confirm the
presence of the cry11 genes in the inserts. Each reaction was conducted in a final volume
of 25 'yl that contained 04 pM each of the forward primer 5-
TTAGAAGATACGCCAGATCAAGC-3 and the reverse primer 5-
CATTTGTACTTGAAGTTGTAATCCC- 3’ (Bravo, 1997; Bravo et al., 1998) in 1x Taq
polymerase buffer, 0.4 mM dNTPs, 2.5 mM MgCl> and 0.12 U GoTaq polymerase. The
amplification conditions were 5 min at 94°C followed by 35 cycles of 45 s at 94°C, 45 s at
51°C, and 1 min at 72°C and a final extension step of 6 min at 72°C. pTOAa containing a
2.5-kb insert, pTOBa-1 containing a 1.6- kb insert, pTOBa-2 containing a 0.78-kb insert
and pTOBDb containing a 3.5-kb insert were sequenced by Macrogen, Inc. (Seoul, South
Korea) using M13/T7 primers and the primer pair pCR4F (5-
GATAACAATTTCACACAGGA-3) and pCR4R (5-TTGTAAAACGACGGCCAGTG-3).

7.7.3.4 Test Primers for Reassembly via PCR

The pTOAa, PTOBa-1 and pTOBa-2 constructs were used as templates in 50-pl
PCRs that contained 0.32 yM PCR4 primers as described in Supplementary Table 1, 1x
Pfx polymerase buffer, 0.4 mM dNTPs, 2.5 mM MgCl2 and 0.5 U Pfx50 polymerase (Life
Technologies) in 1x reaction buffer that contained 1 mM MgSO4. The amplification
conditions were denaturation at 94°C for 4 min followed by 35 cycles of 45 s at 94°C, 45 s
at 59-67°C, and 4 min 30 s at 68°C and a final extension step of 10 min at 68°C. The PCR
products were separated via electrophoresis and purified using the Wizard purification
system (Promega). To generate the pGE7 construct, 50 ng of pPGEBb-1 plasmid DNA was
used as a template. The PCR was performed in a final volume of 50 pl that contained 0.32

MM of each primer as described in Supplementary Table 1, 1x Pfx polymerase buffer,
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0.3 mM dNTPs, 1 mM MgSO4 and 0.5 U Pfx50 polymerase. The PCR conditions were
denaturation for 4 min at 94°C followed by 35 cycles of 94°C for 45 s, 68°C for 45 s, and
68°C for 4 min 30 s and a final extension step at 68°C for 10 min. The PCR products were
separated via agarose gel electrophoresis and purified using the Wizard ® SV Gel and
PCR Clean-Up System (Promega).

7.7.3.5 DNA Shuffling

Three micrograms of each PCR product obtained from the TA cloning constructs
and from pGEBb with lengths of 2.5 kb (cry11Aa), 1.6 kb (cry11Ba-1), 0.78 kb (cry11Ba-
2), and 3.5 kb (cry11Bb) were mixed in 25 pl of 50 mM Tris—HCI, pH 7.4, and 10 mM of
MnClz. In the same tube, 0.0006 U DNase | (Life Technologies) was added to a final
volume of 50 pl. The reaction was incubated between 5 and 20 min at room temperature
to optimize production of fragments ranging between 25 and 250 bp. The reaction was
stopped by adding 25 pl of 25 mM EDTA. The DNase | digestion products were separated
via electrophoresis and purified with the QIAEX Il Gel Extraction Kit (QIAGEN). Forty
microliters of the pooled of purified fragments were used as template for a PCR without
primers in 1x Pfx buffer, 0.3 mM dNTPs, and 2.5 U Pfx50 polymerase in a final volume of
50 pl under the following conditions: 94°C for 3 min, 45 cycles of 94°C for 30 s, 48°C for 3
min and 68°C for 1 min (with a 12-s increase in extension time per cycle), and a final
extension step at 68°C for 7 min. The products for reassembly were validated via agarose
gel electrophoresis and purified using the Wizard PCR Clean-Up system.

The full-length sequences were amplified using two sets of primers, PCR4F/R and
PGE7F/R, and the combination of these primers, PCR4F/PGE7R, along with a template
of 1 pl of the products of the primerless PCR, to a final volume of 50 pl. The PCR was
conducted in 1x Pfx50 buffer, 0.3 uM dNTPs, 0.3 uM primers, and 5 U Pfx50 under the
following conditions: 4 min at 94°C, 25 cycles of 94°C for 45 s, 55°C for 1 min, and 68°C
for 4 min (with a 20-s increase in extension time per cycle), and a final extension step at
68°C for 10 min. The second PCR product, corresponding to the DNA shuffiing product,
was analyzed via agarose gel electrophoresis and purified using the Wizard PCR Prep

DNA Purification System.
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7.7.3.6 Cloning, DNA Sequencing and Homology Analysis

The shuffied PCR products were cloned using the TOPO Zero Blunt PCR cloning
kit (Life Technologies) according to the manufacturer’s instructions and chemically
competent E. coli DH5aTOP10 cells (Life Technologies). Sequencing data were used to
select clones according to their open reading frame (ORF) and DNA identity to the
parental genes. Plasmid DNA from each clone was isolated using a Wizard Minipreps kit,
and the DNA was sent to Macrogen, Inc., South Korea, for sequencing. The forward and
reverse primers used for sequencing were as follows: M13 forward (-20): 5-
GTAAACGACGGCCAG-3; M13 reverse, 5-CAGGAAACAGCTATGAC-3. Gene
homology analysis was performed using BLASTn and BLASTX, available at'. Sequence
alignments were performed using ClustalW (Thompson et al., 1994), available on the

web?.

7.7.3.7 Transformation of Bacillus thuringiensis

The PCR products were cloned using TOPO Zero Blunt PCR cloning kit and then
subcloned into the pSV2 expression vector using Hindlll and Sacl. The resulting vectors
were transformed into BMB171 cells via electroporation using a Bio- Rad Micropulser™.
BMB171 cells were grown in LB-glycine 0.12% up to an OD600 of 0.15, corresponding to
the early exponential phase, and then transformed with 500 ng of the constructs. The
electroporation conditions were 2 kV/cm, 200 A, and 25 pF for 4 ms. Transformed cells
were revitalized via

incubation in 500 pl of LB for 2 h at 30°C at 50 rpm. Two hundred microliters of
transformed cells were plated on 60-mm Petri dishes containing LB agar supplemented
with 6 pg/ml chloramphenicol. Colony counts and percent efficiency of transformation
were calculated after 48 h. Endospore and crystal formation was evaluated via scanning
electron microscopy (SEM).
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7.7.3.8 Cultures, Solubilization, Cry Protein Quantification, and SDS—-PAGE

Cultures expressing variants 1, 8, 23, 79, and 81 and recombinant Cry11Aa and
Cry11BDb, including the Bt acrystaliferous BMB171 strain, were grown in 10 ml of LB
supplemented with chloramphenicol (6 pg/ml) for 7 days at 30°C and 300 rpm. After 48 h
of incubation, the culture purity was confirmed via microscopic observation of spores,
crystals, and lysed cells. The final culture was collected via centrifugation at 11,200 x g
for 15 min at 4°C. The supernatant was discarded, and 1 ml of 1 M NaCl was added to the
pellet, which was shaken for 1 h at 30°C and 50 rpm to neutralize protease activity. Then
the suspension was washed twice with 1 ml of 1x PBS and centrifuged at 11,200 x g for
5 min at 4°C. The number of spores was determined via heat shock using 100 ul of each
culture and incubated at 72°C for 20 min. Afterward, the samples were incubated at 4°C
for 10 min and were diluted by 10~" to 1075 in a final volume of 100 pl. The dilutions were
plated on LB agar supplemented with chloramphenicol (6 ug/ml) and incubated at 30°C
for 24 h. To quantify Cry protein production, 200 ul of the final sporulated culture of each
variant was solubilized by adding 800 pl of solubilization buffer (50 mM NaOH, 10 mM
EDTA, pH 11.7), incubating the culture at 4°C overnight and centrifuging the culture at
25,200 x g for 1 h at 4°C. The supernatant was collected, and the volume was adjusted to
1 ml with Tris-base (0.1 M, pH 7.4). The protein concentration was determined using the
Bradford protein assay (Bradford, 1976) and was confirmed via SDS—-PAGE using bovine
serum albumin (BSA) as a standard.

1http://blast.ncbi.nim.nih.gov/Blast.cg

2http://lwww.expasy.org

3https://lwww.r-project.org/

4http://zhanglab.ccmb.med.umich.edu/I-TASSER/

The protein samples were electrophoresed on 10% SDS—-PAGE gels at 80 V for 90
min using a Bio-Rad mini protein system (Bio- Rad Laboratories). A total of 5 ug of protein
was loaded per lane, and the protein bands were visualized by staining with Coomassie
Brilliant Blue R-250 solution for 30 min.
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7.7.3.9 SEM

The final cultures were centrifuged at 11,200 x g at 4°C for 10 min, and the
precipitate was washed twice in 1x PBS. The pellet was resuspended in 1/10 of the
original volume, and 100 ul of the samples were placed on glass slides and dried overnight
at room temperature. The samples were coated with a thin layer of gold on a Denton Desk
Vacuum IV and analyzed using a JEOL JSM 5010 LV scanning electron microscope.

7.7.3.10 Half Lethal Concentration (LCso) in A. aegypti and C. quinquefasciatus Larvae

Each bioassay consisted of two replicates using spore/crystal suspensions, each
with 30 first instar larvae in 1 ml at 24°C for each variant at 7 different concentrations under
the same environmental conditions. A total of 420 larvae were used for each variant.
Larval mortality was determined by counting the number of live larvae after 24 and 48 h,
and 50% lethal concentrations were determined statistically via Probit analysis which
employ a transformation from sigmoid dose-response curve to a straight linear and then
analyzed by a regression on the relationship. The calculation of the average lethal

concentration (LCso) was made using the R-Project Software3.

7.7.3.11 3D Structure Prediction and Validation and Secondary Structure Analysis of Non-
conserved Regions

The amino acid sequences of parental Cry11Aa and variants 8, 23, and 79 were
modeled via threading methodology using the free local server I-TASSER®. From the five
models obtained by the program, the first model of each structure was selected according
to the best C and TM scores. These structures were geometrically and energetically
validated to assess the quality of the generated 3D model using different servers, such as
the Ramachandran SWISS-MODEL?, the Z-score and energy graph in the ProSA- web
server®, ERRAT’, and Verify3D8. The structures obtained for variants 8, 23, and 79 were
aligned with the structure of Cry11Aa. For variant 79, complementary analysis based on

the predicted secondary structure of non-conserved regions was performed using JPred®.
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Subsequently, the ab initio method was used to predict the 3D structure of variant 79 using

Robetta server©.

7.7.3.12 Molecular Docking of Cry11 Domains with ALP1

Parental Cry11Aa and variants 8, 23, and 79 were analyzed to identify their
interactions with the receptor ALP1 from A. aegypti (UniProtkKB ID; Q16WV8). For this
protein, two regions that interact with Cry11Aa were identified by epitope mapping. These
regions are located within R59-G102 and N257-1296 in ALP1, which interact with residues
in loop a8 of Cry11Aa domain Il and residues R561-N570 in Cry11Aa domain I,
respectively (Fernandez et al., 2009). The structure of ALP1 was modeled using the I-
TASSER server taking into account folding recognition by threading. The model was
evaluated according to Z-scores obtained using ProSA-web (see text footnote®), and a
Ramachandran plot was generated using Swiss-MODEL (see text footnote®). For docking
analysis, the interactions between Cry11Aa and ALP1 regions were analyzed using the
Cry11Aa-interacting domains as peptides with rigid conformations based on the predicted
3D structures obtained in the previous step. The ALP1 structure and the peptides obtained
from Cry11Aa and each variant were parameterized using AutoDockTools' via the
addition of polar hydrogens to each residue’s side chain to facilitate the formation of
hydrogen bonds. The structures were also treated with Gasteiger partial charges to
facilitate electrostatic interactions among other molecular entities. Docking analysis was
performed using AutoDock Vina'? considering an exhaustiveness set to 80, which is
proportional to the length of the ligand. For the simulated interactions with both regions of
ALP1, 3D grid cubic boxes with sides of 32 A in length and a grid space of 1.0A were
located on the defined active site center, covering all the residues of interest and allowing
the entrance of the full peptide structures into the protein cavities. Subsequently, the
different docking conformations for each variant were illustrated and analyzed using
LIGPLOT"™,

Shttp://swissmodel.expasy.org/workspace/?func=tools_structureassessmen
t1
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Shttps://prosa.services.came.sbg.ac.at/prosa.php
Thttp://services.mbi.ucla.edu/ERRAT/
8http://services.mbi.ucla.edu/Verify_3D/
http://www.compbio.dundee.ac.uk/jpred/
"http://irobetta.bakerlab.org/
"http://lautodock.scripps.edu/resources/adt
2http:/Ivina.scripps.edu/
Bhttp://www.ebi.ac.uk/thornton-srv/software/LIGPLOT/

7.7.4 Results

7.7.4.1 Parental cry11 Genes

cry11Aa, cry11Ba, and cry11Bb were used as parental genes to be fragmented in
DNA shuffiing based on their closely phylogenetical relationship, similarities at structural
protein level and toxic specificity to similar insect species. This approach has been used
for in vitro recombination of families of homologous genes in order to create novel proteins
with improved properties and is useful for those in which the three- dimensional structure
is unknown. In contrast to other random mutagenesis protocols, this technique introduces
mutations by random DNA fragmentation and PCR reassembly in a cyclic process that
alternates gene diversification, screening and selection of functional variants (Stemmer,
1994).

Four PCR products of 3.5, 2.7, 1.8, and 0.9 kb corresponding to cry711 genes were
obtained (Supplementary Figure 1A), as confirmed via DNA sequencing. The 3.5-kb
PCR product contained a 2.2-kb fragment encoding the Cry11Bb protein. Three segments
were also identified downstream of the last stop codon. The first segment consisted of
234-bp and showed 93% identity to cry11Bb2 (accession number HM68615.1). The
second segment was a 129-bp fragment that showed 93% identity to the complementary
strand of the /1S2140 insertion element (accession number M23740.1) and was used to
distinguish the reassembled products from the cry71Bb gene. The third segment, a 173-
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bp fragment, showed 83% identity to the complementary strand of the cry30Aa gene
(accession number AJ251978.1).

The 2.7-kb PCR product contained a 1.9-kb fragment encoding the Cry11Aa
protein as well as two additional segments of 580- and 90-bp that were identified upstream
of the first ATG and downstream from the stop codon, respectively. The 580-bp fragment
was homologous to the p19 accessory protein gene (GenBank: CAD30080.1) and was
used to distinguish the reassembled products from cry771Aa gene. The downstream 90-
bp segment was homologous to the MCS of pSV2. Sequence analysis showed that the
1.8-kb and 0.9-kb PCR products from cry11Ba, denoted as Ba1 and Ba2, respectively,
shared a 407-bp segment. A deletion of 246-bp downstream of ATG start site was used
to recognized the reassembled products from cry11Ba gene. No mutations were detected
in the DNA sequences of the PCR products of any of the parental genes.

7.7.4.2 Assembly of Full-Length cry11 Genes

The primers used for DNA shuffiing were tested via conventional PCR and random
fragmentation, and the results indicated that the parental gene amplifications were
successful (Supplementary Figure 1A). The purified PCR products (Supplementary
Figure 1B) were mixed and treated with DNase | for 7, 8, or 9 min. However, only the
products treated for 8 min (Supplementary Figure 1C) generated fragments between 25
and 200-bp. These products were reassembled, resulting fragments between 1 and 10-
kb (Supplementary Figure 1D). After the final assembly using the PCR4F and pGE7R
primers, we observed fragments between 0.25 and 2-kb (Supplementary Figure 1E).
The assembly reaction products were cloned as described in the Materials and Methods.
A total of 94 variants were obtained, and 10 of these variants did not contain an insert.
For the remaining variants, 34 were <1.0-kb, 14 were between 1.1 and 2-kb, 22 were >2.1-
kb and, and 14 did not show homology.
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7.7.4.3 Characteristics and Sequence Homology of cry11 Variants

According to the sequence analysis of the Cry11 variants, 14 of them did not show
homology to any known endogenous Cry11 toxin. Among those 14 variants, six variants
were >2.1-kb and eight were between 1 and 2-kb. The 22 variants that displayed
sequence homology and a similar size to the full-length parental genes (>2.1-kb) were
clustered into three groups. The first group consisted of variants 1, 8, 23, 28, 54, 79, and
81; these variants contained the p19 gene located upstream from the ATG start site and
showed homology to cry711Aa. A second group of ten variants, including 16, 36, 51, 57,
61, 68, 71, 75, 77, and 85, showed DNA homology to cry11Aa but lacked the p19 gene.
The third group of variants, 14, 17, 67, 76, and 86, showed homology to the cry71B genes.

Among the 22 variants that were between 1 and 2-kb, 14 showed homology to the
cry11B genes, and eight did not have homology to any of the cry11 genes used. All 34
variants that were <1-kb showed homology to the cry11B genes, and their reassembled
products contained only domain Ill. Among all variants obtained via DNA shuffiing,
variants 1, 8, 23, 28, 54, 79, and 81 were selected for characterization. Homology analysis
of the deduced amino acid sequences of Cry11Aa and variants 1, 8, 23 and 81 showed a
high degree of conservation with few amino acid changes, which were preferentially
located in domain Il (Supplementary Figure 2A). Variants 28 and 54 exhibited 100%
identity to Cry11Aa. Therefore, these mutants were excluded from further analysis.
Comparative analysis of Cry11Aa, variant 23 (aa 1-643), variant 8 (aa 1-568), and variant
79 (aa 1-551) showed that the two first variants are highly conserved in the extension of
the sequences. However, many variations relative to Cry11Aa were present in variant 79
at the end of the sequence, particularly beginning from aa 286. In addition to
polymorphisms, several insertions/deletions were present at the end of this sequence
(Supplementary Figures 2B,C).

Finally, secondary structure analysis of the deduced amino acid sequence from
variants 8, 23, and 79 predicted the presence of a helix, B-sheets and loops
(Supplementary Figure 2C). The accession numbers and particular characteristics of the
variants 1, 8, 23, 79, and 81 genes are described in Table 1.
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7.7.4.4 Protein Expression and Crystal Formation

SDS—-PAGE revealed that all variants contained a similar pattern of solubilized
proteins, and degradation was not observed (Supplementary Figure 3A). According to
SEM analysis, variants 1, 8, 23, 79, and 81 as well as the parental proteins Cry11Aa and
Cry11Bb form crystals (Supplementary Figure 3B). Strain BMB171, which was used as
the plasmid recipient for protein expression, did not show crystal formation
(Supplementary Figure 3B).

-The Selected Variants Exhibited Moderate to High Toxic Activity Against A.
aegypti and C. quinquefasciatus.

In accordance with sequence identity, the variants 8, 23, and 79 were reassembled
products from the cry11Aa parental gene. The toxic activity against A. aegyptilarvae was
up to 3.78- and 6.09-fold higher for variant 8 than for Cry11Bb and Cry11Aa, respectively.
No significant differences were observed against C. quinquefasciatus. Variants 23 and 79
showed lower and higher mutation rates than Cry11Aa, respectively, although both
variants retained toxic activity against C. quinquefasciatus. Additionally, variants 23 and
79 exhibited moderate and high toxicity to A. aegypti, respectively. Surprisingly, variant
79, despite of high variations still retaining toxic activity. Recombinant Cry11Bb exhibited
high toxic activity to both A. aegyptiand C. quinquefasciatus larvae, while variants 23 and
81 exhibited lower toxic activity than control against A. aegypti. The results of toxicity
assays of five variants for the two types of larvae are shown in Figure 2. Based on their
mutations and bioassay results, variants 8, 23, and 79 were chosen for analysis of their
3D structure and interaction with ALP1.

-Variants 8 and 23 Are Similar to Their Parental Protein, Whereas Variant 79
Shows Structural Differences

The Z-score, ERRAT and Verify3D results obtained for Cry11Aa and variants 8,
23, and 79 are shown in Supplementary Table 2. Multiple alignment including structural
alignment of Cry11Aa and its variants showed that variants 8 and 23 are similar to their
parental protein due to high sequence conservation (Supplementary Figures 2A,B). The
similarity of these variants with respect to Cry11Aa was 87.4 and 98.9%, respectively.
These variants also showed similar structural conformation to Cry11Aa (Figures 3A-D).
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However, variant 79 exhibited structural differences in the non-conserved region
compared with its parental protein (Figures 3E,F). The similarity of variant 79 with respect
to Cry11Aa was 55,7%. The predicted secondary structure in the non-conserved region
of variant 79 predominantly contains a helices instead of 3-sheets, which are found in the
corresponding region of Cry11A. This result was also found based on ab initio analysis,
thus confirming the high prevalence of a helices in this region (Figure 3G).

7.7.4.5 The Interactions of Cry11Aa With ALP1 Are Conserved in Variants 8 and 23

The Ramachandran analysis of ALP1 showed that 76% of its residues were in
favorable zones according to phi and psi angle positions and were involved in interactions
with the parental Cry11Aa protein or its variants. None of the residues of ALP1 positioned
in unfavorable zones (Supplementary Figure 4A) were involved in interactions with the
parental Cry11Aa protein or its variants. The Z-score (-7.27) and the energy obtained
from the ProSA-web server were below 0. Both analyses matched the score reported in
the PDB crystallographic database, and the interactions were found to be energetically
stable (Supplementary Figures 4B-D)

Figure 37. Molecular characteristics of Cry11 variants obtained via DNA shuffling.

DI DIl Dlll
Variants GenBank accession number Identity (%) cryffAa Mutation rate (%) Del. (nt) Subs. (nt) Ins. (nt) Subs. (nt) Del. (nt)
Variant 1 MH068786 84,6 15 219 0 73 8 1
Variant 8 MH068787 877 13 219 6 0 13 0
Variant 23 MH068788 989 1 9 6 5 2 0
Variant 79 MH068789 80,1 20 326 7 2 21 0
Variant 81 MHO068790 90,7 8 153 0 8 2 0
TOTAL 926 19 128 44 1

D, domain; Del, deletions; Subs, substitutions; Ins, insertions.
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Figure 38. Half lethal concentrations of Cry11 variants obtained via DNA shuffling in
Aedes aegypti and Culex quinquefasciatus larvae. The values are expressed as ng/ml of
spore-crystal mixtures, 95% confidence limit (CL).

LCs (ng/ml")(95%CL) | LCso (ng/ml")(95%CL)
Protein
Aedes aegypti Culex quinquefasciatus
Variant 1 26.5 (7.2-28.9) 100.23 (5.8-120.1)
Variant 8 6.0 (1.6-6.4) 49.86 (3.1.-60.2)
Variant 23 254.2 (52.6-263.1) 51.38 (10.0-60.0)
Variant 79 39.7 (7.4-44.7) 66.77 (11.0-72.4)
Variant 81 428.1 (208.3-416.6) 75.48 (10.31-82.3)
CryllAa 36.9 (18.8-37.7) 84.64 (10.0-100.2)
Cryl1Bb 22.9 (12.1-24.2) 13.13 (1.0-15.6)

The interaction of Cry11Aa with ALP1 involves a peptide of 12 amino acids,
SFTQWFQSTLYGW4%, within loop 2 in domain Il of Cry11Aa that was conserved in
variants 8 and 23 (Supplementary Figure 2A). However, in variant 79, the only first five
amino acids, 2'FTQWF?%, were found (Supplementary Figure 2B). The identified
interactions of ALP1 with the twelve-amino acid peptide indicated that W3'% and F32° of
variant 8 form hydrogen bonds with Y478 and S38 of ALP1, respectively (Figure 4A). The
protein complex between variant 8 and ALP1 was also stabilized by five and eight
hydrophobic interactions, respectively (Figure 4A). For variant 23, seven hydrophobic
interactions with eleven amino acids of ALP1 were found (Supplementary Figure 5). For
Cry11Aa, nine hydrophobic interactions with five amino acids and one hydrogen bond with
Q%" of ALP1 were found (Figure 4B). The identified interactions of ALP1 with the five-
amino acid peptide of variant 79 described above were also analyzed for the interactions
of ALP1 with Cry11Aa as well as variants 8 and 23.

Amino acids F3'6 and W?3'® of variant 8 formed three hydrogen bonds with amino
acids E® and Q'% of ALP1 (Figure 4C) in contrast to the two hydrogen bonds found in
the interaction between F38 and Q3% of the parental Cry11Aa protein with Y478 and E'%
of ALP1 (Figure 4D). For variant 23, a single hydrogen bond between G3 and Q% of
ALP1 was found (Figure 4E), whereas variant 79 formed five hydrophobic interactions
with nine amino acids of ALP1 (Figure 4F).
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According to the data for Cry11Aa, the peptide 564RVQSQNSGNN>®73, located in
the B18B19 region of domain Ill, was found in all variants with exception of variant 79
(Supplementary Figure 2C). The LIGPLOT analysis of Cry11Aa showed three
hydrophobic interactions of Cry11Aa with surface-exposed amino acids of ALP1 (Figure
5A). However, in variant 23, only one stable interaction through a hydrogen bond between
R%1 of the variant protein and G5! of ALP1 was observed (Figure 5B). In variant 8, two
hydrogen bonds between R*®' of the variant protein and N2°° of ALP1 as well as three
hydrophobic interactions of R*?1, V492 and Q*% of the variant protein with V2% G257, and
G 261 of ALP1 were formed (Figure 5C).



PARASPORAL PROTEINS AS AN APPROACH TO CONTROL DISEASES 213

Figure 39. Prediction of the 3D Structures of Cry11Aa and Variants 8, 23, and 79. (A)
Conserved region of variant 8 in light blue and Cry11Aa in beige, RMSD: 1,084 with 247
aa. (B) Non-conserved region of variant 8 in light blue and Cry11Aa in beige. (C)
Conserved region of variant 23 in light blue and Cry11Aa in beige, RMSD: 1,132 with 488
aa. (D) Non-conserved region of variant 23 in light blue and Cry11Aa in beige. (E)
Conserved region of variant 79 in light blue and Cry11Aa in beige, RMSD: 1,084 with 247
aa. (F) Non-conserved region of variant 79 in light blue and Cry11Aa in beige. (G) Ribbon
representation of the non-conserved region of variant 79 generated using the Robetta
server.
A B
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7.7.5 Discussion

Directed evolution approaches such as phage display library, DNA shuffing and
staggered extension process shuffing combined with Red/Et homologous recombination
have been proposed to increase the activity of Bt Cry toxins (Lucena et al., 2014). Other
approaches based on phage-assisted continuous evolution (PACE) (Badran et al., 2016),
in vitro template-change PCR (Shu et al., 2016), site-directed mutagenesis, and error-
prone PCR have also been used successfully to identify novel receptors expressed on
the surface of insect midgut cells and to understand the effects of different cry gene
mutations on the mechanism of action of Cry toxins (Lucena et al., 2014). In this study,
we report five Cry toxin variants produced via reassembly during DNA shuffiing of the
cry11Aa gene that showed toxic activity against A. aegyptiand C. quinquefasciatus larvae.

DNA shuffiing was designed using internal sequences in the parental constructs,
including the identification of specific sites for priming during reassembly. We used the
upstream p19 gene to identify the genes that were reassembled from cry11Aa. A deletion
of 246 bp downstream of the ATG start site was used to recognize those genes
reassembled from cry11Ba, and an internal sequence corresponding to the specific
primers was used to reassemble the variants from the construct containing the cry11Bb
gene. The p19 gene was present upstream of the first ATG codon in variants 1, 8, 23, 28,
54, 79, and 81. According to sequence analysis, all variants displayed some degree of
identity to cry711Aa; this observation indicated that all variants were preferentially
reassembled from this parental gene during DNA shuffiing (Table 1).
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Figure 40. Molecular docking of the interactions of domain Il of Cry11Aa and its variants
with ALP1. (A,B) Interactions formed by 11-amino acid peptides within domain Il of
Cry11Aa. (A) Variant 8 (B) Cry11Aa. (C—F) Interactions formed by 5-amino acid peptides
within domain Il of Cry11Aa (C) variant 8 (D) Cry11Aa (E) Variant 23 (F) Variant 79.

Variants 1 and 79 retained toxic activity against A. aegypti and C. quinquefasciatus
despite lacking 8.0 and 11.9 kDa N-terminal regions, respectively. These variants
exhibited the highest mutation rates, 15 and 20%, respectively. The mutations found in
variant 1 were not in regions involved in pore formation or toxin-receptor interactions,
explaining the toxicity of variant 1 to A. aegypti based on bioassays. The insertion of 22

amino acids at the end of the C-terminus with seven substitutions did not affect the toxic
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activity of variant 1. The results of the bioassays with C. quinquefasciatus larvae showed
that variant 1 has similar toxic activity to Cry11Aa but 7.63-fold lower toxic activity than
Cry11Bb. In the other hand, toxic activity of variant 79 was unexpected, despite its
numerous mutations, its toxic activity against A. aegypti and C. quinquefasciatus was high
(Figure 2). The deduced amino acid sequence of variant 79 did not show mutations in
helices a-4 and a-5, which are implicated in pore formation, or in regions involved in toxin-
receptor interactions, such as loop a8 and strand B4 (Supplementary Figure 2C).
However, among the 260 amino acids at the C- terminus that were modified in variant 79,
we found five amino acids located in loop a-2 (F?81, T2, Q%3, W24 and F?%) that
generate nine hydrophobic interactions with ALP1 (Figure 4F). These five amino acids in
Cry11Aa and in variants 8 and 23 also form more stable interactions with ALP1 than
hydrogen bonds (Figures 4C—E). Additionally, according to 3D and secondary structural
analyses, the non- conserved C-terminal region of variant 79 has an unusual a-helix
conformation (Figure 3G). The structural conformation of domains Il and Ill of variant 79
has not previously been observed in Cry toxins; according to BLASTP analysis, this
protein region is completely new. Therefore, we cannot discard the possibility that
interactions of loop a8 in domain | of variant 79 with loop a-2 of ALP1 could be sufficient

to explain the toxicity of this variant.
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Figure 41. Interactions visualized in LigPlot of ALP1 against peptides of Cry11Aa and its
variants 8 and 23. (A) Cry11Aa, (B) Variant 23, and (C) Variant 8.
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Variants 23 and 81 contain N-terminal deletions of 0.33 and 5.5 kDa, respectively.
The mutation rates of variants 23 and 81 were less than those of other variants, and these
two variants displayed 6.8- and 11.6-fold lower toxic activity against A. aegypti larvae,
respectively, relative to Cry11Aa (Table 1 and Figure 2). However, these variants retained
high activity against C. quinquefasciatus. The LCsps of variants 23 and 81 for C.
quinquefasciatus are similar with the values that have been reported for Cry11Aa (van
Frankenhuyzen, 2009) and were comparable to those of the parental protein in our
bioassays. Loop a8, strand 4 and loop 3 in domain Il of these variants did not contain
mutations, but differences in docking analysis results for variant 23 compared to the other
variants could explain the moderate toxicity of variant 23 to A. aegypti. In loop 2, mutation
S392F caused loss of the hydrogen bond formed via the interaction between Q%' of the
wild type protein and N?* of ALP1, potentially reducing energetic stability and decreasing
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the specificity of the intermolecular interactions. In the same region, in variant 23, four out
of the nine amino acids of ALP1 that initially interacted with the wild type Cry11Aa toxin
wereinvolved in hydrophobic interactions; this evidence suggests that these changes
could affect the stability of the toxin-receptor interaction (Supplementary Figure 5). The
interaction between the 318-19 region in domain Ill of variant 23 and ALP1 also appears
to be characterized by a lack of hydrophobic interactions and the formation of a stable
hydrogen bond between R%" of variant 23 and Q%' of ALP1 (Figure 5B). The observed
differences in the interaction of ALP1 with wild type Cry11Aa and variant 23 based on
docking analysis could be explained by the peptide conformations in the original model
(Cry11Aa and variant 23 were considered as rigid peptides folded in the original
conformation). In this manner, a technological limitation of docking analysis was overcome
by producing interactions with the complete protein. Based on these findings, we suggest
that the changes found in loop 2 of domain Il and the interactions observed in the 318-
B19 region of domain lll affect the stability of the interaction of variant 23 with ALP1,
thereby producing the moderate toxicity of variant 23 to A. aegypti.

Variant 8 was the most important of this study despite a deletion of 8.0-kDa at the
N-terminus and similar 3D structure to Cry11Aa (Figures 3A,B), it showed an increased
toxic activity of 6.09 times compared to Cry11Aa toward A. aegypti without significant
differences against C. quinquefasciatus (Figure 2). Importantly, this variant did not show
substitutions in regions involved in pore formation such as helices a4 and a5 neither in
regions involved in toxin-receptor interaction such as loop a8 and strand 4. However,
three substitutions T*53A, R*%%G, and P*%?R in loop 3 located in domain Il were found
(Supplementary Figure 2A). In Cry11Aa, this loop did not shown any interaction using
the synthetic peptide “’LTYNRIEYDSPTTEN#*¢" in binding assays in the presence of A.
aegyptiBBMV (Fernandez et al., 2009). So far, mutations in loop 3 have been reported in
Cry4Ba toxin that produces an increase of toxicity of 1.38 and 700 times toward A. aegypti
and C. quinquefasciatus, respectively (Abdullah et al., 2003). In our study, the interactions
found by docking analysis in loop 2 of domain Il and strands 318-$19 in domain Ill suggest
a role in the stability of the interaction with ALP1. The formation of two hydrogen bonds in
loop 2 of domain Il produced by W?3'® and F32° with two amino acids of ALP1 including one

hydrophobic interaction (Q*") in the same cavity (Figure 4A), as well as two hydrogen
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bonds formed in domain Il by R*®" with N2%° of ALP1 and three hydrophobic interactions,
could explain the toxicity toward A. aegypti mediated by ALP1 (Figure 4C).

The N-terminal deletions found in variants 1, 8, 23, 79,and 81 were between 3 and
108 amino acids in length (0.33 and 11.8 kDa). However, these deletions are not
implicated in the differences in toxic activity against A. aegypti and C. quinquefasciatus
larvae between variants. Only one study has reported an N-terminal deletion in the
Cry11Aa toxin where a truncated protein lacking 9.6 kDa was non-toxic to A. aegypti
(Pang et al., 1992). In other Cry toxins such as Cry2a, deletion of 42 amino acids at the
N-terminus increased the toxic activity against Spodoptera littoralis, Helicoverpa armigera,
and Agrotis ipsilon (Mandal et al., 2007). Furthermore, in Cry1Ac, a deletion of 56 amino
acids at the N-terminus, which included helix a-1, increase the toxic activity against
Pectinophora gossypiella by 107-fold (Mandal et al., 2007) and against Plutella xylostella
and Ostrinia nubilalis by 350-fold (Tabashnik et al., 2011). However, the toxic activity of
Cry4Ba against A. aegypti was abolished when more than 38 amino acids were removed
from the N-terminus (Pao-intara et al., 1988) and, in the case of chimeric proteins formed
by a fusion of N-terminus of Cry4Ba and the C-terminus of Cry1Ac, an increase of toxicity
against C. pipiens larvae was observed (Zghal et al., 2017). Although these findings
confirm the importance of the N-terminal region in the toxicity of Cry proteins, the N-
terminal deletions found in our variants did not affect their toxic activity against A. aegypti
or C. quinquefasciatus larvae.

The difference in toxicity against A. aegypti and C. quinquefasciatus (Figure
2) could be explained by the presence of compounds either in midgut juice or membranes-
bond proteases. Although the roles of these compounds and proteases have not been
tested in variants obtained by DNA shuffiing, there is evidence that the capacity to
processing the protoxin depends on specific proteases located in the larval midgut and
favored by alkaline conditions (Ben-Dov, 2014). In Cry11Aa toxin, the treatment with
proteases generates fragments with different molecular weight and toxic activity against
Aegypti (Revina et al., 2004; de Barros Moreira Beltrao and Silva-Filha, 2007), whereas
in C. quinquefasciatus, the processing pattern differ from those that are active to A.
aegypti (Dai and Gill, 1993). Therefore, we suggest that the toxicity differences found in

A. aegypti and C. quinquefasciatus could be explained by mechanism that dependent on
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the host. Overall, the data presented in this report indicate that the N-terminal deletions
observed in all variants did not affect their toxicity to A. aegypti or C. quinquefasciatus.
Variant 8, which contained several substitutions in domains Il and Ill, was the most
interesting variant produced in this study due to its high toxicity to the two mosquito
species. These findings confirm the importance of these domains in Cry toxin-receptor
interactions and in Cry protein toxicity. The substitutions found in variants 8 and 23 provide
new information about the role of loops 2 and 3 of domain Il in Cry toxin-ALP1 interactions.
Importantly, the a helix conformation of the C-terminus of variant 79 based on secondary
structure analysis corresponds to a new protein structure with toxic activity. We believe
that DNA reassembly via DNA shuffiing following random fragmentation could be a good
strategy to generate random mutations in specific cry genes to design new and more
potent toxins.
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7.7.7 Supplementary Material

Supplementary Figures and Tables

Supplementary Figure 1. Amplification, DNase | Digestion, Assembly and
Reassembly of cry11 Genes. (A) Image of 0.8% agarose gel electrophoresis of PCR
products obtained with PCR4 primers for cry11Aa, cry11Bal1 and cry11Ba2 and pGE7
primers for cry711Bb. Lane 1 and 5: Molecular weight 1 kb (Fermentas), Lane 2: cry11Aa,
Lane 3: cry11Ba-2, Lane 4: cry11Ba-1, Lane 6: cry11Bb. (B) DNA shuffling for cry11
genes. Lanes 1, 10 and 12: Molecular weight 1 kb (Fermentas). Purified PCR products
obtained with PCR4 primers for cry11Aa, Ba1l and Ba2 and pGE7 primers for cry11Bb,
Lane 2: cry11Aa, Lane 3: cry11Ba1, Lane 4: cry11BaZ2, Lane 5: cry11Bb. (C). Image of
2.5% agarose gel electrophoresis of the products of DNase | (0.0006 U) digestion. Lane
6: Molecular weight 25 bp (Bioline), Lane 7: digestion products after 7 min, Lane 8:
digestion products after 8 min, Lane 9: digestion products after 9 min. (D). Image of 0.8%
agarose gel electrophoresis. Lane 11: assembly of the DNase |-treated products from
lanes 8 and 9 performed without primers. (E). Image of 0.8% agarose gel electrophoresis
of the products of reassembly with primers PCR4 and PGE7. Lane 13: products of
reassembly with primers PCR4F/R, Lane 14: products of reassembly with primers
PGE7F/R, Lane 15: products of reassembly with primers PCR4F and PGE7R.
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Supplementary Figure 2. Alignment of Deduced Amino Acid Sequences of Variants
1, 8, 23, 79 and 81. (A) Variants 1, 8, 23, and 81. The domains are defined above the
amino acid sequence in horizontal gray bars. Helices a4 and a5 are denoted as a4 and
ab, respectively. Loop a8, strand B4 and loop 3 are denoted as La8, 4 and L3,
respectively. Substitutions are indicated by closed boxes. (B) The conservation, quality
and consensus sequence similarity of variants 8, 23, and 79. (C) Alignment of the deduced
amino acid sequences of wild type Cry11Aa and variant 79. Helix regions are denoted as
a4 and a5. Loop regions are denoted above the deduced amino acid sequence in dotted
boxes as La8, L1, B4, B5, B6, L2, L3 and B18-B19. Identical amino acids are shown in
white color.
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Supplementary Figure 3. Protein Composition of Crystals Produced by Variants 1,
8, 23, 79 and 81. (A) SDS-PAGE analysis. Lane 1. Kaleidoscope molecular weight
standards (BioRad™); Lane 2: variant 1; Lane 3: variant 8; Lane 4; variant 23; Lane 5:
variant 79; Lane 6: variant 81; Lane 7: Cry11Aa; Lane 8: BMB171. (B) SEM analysis.
Photomicrographs of variants 1, 8, 23, 79 and 81. Controls are Cry11Aa, Cry11Bb and
the acrystaliferous strain BMB171. Scale bars: 1 and 2 « m. White arrows and the letter C
indicate crystals.
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Supplementary Figure 4. Prediction of the 3D Structure of ALP1. (A) Ramachandran
plot analysis generated using the program Procheck on the SwissModel Server. (B)
Energy curve. (C) Predicted structure of ALP1. The flexible region that was selected for
interaction with Cry11Aa is shown in green. (D) Z—score analysis.
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Supplementary Figure 5. Molecular Docking of the Interactions of Domain Il variant
23 with ALP1. Interactions formed by 12-amino acid peptides within domain Il of Variant
23.
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Supplementary Table 1. List of Strains, Constructs and Primers used to Perform DNA
Shuffling

Construct

Strain Gene Primers bp
name
E. coli pTOAa cry11Aa PCR4F: 5°- 2.516
DH5aTOP10° pTOBa-1 cry11Ba ATAACAATTTCACACAGGA-3’ 1.600
(Life pTOBa-2 cry11Ba PCR4R: 5°- 780
Technologies) PTOBb cry11Bb TTGTAAAACGACGGCCAGTG-3’ 3.700
pGE7F: 5'-
E. coli JIM109® GATGTGCTGCAAGGCGATT-3’
(Promega) pGEBb cry11Bb bGE7R: 5 3.500

TTACGCCAAGCTATTTAGGTG-3’

Supplementary Table 2. Scores for Cry11Aa and Variants Obtained from Analysis

Servers.
Protein Z-score ERRAT Verify3D
Cry11Aa -6.49 51.33 71.05
Variant 8 -5.72 51.07 75.18
Variant 23 -6.71 59.49 80.56

Variant 79 -5.28 43.06 59.99




