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Abstract: 3D-Cry toxins, produced by the entomopathogenic bacterium Bacillus thuringiensis,
have been extensively mutated in order to elucidate their elegant and complex mechanism of
action necessary to kill susceptible insects. Together with the study of the resistant insects, 3D-Cry
toxin mutants represent one of the pillars to understanding how these toxins exert their activity
on their host. The principle is simple, if an amino acid is involved and essential in the mechanism
of action, when substituted, the activity of the toxin will be diminished. However, some of the
constructed 3D-Cry toxin mutants have shown an enhanced activity against their target insects
compared to the parental toxins, suggesting that it is possible to produce novel versions of the natural
toxins with an improved performance in the laboratory. In this report, all mutants with an enhanced
activity obtained by accident in mutagenesis studies, together with all the variants obtained by
rational design or by directed mutagenesis, were compiled. A description of the improved mutants
was made considering their historical context and the parallel development of the protein engineering
techniques that have been used to obtain them. This report demonstrates that artificial 3D-Cry toxins
made in laboratories are a real alternative to natural toxins.

Keywords: 3D-Cry toxins; in vitro evolution; rational design; Bacillus thuringiensis; toxin enhancement

Key Contribution: Compilation of all of 3D-Cry toxin mutants with enhanced activity made with
different molecular techniques.

1. Introduction

Sporulating Bacillus thurigiensis produces four non-phylogenetically related insecticidal protein
families, the three domain Cry toxins or 3D-Cry toxins, the mosquitocidal Mtx, the binary-like (Bin),
and Cyt toxins. All of these proteins form crystals (with the exception of Cry1lla toxin [1]) concomitantly
with the sporulation process. Since the discovery of these crystals in 1953 by Hannay [2], and the
demonstration one year later [3] that they were responsible for the already-described entomopathogenic
activity of B. thuringiensis [4], the study of these toxins has not stopped.

All known Cry toxins (3D-Cry, Mtx like, Bin and Cyt toxins) have been compiled in a brand new
database [5], maintained by a commission of experts in charge of assigning a name when a novel Cry
protein is described, using the recently proposed structure-based nomenclature rules [6] but with the
same basic principles of the rules that were established in 1998 [7]. Most of the 3D-Cry toxins are active
against insects from different orders, mainly Lepidoptera, Diptera, Coleoptera, Hemiptera (low toxicity
for some aphids), and Hymenoptera, but some of them have other targets such as nematodes, snails,
and even cancer cells [8]. Recently, a toxin active against Orthopteran insects has been described [9].

3D-Cry toxins are the best-characterized among the Cry proteins. Among them, Lepidoptera-active
toxins are the best known from a mechanistical point of view. 3D-Cry toxins, synthesized as inactive
protoxins by B. thuringiensis, have to undergo a proteolytic activation process in the guts of the
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susceptible insects to become active. Since the elucidation of the first three-dimensional structure of the
active part of the Cry3A toxin by Li et al. in 1991 [10], the structure of nine other members of the family
have been elucidated (CrylAa [11], Cry3Bb1 [12], CrylAc [13], Cry2Aa [14], Cry4Ba [15], Cry4Aa [16],
Cry8Eal [17], Cry5B [18], and Cry7Cal [9]). Recently, the 3D structure of the 120 KDa CrylAcl
prototoxin has also been described [19], showing seven different domains (DI-DVII). Although very
different at the amino acid sequence level, the structural disposition of 3D-toxins is very conserved.
Active toxins present three very distinct structural domains (hence their name of 3D-toxins), each of
them with a specific function. Domain I, at the N terminus end of the protein, is comprised of a bundle
of seven «-helices and is responsible for the formation of a pore in the midgut cells of susceptible
insects. Domain II, the middle domain, formed by three antiparallel 3-sheets, plays an important role
in receptor recognition. Domain III, a two antiparallel 3-sheet sandwich, is thought to be involved
in receptor binding and pore formation [20]. Protoxin Domains IV and VI are x-bundles similar to
domains present in other proteins such as spectrin or the bacterial fibrinogen-binding complement
inhibitor. On the other hand, Domains V and VII are 3-rolls resembling carbohydrate-binding proteins
such as sugar hydrolases [19]. Although the functions of DIV-DVII are not known, they have been
related with crystal formation, toxin stability, and selective solubilization in the insect gut. In addition,
it has recently been suggested that Domains V and VII could also be interacting domains with proteins
present in gut membranes, and hence be involved in the recognition of receptors of the full toxin [21].

3D-Cry toxins have been exploited in insect pest management since the late 1930s [22] in agriculture
and against health-related insect populations. 3D-Cry toxins have been used in agriculture, not only as
spray formulations, but also in plant transgenesis to protect plants such as maize, cotton, soybean,
potato, and tomato from insects [23]. 3D-Cry toxins are extremely efficient and their main characteristic
is the narrow spectrum of action that each toxin shows. Their specificity is due to a complex mechanism
of action, and although it is not completely understood and many questions remain unanswered, it is
known to involve several steps. Currently, two models to explain the mechanism of 3D-Cry toxins have
been proposed: the sequential binding model and the signaling pathway model. The sequential binding
model involves crystal solubilization at a specific pH, proteolytic activation by gut digestive enzymes,
receptor recognition at the membrane cells of susceptible insects, helix 1 proteolysis, conformational
changes of the molecule, polymerization, and finally, membrane insertion. The signaling pathway
model shares the steps of crystal solubilization, proteolytic activation, and receptor binding, but death
of the cell is not explained by toxin insertion in the membrane but by the activation of cell apoptosis.
Both models [22] have in common the need of 3D-Cry toxins to bind to a specific receptor at the
enterocytes and possibly many other interacting receptors are required for the toxin mode of action.
Among them, aminopeptidase N (APN), cadherin-like proteins (BT-R1, BtR175, HevCaLP), alkaline
phosphatase (ALP), and ABC transporters have been described, with the first two receptors being the
best characterized.

Everything that we know today about the mechanism of action of 3D-toxins has been mainly
obtained from two sources of information: the construction of 3D-Cry mutants and the study of the
resistance phenomena that insects have shown to the action of 3D-Cry toxins [24,25]. The study of
mutant proteins is one of the pillars for the elucidation of any mechanism of action of any protein.
The principle is simple: if one amino acid of the protein is essential for its mechanism (or the structure),
when changed for another amino acid, the functionality of the protein is modified. This is a consequence
of the biological principle that the structure and function of any protein are always linked. In the case
of 3D-Cry toxins, thousands of mutants have been constructed to elucidate which amino acids are
important for maintaining the three-dimensional structure of 3D-toxins, which are responsible for the
binding to their receptors, and which are relevant for the solubilization or activation of the toxins.
The information provided by the behavior of these mutants has allowed researchers to propose models
that explain the mechanism of action of these natural machines, specialized in killing insects.

However, constructing mutant proteins also presents the possibility of obtaining functional
variant proteins with different behaviors, even with improved activity. By manipulating the DNA



Toxins 2020, 12, 600 3of 34

sequence that codifies the 3D-toxins, versions of toxins completely novel in nature with an enhanced
activity toward a particular insect, with a broader insect target, or with a novel activity against a
non-susceptible insect can be obtained. The more we understand 3D-Cry toxins, the more creative
we can be in the generation of artificial toxins. The fact that a high number of molecular techniques
for DNA manipulation is available ensures that in the generation of 3D-Cry toxins variants, only our
imagination is the limit.

The techniques available for DNA manipulation and generation of novel mutants or variants can
be separated in two main groups: (i) those where mutations are generated randomly and afterward,
there is a screening process and the desired mutant is selected, and (ii) those where there is a rational
design behind the mutant construction. A deep understanding of protein structure and function is
needed in order to use rational design, as we must decide which amino acid (or amino acids) is (or are)
going to be changed and which amino acid is going to be substituted for. In contrast, random mutation
can be generated anywhere in the protein sequence without previous knowledge, and selection of the
suitable variant is carried out later on. The latest group of techniques is known as directed evolution
or in vitro evolution of proteins in protein engineering. It is a process that simulates natural evolution,
introducing a mutation and selecting it if it represents an advantage, but carried out in a laboratory
context and with human intervention. For this review, I would like to use the term “in vitro evolution”
in a much broader sense. I would like to include those mutants obtained by rational design and those
obtained when investigating the function of the toxin, but instead of getting an impaired mutant with
no function, a better 3D-Cry toxin is generated. If the reader grants me this license, then the purpose
of this review makes much more sense as the intention is to compile all of the mutants generated in
3D-Cry toxins, independently of the objective of the work and the technique used. These man-made
(and woman-made) mutants presented here collectively represent the “in vitro evolution” that 3D-Cry
toxins have experienced thanks to the work of hundreds of researchers worldwide in a relatively
short period of time. Although it must sound highly pretentious comparing human work that of
Mother Nature, the fact is that some of the mutants obtained in a laboratory sometimes show better
characteristics than natural toxins, at least from a practical point of view.

Previous reports have reviewed the enhancement of 3D-Cry toxin activity [26,27], but this time
I'would like to give a historical perspective of what the methodological context of protein engineering
was like when the enhanced toxins were obtained. Therefore, apart from the objective of updating the
information to the present time, this review has the purpose of describing the parallel development
of molecular techniques that were used for constructing the improved versions of 3D-Cry toxins.
The mutants reviewed here represent all successful variations of the 3D-Cry toxins that have been
experienced in a laboratory, collectively, through many different techniques, even if the intention of
the researchers was not to obtain an improved mutant. In this report are compiled all the enhanced
mutants constructed through the history of 3D-Cry toxin research (Table 1; shown at the end of section
two), together with all the relevant positions in the toxin molecules. The sequences of all these mutants
are detailed in Table S1. I believe that this is a valuable source of information that I hope will contribute
to the production of even better molecules in the future.

2. “In Vitro Evolution” of 3D-Cry Toxins: An Historical Perspective

Although Cry toxins are very efficient molecules and only very minute quantities are required for
toxicity, the obsession to improve their efficiency has led to the development of diverse strategies [28].
The developed strategies include (i) the combination of several Cry toxins to increase efficiency
toward a specific target [29]; (ii) co-expression with other B. thuringiensis proteins such as the P20
protein to provide protection in the larval gut environment [29,30], or chitinases for peritrophic
membrane degradation [31]; (iii) combination with chemical compounds such as calcofluor for
peritrophic membrane digestion [32], or coating with Mg(OH), to increase their resistance to UV
light [33]; (iv) combination with other insecticidal toxins such as Cyt toxins [34-37], VIP toxins [38],
Bin toxins [39], Metalloproteinase Bmp1 [40], or insect-specific scorpion toxins [41] that synergize their
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effect; (v) combination with insect chaperones such as Hsp90 chaperone [42]; or (vi) expression of Cry
toxins in other backgrounds such as baculovirus [43]. Other strategies developed to increase potency
include the fusion of 3D-Cry to other toxins such as neurotoxins (Huwentoxin-I [44], w-ACTX-Hvla [45],
or huwentoxin XI [46]) present in spiders venom, VIP proteins [47], the N-terminal region of PirB toxin
from Photorhabdus luminescens [48], or the fusion to other proteins that provide interesting domains
such as garlic lectin [49,50], cellulase-binding peptides [51], or Escherichia coli maltose binding protein
(MBP) [52], thus rendering chimeras with improved activity. Lately, the combination or co-expression
of Cry toxins with peptides with sequences similar to natural receptors, or other proteins present in the
gut cells, is attracting the attention of researchers. Among them, peptides such as HCAPN3E, derived
from an APN receptor in Hyphantria cunea [53], or cadhering fragments [54-59] can be mentioned.

Some of the mechanisms for enhancing 3D-Cry toxin toxicity above-mentioned are common
strategies in the field of protein engineering (like the fusion of 3D-Cry toxin with other proteins),
but are out of the scope of this review as the intention here is to describe specific changes carried out in
the amino acid sequence of 3D-Cry toxins that are responsible for the improvement of toxicity.

The starting point in the history of the 3D-Cry toxin “in vitro evolution” could be set at the
beginning of the 1980s. At that time, researchers started to understand that the differences in activity of
the different B. thuringiensis isolated strains were due to the expression of different Cry toxin variants.
In 1981, the first cry gene was cloned and expressed in a heterologous system [60], a milestone that
represented the beginning of molecular biology for Cry toxins. A few years later, the sequence of
the first cry gene and its deduced amino acid sequence were determined [61]. When the sequence
of several other 3D-Cry toxins was available, researchers realized that areas with conserved and
variable sequences were present in all of the Cry toxins, so conserved and variable blocks were
established. Pretty soon, “variable regions” were related to the specificity observed in 3D-Cry toxins
and represented a good starting point for the manipulation of the molecules in order to increase the
activity toward insects or expand their target insects. In this sense, the patent number EP0228838
was filed in 1986 by the Mycogen Corporation at the European Patent Office [62] to commercially
protect the idea that activity of 3D-Cry toxins could be modified and improved by exchanging specific
“variable” regions at their sequence, and a novel method with which to do it. Since then, the history of
Cry toxin “in vitro evolution” has not stopped and continues until the present day. Cry toxin history is
long and exciting, and has been possible thanks to the development of the molecular tools for DNA
manipulation. A description of all the molecular techniques used for the improvement of 3D-Cry
toxins will also be made.

2.1. Evolution by Chemical Mutagenesis and Homologue Scanning Mutagenesis, the First Molecular
Techniques Used for Cry-Toxins “In Vitro Evolution”

In the 80s, tools for molecular biology were extremely limited. To provide the reader with
some background context, restriction enzymes, essential for DNA manipulation nowadays, had only
just been recently discovered [63] and the number available was very low. The Sanger method for
determining DNA nucleotide sequences had just been developed [64,65] and chemical mutagenesis
was pretty much the only tool available for the “in vitro evolution” of Cry toxins. The technique
consisted in subjecting cry genes to the action of mutagenic substances such as bisulfite or formic acid
to obtain random mutations. Bisulfite, a single DNA strand mutagen, converts cytosines into uracils by
deamination [66], rendering a transition from cytosine to thiamine or guanine to adenine, depending
on the mutagenized strand (sense or antisense strand). Formic acid depurinates DNA by hydrolyzing
the N-glycosyl bond between the ribose and purines [67], and when polymerization takes place using
this mutated DNA as a template, a transversion is produced.

Chemical mutagenesis has been used to improve the activity of 3D-Cry toxins [68], specifically
on CrylA(b) (the original names of the Cry toxins are maintained in this review). After cloning the
crylA(b) gene in the M13 phage, in order to obtain single stranded DNA, and setting mutagenesis
conditions to obtain 2-3 mutations per gene (by limiting the exposure time of the DNA to the mutagen),
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the authors obtained eleven mutant toxins that were 3-5 times more toxic toward Heliothis virescens
than the parental toxin. When the DNA sequence of these clones was determined, a wide range of
substitutions was observed, all of them at Domain I of the toxin, although the distribution in the
molecule was not known at that time, as none of the 3D-Cry toxin three-dimensional structure had
been elucidated yet.

Another option that researchers had available at that time was the technique called homologue-
scanning mutagenesis. The technique consisted in exchanging equivalent regions of two 3D-Cry
toxins in order to create hybrid molecules. The fragments exchanged were limited by the restriction
enzymes that these cry genes had in common. Without a doubt, these kinds of exchanges would have
been done by PCR nowadays, but this technique was not developed until 1988 [69], and it took time
until the research community understood its potential in protein engineering. The main objective
of using homologue-scanning mutagenesis was to understand the remarkable specificity that Cry
toxins had against the same insects (at the beginning most of them Lepidoptera), but soon researchers
understood the potential that this knowledge also had from a practical point of view; identifying
regions responsible for the specificity was of paramount importance as they could be manipulated and
modified to extend or change the specificity toward other insects.

One of the firsts reports using homolog-scanning mutagenesis in a Cry toxin was published
in 1989 [70]. Here, the authors used two cry genes, called at the time icpA1 and icpC73, as the first
systematic nomenclature for Cry toxins had not been implemented [71] (in fact, the first proposed
nomenclature was published the same month as this report). The authors exchanged several fragments
between ICPA1, which is highly toxic toward Bombyx mori, and the non-toxic ICPC73 by making use
of the restriction sites that these two cry genes have in common. After the resulting novel toxins
were bioassayed, the authors observed that when conserved blocks were exchanged, the activity of
the hybrid toxins did not change. However, when variable regions were exchanged, the activity
of the toxins dramatically changed and could be redirected toward other insects. In other words,
ICPC73 became toxic toward B. mori when certain regions from ICPA1 were substituted in its sequence.
The region responsible for B. mori specificity in the ICPA1 toxin was even narrowed down to the region
between residues 332 and 450, a region that we know today includes loop 1, loop 2, and loop 3 in most
of the 3D-Cry toxins and has been proven to be involved in receptor recognition and specificity. These
authors suggested that if these regions were indeed responsible for specificity in other “IPC” toxins,
that they would be an excellent area for mutation in order to redirect activity toward other insects.

The same strategy and the same toxins (now called CrylA(a) and CryIA(c)) were tested in other
insects by Schnepf et al. [72]. Both toxins showed a similar activity against Manduca sexta, but very
different activities against H. virescens (as CrylA(c) is 50 times more potent than CrylA(a) for this
insect). With these models, the specificity determinant regions for Lepidoptera were determined
and it was demonstrated that Cry toxins could be “in vitro evolved” and their specificity could be
changed completely. The same year, the specificity-determining region for a Dipteran toxin was
determined [73] using homologue-scanning mutagenesis with the CrylIA toxin (active against Diptera
and Lepidoptera) and CrylIB (active against Lepidoptera only). They determined that when a 241 nt
segment from crylIA was inserted on the crylIB gene, the lepidopteran toxin showed a broader insect
spectrum, also becoming active against Diptera. They even narrowed down the region responsible for
the specificity of CrylIA protein toward mosquitoes to 76 amino acids.

A following work [74], done by the pioneers in the use of homologue-scanning mutagenesis
in a 3D-Cry toxin, demonstrated the same effect in the CrylA(c) toxin and two other economically
important pests (H. virescens and Trichoplusia ni). They defined the minimal region responsible for the
toxicity of CryIA(c) as the region between amino acid 332 and 450, an equivalent region described
in CrylA(a). Surprisingly, one of the hybrids obtained (hybrid 4109) showed an enhanced activity
compared to the parental toxins, being 30 times more toxic than the most potent natural toxin known
for H. virescens. This represented the first proof that by changing specific areas in the sequence, not
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only was it a means of modifying the specificity of the 3D-Cry toxins, but also a way of increasing
their activity.

At this point in 3D-Cry toxin history, researchers started to have the overall view that 3D-Cry
toxins were modular structures and that their function could easily be manipulated by exchanging
parts of the molecules.

2.2. Evolution by Domain Swapping

With the elucidation of the first three-dimensional structure of a Cry toxin (Cry3A; PDB: 1DLC) by
Lietal. [10], researchers had the opportunity to “see” the spatial distribution of amino acids in a 3D-Cry
molecule and to verify that active 3D-Cry toxins showed three very well defined domains (hence
their name). Through comparison with other proteins, hypothetical functions for some domains were
described. For example, Domain I, with seven long «-helices, long enough to span the lipid bilayer of
the cell the membrane, was associated with the pore formation function. Domain II, with three loops
at the apical part showing highly variable amino acid sequences, was suggested to be responsible
for specificity.

Once the structure of Cry toxins was elucidated and the concept that each domain had a function
was established, the idea of improving and redirecting the toxicity of a Cry toxin by exchanging
complete domains was reinforced. Many reports of what was called domain swapping were produced
using molecular strategies such as in vivo intramolecular recombination, cloning, or overlapping PCR.

The technique known as in vivo intramolecular recombination [75] is based on the construction of
a “tandem plasmid” where two truncated proteins, in direct repeated orientations, are cloned (Figure 1).
The truncated genes (one lacking the 3’ end of the gene and the other the 5" end) only overlap in an
area where the recombination is intended. Tandem plasmid contains an enzyme restriction site to
further discriminate between recombinant plasmids (where the restriction site is lost) and the parental
one. Once the tandem plasmid is introduced in a recombinase positive E. coli strain (Rec*), random
recombination takes place at the homologue regions and novel hybrids or chimeras are produced.

One of the first works using in vivo intramolecular recombination to obtain 3D-Cry toxin hybrids
was reported by Caramori et al. [76]. They cloned two truncated toxin genes (for CrylA(a) and CryIA(c))
with overlapping variable regions (63% identity). After the hybrid toxins were bioassayed against
several Lepidoptera, it was determined that hybrid 32 (pHy32) and hybrid 45 (pHy45) were more
active toward T. ni and Heliotis sp., respectively, than any of the parental toxins. Two of the hybrid
toxins (pHy104 and pHy122) with the same amino acidic sequence even gained a novel activity against
Spodoptera littoralis as none of the parental toxins were active against this insect.

In vivo intramolecular recombination has been used for the combination of other 3D-Cry toxins
and some of them rendered enhanced toxins. This is the case for the combination of CryIC and CrylE
toxins [77], both active against Lepidoptera, but with different specificities. CrylC is particularly active
against Spodoptera exigua (LCsg 26 ng/cmz) and Mamestra brassicae (LCs 8 ng/cmz) while CrylE is not
(LCso > 1000 ng/cm?). The authors constructed two tandem plasmids with truncated genes overlapping
at Domain II and III of the toxins to construct CrylC-CryIE and CryIE-CryIC hybrid proteins. One of
the resulting hybrids, named G27 and containing Domain I and II from CryIE and Domain III from
CrylIC, was toxic to S. exigua (LCsg 2 ng/cmz). The reverse hybrid (DI and DII from CryIC and DIII
from CrylE) was not toxic at all, meaning that the CryIC Domain III was involved in the specificity
against this insect.

Using in vivo intramolecular recombination, de Maagd et al. [78] demonstrated that the moderate
toxicity of CrylA(b) toward S. exigua could be enhanced by constructing a hybrid between DI and
DII from CrylIA(b) and DIII from a highly active toxin (CryIC). Hybrid H04 showed an increase in
toxicity of more than 66-fold (CLsg from > 100 ug of toxin/g of diet to 1.66 ug/g) compared to CrylAb.
The activity of the novel hybrid was even better than the parental CryIC toxin (LCsg 11 ng/g), showing
a 6.6-fold increase in toxicity. The authors also determined that binding sites of CrylA(b) and CryIC to
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S. exigua Brush Border Membrane Vesicles (BBMVs) were different for both toxins and argued that in
the case of insect resistance, hybrid H04 could be of great use.

‘g i , RES* Recombined genes

2 / No recombination 4 —
—_ I~
RES \ 9
— Step 4: Restriction enzime
Step 2: lntrc.>ducF|on e — digestion and recA" E. coli
recA* E. coli strain Recombination Transformation (selection)
Step 1: tamdem plasmid Step 3: Recombination
construction events
\ RES*: Restriction Enzyme Site

Figure 1. In vivo intramolecular recombination. A tandem plasmid is constructed by the cloning of two
truncated genes, one truncated at the 3’ end (blue gene) and the other one at the 5’ end (green gene),
leaving an overlapping region were recombination is desired. The plasmid contains a restriction site to
further discriminate if recombination took place. Plasmid is then introduced in a recA* E. coli strain
and DNA recombination is allowed. After plasmid extraction from the E. coli recA* strain, the pool
of plasmids are digested with a restriction enzyme and selected in a recA™ E. coli strain. Each clone
represents a recombination event where the two toxins genes have been fused [77].

Other hybrid toxins obtained by in vivo recombination from the less studied Cry1Ba, Cry1Da,
and Cry1Fa toxins (Cry toxins nomenclature updated following [7] rules) were reported to have an
improved activity [79]. This was the case of hybrid BBC13 (DI-DII from Cry1Ba and DIII from Cry1Ca)
that showed an 11.8-fold increase in toxicity toward M. sexta, or hybrid BBC15 (DI-DII of Cryl1Ba
and DIII of Cry1Ca), which showed 8.3-fold and 7.8-fold increases in toxicity against S. exigua and
M. sexta, respectively, or hybrid FFC1 (DI-DII from CrylFa and DIII from Cry1Ca) that showed a
5.5-fold increase toward S. exigua.

The latest example of hybrids made by in vivo recombination were made from CrylCa and
CrylFb toxins, and DIII from CrylAc [80]. Hybrids RK15 (Cry1lCa/Cry1Ca/Cryl1Ac) and RK12
(Cry1Fb/Cry1Fb/CrylAc) showed an increase in activity, compared to wild type toxins Cry1Ca and
CrylFb, of more than 172 and 69 times toward H. virescens, respectively.

Another way of performing domain swapping and constructing hybrid toxins has been through
standard cloning using restriction enzymes (already present or expressly created). This is the case
of the hybrid Cryl1C/Ab [81], constructed with the first 2194 nucleotides from cry1C (731 aa) and the
last 1295 nucleotides (432 aa) of the 3’ end of the crylIAb gene. The fusion was possible thanks to the
presence of a unique Kpnl site in a conserved region of the two genes. The Cryl1C/Ab hybrid was 3, 4,
and 35 times more active against S. littoralis, Ostrinia nubilalis, and Plutella xylostella, respectively, than
the parental Cry1C toxin.

Domain swapping of Coleoptera active toxins has also been successfully accomplished by standard
cloning [82], although in this case, it was necessary to introduce restriction sites (RsrII) to obtain the
hybrids. Hybrid 1Ia/11a/1Ba (DI-DII from Crylla and DIII from Cry1Ba; LCsg 22.4 ug/mL) was 2.5 and
7.5 times more toxic than their parental toxins, respectively. Hybrid 1Ba/1Ia/1Ba (DI from Cry1Ba, DII
from Cry1la, and DIII from Cry1Ba, LCsg 7.94 ng/mL) increased its activity even further, showing
17.9 times more potency than the parental Cry1Ba toxin. The latest hybrid toxin was almost as toxic as
the Cry3Aa toxin, the most active natural protein for the Colorado potato beetle.
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More recently, and thanks to the determination of the CrylAcl full-length toxin 3D structure ([19];
PDB 4W8J), Zghal et al. [21] constructed a 116 KDa chimeric toxin called Cry(4Ba-1Ac) by fusing
DI-DIV from Cry4Ba to DV-DVII from Cry1Acl, using PCR amplification and cloning techniques.
This represents a unique case in which other domains, apart from Cry toxin toxic domains, have been
swapped. The chimeric toxin showed low toxicity toward Culex pipiens when expressed in an
acrystalipherous B. thuringiensis strain (HD1 CryBpHcry(4Ba-1Ac)), but when co-expressed in a
Cry2Aa producing strain (BNS3pHTcry4BLB), the activity increased from 10% mortality to 100%
mortality at 200 ug/L. The LCsq of the strain bearing only Cry2Aa switched from >>200 pg/L to
0.84 pg/L when co-expressed with the chimeric toxin, meaning that an increase in toxicity of more
than 238-fold was produced. This synergy was also observed when Cry2Aa and the chimeric toxin
Cry(4Ba-1Ac) were bioassayed in combination. The authors suggested that the increased toxicity could
be explained by a better solubilization of the crystals and also proved the importance of the protoxin
domains (DIV-DVII) in the stability and the activity of the Cry toxins, a fact that will possibly be
exploited in the future.

3D-Cry toxin domain swapping has also been obtained by overlapping PCR [83]. In this case,
a hybrid using toxins from different classes, one coleopteran (mCry3A) and one lepidopteran specific
(CrylAb), was obtained. DNA regions codifying for DI and DII from mCry3A [84] and DIII from
CrylAb were amplified, containing an overlapping region at the 3’ and 5’ ends, respectively. Amplicons
were used as a template in an overlapping PCR with flanking primers. The resulting chimera (called
eCry3.1Ab; GenBank GU327680) was highly active (93% mortality) against Diabrotica virgifera virgifera
when bioassayed with a toxin concentration ranging from 5 to 10 ug of toxin per mL of diet. Although
the authors did not determine the LCs of eCry3.1Ab, the toxicity observed was much higher than the
previously reported parental mCry3A toxin (LCsg 65 ug/mL; [84]).

A more recent example of constructing improved mutants by domain swapping using overlapping
PCR [85] was the hybrid toxin CrylAc-Cry9Aa containing DI from CrylAc and DII and DIII from
Cry9Aa. The hybrid showed 4.9 times more activity against Helicoverpa armigera than the wild type
Cry9Aa. In addition, a CrylAc-Cry9AaMod toxin, where helix 1 was proteolytically removed, showed
a 5.1-fold increase in toxicity.

2.3. Evolution by Site-Directed Mutagenesis

Site directed mutagenesis is a molecular strategy used to create specific changes in the amino acid
sequence of a protein in order to evaluate its role in the molecule. If an amino acid is involved in the
mechanism of action of a protein, when changed, the function of the protein is modified and normally
abolished. However, the technique could also be used as a means of obtaining novel proteins with
improved characteristics.

Site-directed mutagenesis consists of the in vitro synthesis of the codifying DNA of a protein
in which one or several nucleotides are changed in a specific site in order to produce a mutant
protein. The changed nucleotide is normally introduced using a mutant primer that is in vitro extended
thanks to a DNA polymerase (the E. coli DNA polymerase Klenow fragment in the early days, and
Tag polymerase lately when PCR [69] and site-directed mutagenesis by PCR [86] were developed).
The in vitro synthesized DNA (mutant DNA) is counter selected from the wild-type DNA, and the
mutant protein is expressed and tested for activity.

The elucidation of the three-dimensional structure of a 3D-Cry toxin facilitated the design of
mutants for site-directed mutagenesis as the position of the amino acid to be changed was localized
in the space together with its interactions with other amino acids in the molecule. Hundreds of
site-directed mutagenesis studies in many Cry toxins have been performed, allowing the elucidation
of the function of each domain of the protein. Although most of the mutants obtained by site-directed
mutagenesis showed an impaired or diminished toxicity, in some cases, the activity of the resulting
mutants was higher than the parental toxins. These mutants were not as useful as the impaired mutant
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to elucidate the mechanism of action of 3D-Cry toxins, but served to settle the concept that activity
improvement was possible with only the change of a single amino acid.

This was the case in the work reported by Wu et al. [87] in which the authors constructed
31 mutants at two conserved regions at CrylA(c) Domain I (residues from 84 to 93 and from 160 to 177).
Although most of the mutant toxins showed no toxicity, or no change in toxicity at all, one of them,
the mutant H168R, localized at the hydrophobic face of the amphypatic a-helix 5, showed a 3-5-fold
increase in toxicity toward M. sexta compared to the wild type toxin. Another example of Domain I
improved mutants was obtained by investigating the role of nine tryptophan residues in the toxicity
of CrylAb toward M. sexta [88]. These authors found that a conservative change to phenylalanine
(W73F, W210F, W219F) produced mutant toxins 3.3, 1.5, and 2.3 times more toxic than the parental
toxin. In a similar study [89], two a-helix 5 Cry1Ab mutants (V171C and L157C) with a 25-fold and
4-fold increase in toxicity toward Lymantria dispar, respectively, were reported.

Site directed mutagenesis studies carried out in 3D-Cry toxins showed that Domain II was
particularly sensitive to amino acid changes [90,91]. Some of the mutations performed in this domain
were very successful in improving the toxicity against certain insects, and represented an excellent
place for redesigning the activity of 3D-Cry toxins. This was the case reported by Rajamohan in
1996 [92] where two single mutants N372A, N372G, and a triple mutant DF-1 (N372A, A282G, L283S)
of the Cry1Ab toxin were constructed by site-directed mutagenesis. These residues were localized
between the Cryl1Ab «-helix 8a and «-helix 8b at Domain II. When bioassayed, N372A and N372G
were, respectively, 8.5 and 8.3 times more potent for neonates of L. dispar than the parental CrylAb
toxin, and 9.61 and 9.51 times more potent for fourth instar larvae, respectively. The DF-1 mutant
showed an increase in activity of 36- and 17-fold toward neonates, and fourth instar larvae, respectively.
The triple mutant was even more toxic (4-fold) than CrylAa, the most potent natural toxin active
against L. dispar.

Loop 1 from Domain II has also been a successful place for mutagenesis, rendering improved
mutants in the coleopteran active Cry3A toxin [93]. Site-directed mutagenesis at positions R345,
Y350, and Y351 rendered eight single mutants, four double mutants, and three triple mutants, two of
them showing an enhanced activity against Tenebrio molitor. Mutant Al (R345A, Y350F, Y351F)
and mutant A2 (R345A, AY350, AY351) were 11.4 and 2.7 times more active than wild type Cry3A,
respectively. In addition, an enhanced activity of these two mutants against two other Coleoptera
species, Leptinotarsa decemlineata and Chrysomela scripta, was also observed. Although changes
introduced in these mutants were not very drastic (as Y and F differ only by an OH group), differences
in toxicity were remarkable. In addition, loop 3 of the Cry3A toxin also proved to be relevant for
toxicity enhancement [91]. The triple mutant S484A, R485A, G486A, showed a 2.4-fold increase in
toxicity toward T. molitor compared to the wild type toxin.

Another place in Domain II where the substitutions introduced by site-directed mutagenesis
rendered an enhanced toxin was the area known as D block or Dipteran specific block [73] in the dual
toxin Cry2A (dual as it is also active against Lepidoptera). Cry2Ab is not a very potent toxin toward
Anopheles gambiae (LCsg 540 ng/mL), but when residues from 307-337 were mutated, three mutants
(N309S, F311I, and A334S) with enhanced toxicity (1.17, 3.17, and 6.75-fold, respectively) were
obtained [94]. One of the mutants, A334S, was even more toxic than the highly active natural toxin
Cry2Aa [95].

Recently, 3D-Cry toxin Domain IIl has also been targeted for mutation by site-directed mutagenesis,
and mutants with improved characteristics have been found. This is the case of the work reported by
Lv et al. [96] in CrylAc5. Although the structure of this 3D-Cry toxin is not elucidated, 3D structure
modeling using known structures (CrylAa (PDB:1CIY), Cry2Aa (PDB:115P), Cry3Aa (PDB:1DLC),
Cry3Bb1 (PDB:1]16), and Cry4Ba (PDB:1W99) was useful in localizing the loop sequence between 3-20
and B-21 (**NFTSSLGNIV8). Two mutants obtained by site directed mutagenesis, S581A and 15854,
showed 1.72- and 1.89-fold increases in toxicity toward H. armigera.



Toxins 2020, 12, 600 10 of 34

Another area that has recently been demonstrated to be susceptible to improvement by site
directed mutagenesis is the (3 sheet 16 in Domain III. A study of alanine substitution in Cry1Ab [97]
performed on this area rendered mutants S509A, V513A, and N514A, which showed an increase in
toxicity toward Spodoptera frugiperda of more than 9.5-, 12.7-, and 51-fold, respectively. As N514 was
the most relevant position experiencing toxicity enhancement in 3-16, saturation mutagenesis was
performed at this position (N was changed for any of the other 19 amino acids). Some of the obtained
mutants, N514F, N514H, N514K, N514L, N514Q), N514S, and N514V showed a 44-, 16-, 7-, 9-, 26-, 23-,
and 9-fold increase in toxicity, respectively, when compared to the wild type. An equivalent mutation
in Cry1Fa (N504A), a more potent toxin than Cry1Ab for S. frugiperda, rendered a mutant 6-11 times
more toxic than the wild type Cry1Fa in different populations of S. frugiperda from different countries.
The authors suggested that the increase in toxicity correlated with an increase in the stability of the
mutants toward gut proteases and an increase in BBMV binding.

The fact that two other mutants in (3-16, this time in Cry1C [98], showed a slight increase in toxicity
compared to the wild type (mutant V509A was 1.6 times more toxic than Cry1C for M. sexta and mutant
N510A was 1.5 times more toxic toward S. frugiperda) suggest that 3-16 is a recently discovered site for
toxicity improvement.

The loop sequence between 3-18 and (3-19 in Domain III also seems to be a relevant region for
toxicity enhancement. Mutant N546A [99] showed a slight increase in toxicity (1.8-fold) in CrylAc
toxin, which correlated with a binding increase toward H. armigera BBMVs [100].

Single mutations in Domain IIT have also been described to be useful for toxicity enhancement.
This was demonstrated in the nematocidal toxin Cry5Ba [101]. Investigating the role of the 3 asparagines
present in block 3 of the toxin found that alanine substitution, by site directed mutagenesis, rendered
a mutant (N586A) with a 9-fold increase in toxicity (GICsg from 42.11 to 4.75 ng/mL) toward
Caenorhabditis elegans. Mutant N586A was surprisingly soluble in a wide range of pHs (from pH 5 to
pH 12), which correlated with the observed increase in toxicity.

2.4. Evolution by Rational Design

Rational design is a particular case of site-directed mutagenesis performed only when the
knowledge of the structure and the function of the protein under study are very deep. In rational
design, a hypothesis is formulated and proven by the construction of mutants with single amino acids
changes, deletions, or insertions, normally performed by site-directed mutagenesis. Several works
have described successful evolution of 3D-Cry toxins by rational design, although some of these were
found by accident trying to prove a different hypothesis. This was the case in the work reported by
Angsuthanasombat et al. in 1993 [102] where the authors were interested in demonstrating that R203
in Cry4B toxin was essential for proteolytic processing and the x-helices mobility of Domain I. For that,
they replaced the R (proteolytic site) with an A, expecting that toxicity would be completely lost as
a consequence of the impossibility of the helices to move properly. The effect was completely the
opposite as the R203A mutant was 2.8 times more toxic to Aedes aegypti than the wild type.

An example of rational design where the researcher did prove their hypothesis was that reported
for the evolution of Cry4Ba toxicity [103]. The Cry4Aa toxin is highly active against four species
of mosquito (Ae. aegypti, Anopheles quadrimaculatus, Culex quinquefasciatus, and C. pipiens), however,
the closely related Cry4Ba toxin (the one to be evolved) showed toxicity toward Ae. aegypti and
An. quadrimaculatus, but not to C. quinquefasciatus and C. pipiens. Through site-directed mutagenesis,
the authors delimited the putative loop 3 in Cry4Ba (VIDYNS) and in Cry4Aa (IPATYK), as the
Cry4Ba and Cry4Aa 3D structures were not determined until 2005 and 2006, respectively [15,16].
The authors mutated the Cry4Ba loop 3 by replacing D454 with a P and inserting AT after position
454 to yield a novel toxin (named 4BL3PAT) with a novel loop 3 sequence (VIPATYNS). This small
change increased Cry4Ba activity 700-fold toward C. quinquefasciatus, and by 285-fold to C. pipiens.
Other versions of the novel toxin were also constructed in loop 3 by substitution of the PAT motive to
other motives (4BL3AAT, 4BL3GAT, 4BL3GAYV, 4BL3PAA, and 4BL3AAA), showing an activity gain
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toward C. quinquefasciatus and C. pipiens in almost all variants (with the exception of 4BL3AAA toward
C. quinquefasctiatus). The study of the mechanism of the 4BL3PAT mutant, compared to the wild type
toxin, showed that both toxins had little difference in the ability of reversible binding to Culex BBMVs,
a similar capability of irreversible binding, but 4BL3PAT showed a higher pore-forming ability than
the Cry4Ba parental toxin. The authors identified two novel proteins in the BBMVs, which are 35 and
36 KDa in size, that the novel mutant bonds to instead of the parental toxin, proposing that these two
proteins could be functional receptors and explain why the 4BL3PAT variant is toxic to the Culex species
(although it was not proven). One year later [104], the same authors reported the evolution of the
mosquitocidal Cry19Aa toxin by rational design. The Cry19Aa toxin, active against mosquito species
such as An. quadrimaculatus (LCsy 3 ng/mL) and C. pipiens (LCsp 6 ng/mL), showed low activity against
Ae. aeqypti (LCsg 1.4x10° ng/mL). After in silico modeling of the Cry4Ba structure and Cry19Aa using
Cry3Aa and Cry4Aa as templates, the following changes in Cry19Aa toxin were introduced: (i) Cry19Aa
Loop 1 (3**SYWT?) was substituted by the Cry4Ba loop 1 (3*YQDLR3%), and (ii) Cry19Aa loop 2
(14YPWGD*!8) was completely deleted to mimic the length present in the Cry4Ba toxin. The resulting
mutant 19AL1L2 was >42,000 times more toxic to Ae. aegypti (LCsp 3.3 ng/mL) than the parental toxin
Cry19Aa, being one of the highest activity enhancements in the history of 3D-Cry toxin evolution.
The rationale behind these substitutions was to test the hypothesis that changing loop sequences
involved in receptor binding could be useful to enhance toxicity by increasing the affinity of the toxin
to its receptor. Unfortunately, no differences between Cry19Aa and 19AL1L2 were detected in either
reversible or irreversible binding to BBMVs, so the hypothesis was not correct, but it was useful to
demonstrate that “in vitro evolution” of Cry-toxins could be efficiently performed by rational design.

However, the greatest achievement in 3D-Cry toxin evolution by rational design was that reported
by Liu and Dean in 2006 [105]. These authors were able to redirect the toxicity of a lepidopteran active
toxin toward an insect from a different order, the dipteran C. pipiens. The mutant was constructed using
the lepidopteran active CrylAa toxin as a scaffold, and changing loops 1 and 2 of the molecule. Loop 1
from CrylAa (*''RG>®!2) was enlarged and substituted by the Loop 1 (**?YQDL3%) from the mosquito
active toxin Cry4Ba (although not active against C. pipiens). In addition, part of loop 2 in CrylAa
(LY3*’RRIILGSGPNNQ?”®) was deleted (LY?®>RRIIL), and the %°NNQ3"8 sequence was replaced by a
single G, resulting in the mutant 1AaMosq (L1:3'YQDL?!; 1.2:3 GSGPG®"!), which gained activity
against C. pipiens while the activity against Lepidoptera M. sexta was abolished. The novel toxin
1AaMosq showed an LCs of 45.73 ug/mL when bioassayed against C. pipiens, while the parental toxin
CrylAa was not toxic to this mosquito at toxin concentrations of 100 pg/mL.

A similar rational design performed in the loops of the Domain II has recently been reported in
another 3D-Cry toxin [106]. CrylAh and Cry1Ai show high sequence similarity (77% identity at amino
acid level) but very different specificity. CrylAh is toxic to H. armigera but non-toxic to B. mori and
conversely, CrylAi is highly toxic to B. mori but has no activity against H. armigera. As loops in Domain
II of the 3D-Cry toxins are involved in specificity, the authors exchanged loops in the two toxins by
reverse PCR in order to evolve the activity of Cryl1Ai toward H. armigera. One of the obtained mutants,
CrylAi-h-loop2 (CrylAi toxin with loop 2 from CrylAh toxin), showed a change of specificity. Toxicity
against H. armigera increased more than 7.8-fold (from LCsy > 500 pg/g to 64.23 ug/g). When the
exchange was done in loop 2 and loop 3, the resulting CrylAi-h-loop2&3 mutant showed an increase
in toxicity even higher, around 58 times (from LCsy > 500 pug/g to 8.61 ng/g).

Domain I has also been the subject of evolution by rational design [107]. Through bioinformatic
analysis, it was found that the first 42 amino acids of Cry2A toxins interacted with a predicted
transmembrane (TM) domain (amino acids 51-62) in helix 2 of the toxin. In addition, it was observed
that the predicted TM in Cry2A was shorter than the equivalent TMs domains found in other Cry
toxins, as a consequence of the presence of two lysines at positions 63 and 64. They predicted that
this interaction could be the reason for the Cry2A toxin being less active against lepidopteran pests
compared to CrylA type toxins, so they made the hypothesis that by removing these 42 amino acids
from the molecule, a Cry2A variant with increased activity could be obtained. The deleted mutant,
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D42, showed an increase in activity ranging from 2-3-fold toward Lepidoptera S. littoralis, H. armigera,
and Agrotis ipsilon. In addition, when lysines 63 and 64 were substituted by a conserved amino acid
present in other toxins (F and P), making the TM domain as long as the one present in other Cry
toxins, the activity increased even further. Lysine 63 and 64 in the deleted mutant D42 were replaced
by phenylalanine/proline by site-directed mutagenesis, and the mutant toxins D42/K63F, D42/K64F,
D42/K63F/K64F, and D42/K63F/K64P were obtained. Single mutant toxins showed the same toxicity
as D42, but double mutants increased their toxicity toward the tested Lepidoptera between 1.3 and
2.3 times compared to D42 toxicity, and between 4 and 6.5 times compared to the Cry2A wild type,
as predicted.

Another successful example of rational design was performed on the Cry3A toxin [84]. In this
work, a chymotrypsin/cathepsin G site (AAPF) was introduced into the loop region between «-helix
3 and «-helix 4 in Cry3A Domain I in order to increase the proteolytic efficiency and hence toxicity.
The resulting mutant, mCry3, with a loop sequence 1>>NPAAPFRN'®, was active against D. virgifera
virgifera larvae (LCsg 65 pg/mL) compared to the residual activity of the parental toxin Cry3A
(LCsg >> 100 pg/mL). The authors determined that the increase in activity was due to several factors
such as a higher solubility at neutral pH, an increase in the efficiency of the proteolytic process, and an
increase of specific membrane binding. The introduced mutation did not alter the activity against
the Colorado potato beetle larvae, a susceptible insect for Cry3A, but extended activity toward other
coleopteran (D. virgifera virgifera).

2.5. Evolution by Random Mutagenesis

Random mutagenesis is one of the strategies that molecular biologists have available to obtain
protein variants. In opposition to site-directed mutagenesis, the position of the mutation in random
mutagenesis is not controlled. It is frequently used to discover relevant amino acids in a protein
when not enough information on the function of the protein is available [90,108], or to create novel
variants of a protein with novel functions. There are several techniques that have been used to perform
random mutagenesis in 3D-Cry toxins such as in vitro DNA amplification with degenerated primers
and error-prone PCR.

The development of the synthesis of degenerated oligonucleotides in 1988 [109] allowed researchers
to introduce random mutations in a specific region of the DNA. In 1999, Kumar et al. [110] used a
mixture of degenerated primers for the random mutation of a 3D-Cry toxin using a M13mp19 system
that provided ssDNA. The researchers’ objective was to introduce variability at «-helix 4, and at the
loop between x-helix 4 and «-helix 5 of the CrylAc toxin. For that, a mix of primers with the wild-type
sequence (97% of the primers) and degenerated oligonucleotides (3% of the primers) was used to
ensure only one mutation per cycle of amplification. Using this technique, the authors obtained the
mutant F134L with a 3-fold enhanced toxicity toward M. sexta and H. virescens.

Error-prone PCR is an in vitro evolution technique that generates variants using the property of
the Tag polymerase of introducing substitutions in the DNA amplification process when subjected to
certain conditions. Error-prone PCR is the most common method for creating combinatorial libraries
based on a single gene. Since its development in 1989 [111], it has been used in many applications,
not only to mutate DNA codifying for proteins, but also non-coding DNA regions such as promoter
regions [112]. The technique is simple and only requires a PCR mixture slightly different from a
standard PCR. The gene subjected to mutagenesis is amplified by upstream and downstream primers
in a reaction mix containing Mn?2* ions, an unbalanced ratio of dNTPs, and/or a higher concentration of
Mg?*. Depending on the conditions, the overall mutagenesis rate can be controlled. Error-prone PCR
mutagenesis has not been extensively used in obtaining Cry toxin variants. Only a few examples of
using this technique are found in the bibliography, even though the technique has rendered improved
versions of a 3D-Cry toxin. This was the case of the work reported by Shu et al. [113] made in Cry8Ca2
toxin (accession number AY518201), which was active against Anomala corpulenta. Two mutants (M100
and M102) showed 5- and 4.4-fold increases in toxicity, respectively, against the larva of this Coleoptera
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(LCsp 0.23 x 10® CFU/g and 0.26 x 108 CFU/g, respectively, compared to LCsq 1.15 x 10® CFU/g of the
parental toxin). The sequence analysis of the novel variants showed that only a single mutation in each
mutant (E642G in M100 and Q439P in M102) was enough to enhance toxicity.

A more recent example of the use of error-prone PCR, although combined with other techniques,
is the random evolution of CrylAc5, rendering the T525N mutant with a slight increase in toxicity
(1.5-fold) toward S. exigua [114].

2.6. Evolution by Mixing Cry Genes: DNA Shuffling, In Vitro Recombination, and StEP (Staggered
Extension Process)

DNA shuffling is a powerful in vitro evolution tool for generating artificially and highly diversified
sequences by homologous gene recombination (Figure 2a). Although this technique is normally used
in proteins of unknown three-dimensional structure, it can be used for any protein. The technique
involves random DNA fragmentation of two or more homologous genes with DNAse I, and fragment
reassembly in a primer-less PCR. After the generation of a variant library, a screening and selection
process of functional variants is conducted.

Since the development of this technique [115,116], DNA shuffling has been used to evolve
thousands of proteins, mainly enzymes, to modify their function or activity. The convenience of this
powerful technique has also been applied for the in vitro evolution of several 3D-Cry toxins.

Although in vitro evolution by DNA shuffling has not been always successful [117], and sometimes
no improved 3D-Cry toxins have been obtained, in several other cases, it has been a suitable technique for
obtaining variants with higher activity. For example, DNA shuffling of cry11Aa, cry11Ba, and cry11Bb
genes, codifying for toxins active against Ae. aegypti and C. quinquefasciatus, rendered a mutant
(Variant 8) 3.8 times more toxic toward Ae. aegypti than the parental toxin Cry11Bb (LCsg 22.9 ng/mL),
and 6.09 times more toxic than the Cry11Aa toxin (LCsp 36.9 ng/mL) [118]. DNA sequence analysis of
Variant 8 showed that the mutant contained a deletion of 219 nucleotides (73 aa) at the N-terminal end
of the molecule (Domain I), and 6 and 13 nucleotide substitutions in Domain II and III, respectively.
The comparative analysis at the protein level between Variant 8 and its parental toxins (Cryl1Aa and
Cry11Bb) showed 13 amino acid substitutions (GenBank access number MH068787).

Very recently, DNA shuffling has been used to increase the toxicity of an already improved
mutant derived from Cry3Aa toxin [52]. The mutant IP3-1, engineered by rational design, contained
15 mutations over the three domains of the toxin (W106L, M1171, V140F, 1186V, F206L, K230H, S258T,
P292S, E294G, F346L, G468A, L491F, M503T, R531G, and 1593M) and showed a higher activity toward
D. virgifera (LCsq 214 ppm) than the parental toxin. To further increase its activity, in vitro evolution by
DNA shuffling was carried out and six novel mutant toxins (IP3-2, IP3-3, IP3-4, IP3-5, IP3-6, IP3-7)
showed more activity than the parental toxin IP3-1 (LCsq 19, 14.7, 13.7, 11.3, 11.6, 7.3 ppm, respectively).
An analysis of their sequences showed that mutant toxins contained between six and nine additional
mutations. From the six mutants obtained, the IP3-7 variant showed the best increase in toxicity of
all (LCsp from 214 to 7.33 ppm). Most of the mutations obtained after DNA shuffling resulted in
a reduction of positively charged residues such as lysine and arginine, making novel toxins more
acidic and more soluble at neutral pH (D. virgifera gut juice is weakly acidic) and hence more active.
In addition, all the selected variants showed a similar mutation at two different positions (K152E and
R158E), located in the «-helices 3 and 4 loop. According to the authors, these mutations made the
loops more resistant to D. virgifera gut proteases, contributing to the increase in toxicity compared to
the parental toxin IP3-1.

A more sophisticated way of obtaining chimeras is by in vitro recombination using the technique
called in vitro template-change PCR. With this strategy, a library of recombinant toxins made from
the lepidopteran active toxin Cry2Aa (active toward Ostrinia furnacalis, P. xylostella, Chilo suppressalis,
and H. armigera) and the low toxicity Cry2Ac [119] was made. The strategy involved four steps:
(i) ssDNA amplification of the complementary strand of both genes by asymmetric PCR (amplification
using a single reverse primer); (ii) synthesis of the coding strand using the ssDNA from gene 1
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as a template in the presence of ddATP, which avoids further extension once it is incorporated in
the polymerized strand; (iii) DNA extension of the randomly truncated library using gene 2 as a
template, which is achieved thanks to the use of the KOD DNA polymerase, shows 3'-5" exonuclease
proofreading activity, and is able to remove the ddATP from the truncated molecule and carry
on with the extension of the DNA strand; and (iv) amplification of the full toxin fragment with
flanking primers, cloning, and expression in a heterologous system. With this strategy, the authors
obtained 37 chimeras (named R1-R37) showing recombination events at 37 different regions of
the toxin. When recombination occurred at Domain I or Domain III, no change in specificity was
observed. However, when recombination took place at Domain II, toxin specificity drastically changed.
The Cry2Ad toxin gained toxicity toward O. furnacalis when recombination was in the 'NY*!” region
(recombinant R24), toward P. xylostella when it occurred at RPL*#? (recombinant R26), and toward
C. suppressalis and H. armigera when it took place at #*>GTPGGA* (recombinant R27).
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Figure 2. In vitro recombination techniques. (a) In DNA shuffling [116], two or more homologous
genes are randomly digested with DNAse I (only one strand is represented for simplification purposes).
The resulting fragments are extended in a primer-less PCR using homologue fragments as templates.
Finally, a PCR using flanking primers is performed in order to obtain a full size library of chimeras,
after few rounds of primer-less extension. (b) In the staggered extension process or StEP [120],
two homologous genes are PCR amplified under restricted conditions (short extension times, and low
extension temperature). In cycle 1, a short fragment is extended from a primer in both genes (only
one strand is represented). After denaturing, the generated fragments can anneal in the opposite
homologous gene, and be extended in cycle 2. After cycle n, a library of recombined chimeras
is generated.

The technique, called the staggered extension process or StEP [120], has the same objective as DNA
shuffling of producing an in vitro recombination of two or more genes, but with a slightly different
methodology. In this technique (Figure 2b), two (or more) homologous genes are denatured and
extended from the same primer, using a thermo-cycling program in which the extension step is highly
limited in time (few seconds (5 s)) and temperature (extension is carried out at 55 °C, temperature in
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which Tag polymerase has a low extension rate). After 70-80 cycles of denaturing and priming-extension,
a library with full-length recombined genes that is cloned and screened can be obtained. This technique
has been used for in vitro evolution of the active part (DI, DII, and DIII) of the Cry1Ac5 toxin (GenBank
acc. Number M73248) in combination with error-prone PCR. The variants were cloned into a plasmid
containing the pro-toxin C-terminal end by Red/ET homologous recombination [121,122]. From the
57 variants obtained, only one was expressed as a full-length 130 kDa toxin containing the mutation
T524N in the 3-16 and (3-17 loops in Domain III. The variant produced more crystals than the wild type,
but slightly smaller. When bioassayed toward S. exigua, a toxicity 1.5 times higher (LCsp 9.6 pg/mL
compared to 14.1 ug/mL of the wild type) was observed.

2.7. Evolution by Phage Display

As has been reviewed thus far, generation of 3D-Cry toxin variants does not represent a big
challenge nowadays as many molecular techniques for constructing libraries with a high number
of mutants are available. The real challenge is to find which of the variants in the library is useful
and has the desired properties. Therefore, the key question of in vitro evolution of a protein is the
library screening. In the particular case of 3D-Cry toxins, this screening is labor-intensive as every
single mutant has to be expressed, solubilized, and bioassayed, representing a time consuming task.
As a consequence, only a reduced number of variants from the library are normally tested, and on
many occasions, no improved mutants are found. To overcome this problem, approaches such as
phage display have been explored to provide a means for the selection of potentially useful 3D-Cry
mutants. Phage display is a molecular tool for the screening of library variants with a specific binding
characteristic. A phage displayed protein (or a mutant library) consists of its expression on the surface
of a bacteriophage in such a way that the protein is available to interact with other proteins, while it is
bound to the virus. Display is achieved thanks to the fusion of the protein of interest (or library) to one
of the proteins on the surface of the phage. When the phage replicates and viral particles assemble,
the protein of interest is also assembled on the surface, being available to interact with other proteins.
Displayed libraries can be screened by a process called biopanning, a methodology that allows for
the selection of those phages with the desired binding properties (Figure 3). As the phenotype of
the selected variant and the genotype in a phage display system are linked, once a phage is selected,
the coding DNA for the protein variant can be obtained from the phage genome. Given that one of
the premises for 3D-Cry toxin toxicity is to bind to a receptor, this makes phage display a suitable
molecular tool for the screening of variants with novel binding characteristics.

Since the invention of the phage display technique [123] and its use for the selection of a peptide
from a library with an antibody, many other applications have been developed [124-127]. 3D-Cry
toxins have also benefited from the advantages of phage display technology, although several technical
limitations had to be overcome before the methodology could be used for big proteins such as 3D-Cry
toxins. The first attempt at displaying a 3D-Cry toxin on the surface of a phage was reported by
Marzari et al. [128] using the CrylAa toxin and M13 phage. Unfortunately, the toxin was not properly
displayed and deletions on the fusion protein were observed. One year later, Kasman et al. [129]
reported the successful display of the CrylAc toxin on the surface of the M13 phage, although the toxin
was unable to bind to the APN receptor in in vitro experiments. Later on, other display systems based
on the A and T7 phage, which are assembled in the cytoplasm of E. coli and released after lysis instead
of being secreted through the bacterial membrane as in M13, were proven to be more appropriate for
3D-Cry toxins. The first successful phage display system, in which the 3D-Cry toxin was able to bind
to natural receptors, was described by Vilchez et al. [130]. In this study, the CrylAc1 toxin was fused
to the gpD protein, an auxiliary protein that represents one of the major components of the A phage
capsid. The displayed toxin was able to selectively recognize and bind proteins present in M. sexta
BBMVs. Later on, other display systems using the T7 phage [131] and M13 [132] were described.
Once the problem of displaying a 3D-Cry toxin was overcome, library variants were developed.
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Figure 3. Biopanning of a phage display toxin library. The phage displayed toxin library is biopanned

against a specific insect receptor (1). Those phage displaying toxins with affinity to the insect receptor
will be retained and those without affinity will be washed out (2). Bond phage will be recovered (3)
and amplified (4) by a susceptible E. coli strain, making possible to repeat the process (5) in order to
obtain higher affinity toxins from the selected pool.

Mutant libraries have been constructed in specific areas of the 3D-Cry toxin using several molecular
approaches such as degenerated primers [133-135], DNA shuffling [136,137], or using a previously
constructed antibodies library [138]. All these libraries were screened for variants showing high
binding affinity toward two of the most well-known receptors (cadherin like receptor and APN),
and although an increase of binding affinity is not a guarantee for increased toxicity [134,135], some
authors have managed to obtain enhanced 3D-Cry toxin variants compared to the parental toxin.

The first successful report describing the use of a phage display library for the evolution of a 3D-Cry
toxin was made by Ishikawa et al. [133] using the T7 phage. They constructed a library of CrylAal
variants at the loop 2 of Domain II, one of the main determinants for specificity in 3D-Cry toxins. Loop 2
variants were constructed by PCR with the degenerated primer Aa369(IILGSGP)375-degenerate-sense
(5’'TTATATAGAAGANNNNNNNNNNNNNNNNNNNNNAATAATCAGGAACTGTTTG3’), which
could theoretically introduce 1.28 x 10° possible combinations on the seven amino acid residues of
the loop. However, in practice, the library contained only 5.0 X 10° variants, less than 0.04% of the
possible mutations. Despite the reduced number of variants, the authors managed to select a toxin
mutant (R5-51) with strong binding affinity to the bead-immobilized cadherin-like protein BtR175.
The selected variant, R5-51, was four times more toxic (LCs 1.6 pg/g diet) than the CrylAal wild type
toxin (LCsp 6.3 pg/g diet) toward B. mori.

Another case of success in the quest of improving the toxicity of a natural 3D-Cry toxin by phage
display technology was the in vitro evolution performed on the moderately active Cry8Kal toxin
toward the Coleoptera Anthonomus grandis [137]. This time, variability was obtained by cry8Kal gene
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shuffling, which was cloned in the pComb3X phagemid [139] fused to the pIII protein in a M13 system.
The resulting library, pCOMBcry8Kalvar, containing 1.0 x 10° cfu/mL variants, was screened toward
A. grandis BBMVs. Biopanning rendered one variant (Cry8Ka5 mutant) that showed a 3-fold increase
in toxicity. Sequence analysis of the Cry8Ka5 variant demonstrated that mutations were randomly
introduced at different positions in Domain I (R82Q), Domain II (Y260C, P321A), and Domain III
(R508G, K538E, E594N) of the toxin. In addition, a deletion of 16 residues at the N-terminal end
was observed.

Non-natural 3D-Cry toxins have also been evolved by DNA shuffling and phage display
technology [136]. This is the case of the Cryllal2synth toxin (NCBI gene bank accession number
FJ938022), a synthetically derived toxin from Cry1lal2 with a modified codon usage for plant expression
optimization. Cyrllal2synth is toxic for S. frugiperda, but not for the sugarcane giant borer Telchin licus
licus. From the 30 variants selected by phage display using T. I. licus BBMVs, four of them showed
higher activity toward T. I. licus compared to the wild type toxin. Variant 1 (D233N, E639G), variant
2 (D233N), variant 3 (I116T, L266F, K580R), and variant 4 (M45V, D233N) showed 61%, 75% 56%,
and 58% mortality, respectively, higher than the wild type and the negative control (25% mortality).
This represents an example of the in vitro evolution of a 3D-Cry toxin in order to be active toward
another Lepidoptera specie.

The latest report of a 3D-Cry toxin in vitro evolution using phage display technology was by
Dominguez-Flores et al. [140]. In this case, a library of “Crybodies” was displayed on a A phage system
similar to the one reported by Vilchez et al. [130]. Crybodies are molecules derived from the lepidopteran
active CrylAal3 toxin where loop 2 of Domain II has been replaced by the hypervariable region
contained at the complementary determinant region 3 (CDR-H3) of a human antibody library [138].
The Crybody library was biopanned to Ae. aegypti larvae guts homogenates, and the selected phage,
with high affinity toward gut proteins, was used to obtain the novel Crybodies. Crybodies Cryl1Aal3-A8
(L2:3%7 GAREGSSSAYDYW37?) and Cry1Aa13-A12, (12:3 GARGDPDFDHSTSYYLDYC3#) showed
significant mortality (around 90%) after 120 h at 20 ug/mL, while no toxicity was observed in the
parental CrylAal3 toxin. Concomitantly, both variants showed a 50% decrease in toxicity toward their
natural lepidopteran target (B. mori). In this case, phage display was proven to be useful not only for
improving toxicity against an insect or related species, but also to select variants active against insects
from a different order.

Another example that used phage display technology in the field of 3D-Cry toxin evolution is
the work reported by Shao et al. [141]. This work describes the construction of six 3D-toxin mutants,
obtained by replacing loop 1, loop 2, and loop 3 in Domain II of the Cry1Ab toxin with what they called
“gut-binding peptides” or GBPs. These peptides were obtained from a random peptide library displayed
on a phage that was biopanned against BBMVs obtained from the hemipteran Nilaparvata lugens [141].
P2S (CLMSSQAAC) and P1Z (CHLMSSQAAC) were introduced by overlapping PCR in substitution of
loop 1 (*8RG?”?), loop 2 (***RRPFNIGINNQ?*%), and loop 3 (**' SMFRSGFSNSSVS*!3) in the Cry1Ab
toxin. N. lugens nymph bioassays showed increased toxicity in five of the six variants selected.
Only mutant L3-P1Z was less toxic than the wild type (with an LCs of 189.83 pug/mL). The rest of the
mutant toxins (L1-P2S, 1.2-P2S, L3-P2S, 1.1-P1Z, and L.2-P17) were 5,9, 5, 1.4, and 2.5 times more toxic,
respectively, than the parental toxin. Substitution of loops 1, 2, and 3 was concomitant with a loss
in toxicity of CrylAb toward P. xylostella. This work demonstrated that the in vitro evolution of Cry
toxins is not only restricted to the selection of variants with an improved binding to natural receptors,
but also evolution can be directed to bind other molecules in the insect guts.

2.8. Evolution by PACE (Phage-Assisted Continuous Evolution)

Phage-assisted continuous evolution is a technique developed at Harvard University by David
L. Liu’s research group [142]. It is one of the latest techniques developed in the field of the in vitro
evolution of proteins. It is a complex technique, that, as its name implies, is performed with the
assistance of a phage. Strictly speaking, it is not an in vitro technique, as evolution is performed
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inside of a highly engineered E. coli strain, but as it is performed in a laboratory, it is considered
to be an in vitro evolution technique. The evolution is carried out in what is called “the lagoon”
(Figure 4a), an E. coli culture with a constant inflow and outflow of growing media. The flow is set
up at the appropriate speed to serve as the selection process for the mutants generated in the lagoon,
as only the suitable and fast growing mutants stay in the lagoon, while the non-useful mutants are
washed out from the growing flask. The average residence time of the cells is less than the E. coli
replication time. The E. coli strain where the evolution takes place contains three plasmids (Figure 4b):
(i) an arabinose-inducible mutagenic plasmid (MP), that contains proteins that disrupt the proofreading
activity of DNA polymerases, so increasing the error rate in replication; (ii) a selection plasmid (SP),
that contains the protein to be evolved and all the genes necessary for M13 phage replication except
for gen I1I, essential for host infection; and (iii) an accessory plasmid (AP) where the essential gen III
for M13 phage replication is expressed, but only if the right mutant is generated. With this system,
the mutation process and the selection process are coupled as only the desired mutants allowing the
expression of protein III are replicated. Non-useful mutations produce non-infective phage, so they will
be unable to reproduce and will be washed out from the lagoon. The system solves the cumbersome
need to screen the entire library in each round of evolution and, given the life cycle of M13 is just
10 min, a high number of rounds of protein evolution could be conducted in a single week. PACE
has been used to evolve proteins such as polymerases [143], proteases [144], and genome-editing
proteins [145], obtaining variants with completely novel activities and specificities.

Constant inflow Constant outflow

THE LAGOON

arabinose mMp

Protein interaction,

plll production araC Mutagenic proteins
qg ‘ﬁ\ _
# plll protein

Evolved Cry

D TnTBR3-F3 AP
MP AP ’Y\ i I rji_’ fragment
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j Promoter  gene lll
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Figure 4. Phage assisted continuous evolution (PACE). In the PACE technique, the evolution occurs

in a continuous culture of a highly engineered E. coli strain called the lagoon (a). The E. coli strain
contains three plasmids (b), the mutagenic plasmid (MP), containing mutagenic proteins induced by
arabinose, the selection plasmid (SP), which contains all the M13 genes for phage replication, except for
gene III, and a transcriptional fusion of the evolving cry gene toxin and the rpoZ gene, codifying for the
omega sub-unit of the RNA polymerase, and the accessory plasmid (AP). AP plasmid contains the M13
gene III downstream of a cI site and a promoter. The fusion protein between cI and a fragment from
T. ni cadherin like receptor (TnTBR3-E3) binds to the cI site. Only Cry toxin variants interacting with
TnTBR3-F3 will bind to the proximity of the promoter site so the gen III expression will be possible,
rendering viable infecting M13 particles. However, if Cry toxins with no affinity toward the TnTBR3-F3
fragment are produced, gene III will not be expressed and no infecting M13 particles will be generated.
Reproduced from [146] Copyright 2016, Springer Nature.
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Table 1. Compilation of all the improved toxin mutants obtained throughout the molecular evolution of 3D-Cry toxin history. Parental toxin, mutants, and results
obtained, together with the methodology used for protein evolution, are detailed in chronological order.

Molecular Technique Parental Toxin Mutant Name Evolution Result Activity Domain
Used Evolved (Insect)/Evolution Level ! Enhancement Evolved 2
P26-3
P48al4
P48c5
P36a65
P95a76
CryIA(b) P95a86
P98cl
P99c62
P107c22
107¢25
114a30

Reference

Random mutagenesis with
mutagens

Enhanced toxicity

(H. virescens)/SS 3-5-fold DI [68]

Homolog-scanning

. ICPC73 OSU 4205 Novel activity (B. mori)/SL DI * [70]
mutagenesis

Novel activity (from

Homolog-scanning CrylIB Hybrid 513 Lepidoptera to a dual DII * [73]

mutagenesis Lepidoptera and Diptera)/OL
Hy32 Enhanced toxicity
Domain swapping (in vivo CrylA(a) and Py (T. ni and Heliothis sp)/SS 2-37-fold N
S pHy45 .. DIl [76]
recombination) CryIA(c) Hv104 Novel activity 3-7-fold
PRy (S. littoralis)/SL
Homolog-scanning . Enhanced toxicity ’ .
mutagenesis CrylIA(c) Hybrid 4109 (H. virescens)/SS 30-fold DII [74]
o . Enhanced toxicity
Site directed mutagenesis CrylIA(c) H168R (M. sexta)/SS 3-5-fold DI [87]
Rational design (site Enhanced toxicity
directed mutagenesis) CrydB R203A (Ae. aepypti)/SS 28-fold bI [102]
Domain swapping (in vivo CrylE G27 Enhanced toxicity ~50-fold DIII [77]

recombination) (S. exigua)/SS
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Table 1. Cont.

Molecular Technique Parental Toxin Mutant Name Evolution Result Activity Domain Reference
Used Evolved (Insect)/Evolution Level ! Enhancement Evolved 2
Domain swapping Enhanced toxicity .
(cloning) CryIA(b) H04 (5. exigua)/SS More than 60-fold DIl [78]
Site directed mutagenesis . -
. ¢ Triple mutant: S484A, Enhanced toxicity
(alanine scanning CryllIA RAS5A, GAS6A (T. molitor)/SS 2.4-fold DII (Loop 3) [91]
mutagenesis)
o1 . N372A Enhanced toxicity 8.53-fold
Site directed mutagenesis CrylAb N372G (L. dispar)/SS 9.61-fold DII [92]
o . DF-1: Triple mutant Enhanced toxicity
Site directed mutagenesis CrylAb N372A, A282G, 12835 (L. dispar)/SS 36-fold DII [92]
. . Enhanced toxicity
Dom?‘f i;aﬁpmg CrylC Cry1C/Ab hybrid (S. littoralis, O. nubilalis, and 3"r4' a“dtf"r"lfdd DI-DVII [81]
cloning P. xylostella)/SS espectively
. Enhanced toxicity DI
Random mutagenesis CrylAcl F134L (M. sexta and H. virescens)/SS 3-fold a-Helix 4) [110]
Enhanced toxicity
(M. sexta)/SS 11.8-fold
Domain swapping (in vivo CrylBa BBC13 Enhancgd toxicity 8.3-fold DIII [79]
recombination) BBC15 (S. exigua) /SS
- 7.8-fold
Enhanced toxicity
(M. sexta) /SS
Domain swapping (in vivo Enhanced toxicity 3
recombination) CrylFa FFC (S. exigua) /SS 5.5-fold bl 7]
Rational design (site Cry3A Enhanced toxicity )
directed mutagenesis) loop 1 Al (T. molitor) /SS 11.4-fold bIt [93]
Rational design (site Cry3A Enhanced toxicity :
directed mutagenesis) loop 1 A2 (T. molitor)/SS 2.7-fold DIl [93]
. . .. 2.5-fold respect
Domain swapping Crylla 11a/11a/1Ba hybrid Enhanced toxicity Cryllaand 7.5-fold DI, DII, DIII (82]

(cloning)

(L. decemlineata)/SS

respect CrylBa
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Molecular Technique Parental Toxin Mutant Name Evolution Result Activity Domain Reference
Used Evolved (Insect)/Evolution Level 1 Enhancement Evolved 2
. Enhanced toxicity
CrylBa 1Ba/1Ia/1Ba hybrid (L. decemlineata)/SS 17.9-fold DI, DII, DIII [82]
. . . Cry4Ba using .
Ratlonal design (Sl’fe Loop3 from ABL3PAT Evolution from Anopheles and 700- .and 285-fold DII [103]
directed mutagenesis) Aedes to Culex/SL increase
Cry4Aa
Rational design (Site Cry19Aa using Evolution from Anopheles and g .
directed mutagenesis) loop from Cry4Ba 19ALIL2 Culex to Aedes/SL 42/000-fold increase b [104]
Enhanced toxicity
Domain swapping (in vivo C Cﬁ:};)lCa. an<1:lDHI RK15 (H. virescens)/SS 172-fold [80]
recombination) Ty using RK12 Enhanced toxicity 69.6-fold
of CrylAc )
(H. virescens)/SS
. . . CrylAa using . . From no activity at
d??;;?:;lr;ief;gr;rigz) loop 1 from 1AaMosq Evog;1(;:r£r?;nolgepiic;;)(:t)elf‘a to 100 ug/mL to an DII [105]
utag Cry4Ba P qu LCs 45.73 of ug/mL
Enhanced toxicity
(M. sexta)/SS
W73F Enhanced toxicity 3.3-fold
o . W210F (M. sexta)/SS 1.5-fold
Site directed mutagenesis CrylAb W219F Enhanced toxicity 2 3fold DI and DII [88]
W455F (M. sexta)/SS 1.4-fold
Enhanced toxicity
(M. sexta)/SS
M100 Enhanced toxicity 5-fold DIl
Error prone PCR Cry8Ca2 M102 (A. corpulenta)/SS 44-fold DII [113]
Enhanced toxicity
Rational design Egeﬁg?gﬁi 2.85-fold
- gn Cry2A D42 . y 1.99-fold DI [107]
(Site-directed mutagenesis) (H. armigera)/SS 2 87-fold

Enhanced toxicity
(A. ipsilon)/SS
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Molecular Technique Parental Toxin Mutant Name Evolution Result Activity Domain Reference
Used Evolved (Insect)/Evolution Level 1 Enhancement Evolved 2
Enhanced toxicity
Rational desi o l’”":flt’s)/ > 45-fold
_pauonaidesign Cry2A D42/K63F/K64F nhanced toxicity 2.9-fold DI [107]
(Site-directed mutagenesis) (H. armigera)/SS
. 3.7-fold
Enhanced toxicity
(A. ipsilon)/SS
Enhanced toxicity
S. littoralis)/SS
Rational design Er(lhzzlrllc‘e)::iz tzosl/icity 6.6-fold
T . Cry2A D42/K63F/K64P ) 4.1-fold DI [107]
(Site-directed mutagenesis) (H. armigera)/SS
. 4.9-fold
Enhanced toxicity
(A. ipsilon)/SS
. Enhanced toxicity
Phage display CrylAal R5-51 (B. mori)/SS 4-fold DII (loop 2) [133]
Novel activity From LCsp >> 100 (leg)p
Site directed mutagenesis Cry3A mCry3A (D. virgifera virgifera)/SL pg/mL ochelix 3 [84]
to 65 pg/ml
and 4)
Site directed mut i CrylA N546A Enhanced toxicity 1.8-fold DIl [99]
ite directed mutagenesis rylAc (H. armigera)/SS .8-fo
o . Vi71C Enhanced toxicity 25-fold
Site directed mutagenesis CrylAb L157C (L. dispar)/SS Afold DI [89]
Variant 1
DNA Shuffling and Phage Variant 2 . . ) LCsp not
display Cryllal2synth Variant 3 Novel toxicity (T. licus licus)/SL determined DI, DII, DIII [136]
Variant 4
. . .. From low toxicity to
Domain swapping mCry3A eCry3.1Ab Enhanced toxicity 93% mortality at DIII [83]

(Overlapping PCR)

(D. virgifera virgifera)/SS

7.5 ug/mL
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Molecular Technique Parental Toxin Mutant Name Evolution Result Activity Domain Reference
Used Evolved (Insect)/Evolution Level ! Enhancement Evolved 2
Error prone PCR and StEP Enhanced toxicity
shuffling CrylAc5 T524N (S. exigua)/SS 1.5-fold DIII [114]
DNA shuffling and phage Enhanced toxicity
display Cry8Kal Cry8Ka5 (A. grandis)/SS 3-fold DI, DII, DIII [137]
Enhanced toxicity
o1 . S581A (H. armigera)/SS 1.72-fold
Site directed mutagenesis CrylAc5 I585A Enhanced toxicity 1.89-fold DIII [45]
(H. armigera)/SS
Enhanced toxicity
Rational design (Sit N309S E(A}’f' g“’gb;‘”)./ S.f 1.17-fold
~auona cesigh e Cry2Ab F3111 nhanced toxierty 3.17-fold DII [94]
directed mutagenesis) (An. gambiae)/SS
A334S . 6.75-fold
Enhanced toxicity
(An. gambiae)/SS
o . Enhanced toxicity
Site directed mutagenesis Cry5Ba N586A (C. elegans)/SS 9-fold DIII [101]
Novel activity
(O. furnacalis)/SL From 0% to 26.7%
R24 Novel activity mortality
In vitro template-change R26 (P. xylostella)/SL From 4.6 to 75.6%
PCR (TC-PCR) Cry2ad R27 Novel activity From 6.7 to 76.7% bl [119]
R27 (C. suppressalis)/SL From 2.2 to
Novel activity 84.1%

(H. armigera)/SL
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Molecular Technique Parental Toxin Mutant Name Evolution Result Activity Domain Reference
Used Evolved (Insect)/Evolution Level 1 Enhancement Evolved 2
Enhanced toxicity
(N. lugens)/SS
L1-P2S Enhanced toxicity 5fold
(N. Iugens)/SS
L2-P2S Enhanced toxici 8.9-fold
Phage display CrylAb 13-P2S anced toxicity 5-fold DII [141]
(N. lugens)/SS
L1-P1Z Enhanced toxicity 1.4-fold
L2-P1Z (N. lugens)/SS 2.5-fold
Enhanced toxicity
(N. lugens)/SS
Enhanced toxicity
AOls (T. ni /(]i:ry}}Ac rzsista.nf T. ni)/SS 2.2/334-fold Not
PACE CrylAc Co4s  Lnhanced toxidlty 11/27.8-fold 0 [146]
(T. ni /CrylAc resistant T. ni)/SS available
CO05s . 1.8/26.4-fold
Enhanced toxicity
(T. ni /[CrylAc resistant T. ni)/SS
Rational design (reverse . CrylAi-h-loop2 Activity redirected from B. mori >7.8-fold
PCR) CrylAi CrylAi-h-loop2é&e3 to H. armigera/SL >58-fold bI [106]
Enhanced toxicity
. . CrylAc-Cry9Aa (H. armigera)/SS 4.9-fold
Domain swapping Cry9ha CrylAc-Cry9AaMod Enhanced toxicity 5.1-fold DI, DII, DIlI [85]
(H. armigera)/SS
Chimeric protein Enhanced toxicit
Gene fusion Cry4Ba and Cry(4Ba-1A¢) cec foxialy >238-fold DI-DVII [21]
(Culex pipiens)/SS
CrylAc
. . . From 0% activity to
Phage display CrylAal3 CrylAal3-A8 Activity redirected from B. mori 90% activity at DII [140]

CrylAal3-Al12

to Ae. aegypti/OL

20 pg/mL
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Molecular Technique Parental Toxin Mutant Name Evolution Result Activity Domain Reference
Used Evolved (Insect)/Evolution Level ! Enhancement Evolved 2
Site directed mutagenesis S509A Enhanced toxicity 9:5-fold DIII
(Alanine scanning) CrylAb V5134 (S. frugiperda)/SS 12.7-fold (B-16) [97]
N514A ’ 51-fold
N514F 44-fold
N514H 16-fold
Site directed mutagenesis NSL4K Enhanced toxicity 7-fold DIII
(saturation mutagenesis) CrylAb N514L (S. frugiperda)/SS 9-fold (B-16) [97]
N514Q ’ 26-fold
N514S 23-fold
N514V 9-fold
Site directed mutagenesis Enhanced toxicity DIII
(Alanine scanning) CrylFa N504A (S. frugiperda)/SS 11-fold (B-16) [57]
Enhanced toxicity DIII
1 . V509A (S. frugiperda)/SS 1.6-fold (B-16)
Site directed mutagenesis CrylCa N510A Enhanced toxicity 1.5-fold DIII [98]
(S. frugiperda)/SS (B-16)
3.8-fold increase
compared to
CryllAa, -
DNA shuffling Cry11Ba, and Variant 8 Enhanced toxicity Cry11Bb and DI, DII, DIII [118]
(Ae. aegypti)/SS 6.09-fold increase
Cry11Bb
compared to
CryllAa
1P3-2 11-fold
IP3-1: an artificial P33 14.6-fold
Rational design and DNA ) . 1P3-4 Enhanced toxicity 15.6-fold
. mutant derived L o DI, DII, DIIT [52]
Shuffling from Crv3Aal IP3-5 (D. virgifera virgifera)/SS 19-fold
Y IP3-6 18.4-fold
1P3-7 29.3-fold

25 of 34

1 Evolution level: SS: Same Specie (evolution toward the same specie; activity enhancement); SL: Specie Level (toxicity evolved to other specie insect from the same order); OL: Order Level
(toxicity evolved toward other insect from a different order). 2 DI: Domain 1; DII: Domain 2; DIII: Domain 3. Di *: Indicated the domain evolved although it was not known at the time.
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PACE has recently been adapted for the evolution of a 3D-Cry toxin, specifically the lepidopteran
CrylAc toxin [146]. The cabbage looper T. ni, naturally susceptible to CrylAc, has developed resistance
to the toxin, a fact that has been associated with the mutation of the ABCC2 transporter gene [147]
and the downregulation of the expression of APN1 [148]. There is no evidence that T. ni uses any
cadherin-like receptors for its function, so the objective of this work was to evolve a CrylAc toxin
to specifically bind to a cadherin-like protein (TnCAD), present in the insect cell membrane of T. ni,
in order to be used as a toxin receptor. For that, the SP plasmid contained, apart from all phage genes
(except for gen III), a transcriptional fusion of crylAc with the rpoZ gene codifying for the omega
sub-unit of the RNA polymerase (Figure 4b). The omega sub-unit is essential for the activity of the
RNA polymerase and unless it is present in the RNA polymerase enzymatic complex, the transcription
is not possible. The AP plasmid contains M13 gen III with an upstream promoter region for the
RNA polymerase, and the binding site for the cI protein, a phage repressor protein. In addition,
a transcriptional fusion between the cl protein and a fragment of the TnCAD cadherin-like protein,
called TnTBR3-F3, was included in the AP plasmid. This fusion protein is able to recognize the cIl
binding site, allowing the TnTBR3-F3 receptor to interact and bind to other proteins.

In this system, if a Cry toxin variant has the ability of interacting with the TnN'TBR3-E3 receptor as
a consequence of the generated mutations, then it will bind at the promoter region of the M13 gen III
through the omega sub-unit of the RNA polymerase, allowing the expression of the essential gen III for
phage replication. If the introduced mutation is not suitable for TnTBR3-F3 binding, then the mutant
will not be present in the promoter region, the protein III will not be produced, and the resulting phage
will not be infective and it will be lost. The PACE system adapted to the evolution of a CrylAc toxin,
rendered A01s, C03s, and C05s variants with high binding affinities to the membrane protein TnCAD,
in opposition to the wild type toxin CrylAc. In addition, when these toxins were bioassayed against
T. ni, they were 2.2, 1.1, and 1.8 times more active compared to the wild type CrylAc, respectively,
indicating that toxin-receptor evolution had been taking place. Furthermore, when A01s, C03s and
C05s were bioassayed against CrylAc resistant T. ni, toxin variants showed an increase in toxicity of
334-, 27.8-, and 26.4-fold compared to the wild type CrylAc toxin. This work represents a proof of
concept that evolution of 3D-Cry toxins to bind novel receptors is possible through PACE and that the
technique could be useful in cases where insects have developed resistance to natural toxins.

3. Concluding Remarks

The use of several molecular techniques has allowed researchers to obtain 3D-Cry toxin mutants
with improved activities compared to natural toxins. Although in many cases the reason behind this
enhancement is not known, the reality is that molecular techniques have been proven to be useful to
develop artificial variants. From a practical point of view, these variants represent a real alternative
to (i) the intrinsic limitation that 3D-Cry toxins show, as they are only active against a narrow range
of insects, and (ii) the resistance phenomena that insects have experienced as a consequence of the
extensive use of natural 3D-Cry toxins. This report is proof that minimal changes in the amino acid
sequence of a 3D-Cry toxin can lead to a great improvement in toxicity, and that protein engineering,
rational design, and in vitro evolution are powerful tools to develop artificial 3D-Cry toxins with
surprising and novel activities. The compilation of all of these successful examples and the description
of all the sensitive positions that have been used to obtain 3D-Cry toxin variants represents a valuable
source of information for the further manipulation of natural toxins.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/9/600/s1,
Table S1: Sequence of some mutant toxins mentioned in the review.
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