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(7) ABSTRACT

The invention provides nucleic acids, and variants and
fragments thereof, obtained from strains of Bacillus thur-
ingiensis encoding d-endotoxins having pesticidal activity
against insect pests. The invention further provides
mutagenized nucleic acids that have been modified to
encode pesticidal polypeptides such as endotoxins having
improved pesticidal activity and/or altered pest specificity.
Particular embodiments of the invention provide isolated
nucleic acids encoding pesticidal proteins that may be
optimized as well as pesticidal compositions, expression
cassettes, and transformed microorganisms and plants com-
prising a nucleic acid of the invention. These compositions
find use in methods for controlling pests, especially plant
pests.
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GENES ENCODING PROTEINS WITH
PESTICIDAL ACTIVITY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional application of U.S.
patent application Ser. No. 10/606,320, filed Jun. 25, 2003,
which claims the benefit of U.S. Provisional Application No.
60/460,787, filed Apr. 4, 2003, which claims the benefit of
U.S. Provisional Application No. 60/391,786, filed Jun. 26,
2002, all of which are herein incorporated by reference in
their entirety.

REFERENCE TO SEQUENCE LISTING
SUBMITTED ON COMPACT DISK

[0002] The official copy of the sequence listing is submit-
ted on compact disk (CD). Two CDs, labeled Copy 1 and
Copy 2, containing an ASCII formatted sequence listing
with a file named 28 7809SEQLIST.TXT, created on Feb. 14,
2005, and having a size of 618 kilobytes are filed concur-
rently with the specification. The sequence listing contained
on these compact disks is part of the specification and is
herein incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0003] The present invention relates to naturally-occurring
and recombinant nucleic acids that encode polypeptides
characterized by pesticidal activity against insect pests. In
some embodiments, nucleic acids were obtained from Bacil-
lus thuringiensis Cry8-like genes that encode d-endotoxins
characterized by pesticidal activity against insect pests.
Compositions and methods of the invention utilize the
disclosed nucleic acids and their encoded pesticidal
polypeptides to control plant pests.

BACKGROUND OF THE INVENTION

[0004] Insect pests are a major factor in the loss of the
world’s agricultural crops. For example, corn rootworm
feeding damage or boll weevil damage can be economically
devastating to agricultural producers. Insect pest-related
crop loss from corn rootworm alone has reached one billion
dollars a year.

[0005] Traditionally, the primary methods for impacting
insect pest populations, such as corn rootworm populations,
are crop rotation and the application of broad-spectrum
synthetic chemical pesticides. However, consumers and
government regulators alike are becoming increasingly con-
cerned with the environmental hazards associated with the
production and use of synthetic chemical pesticides.
Because of such concerns, regulators have banned or limited
the use of some of the more hazardous pesticides. Thus,
there is substantial interest in developing alternative pesti-
cides.

[0006] Biological control of insect pests of agricultural
significance using a microbial agent, such as fungi, bacteria,
or another species of insect affords an environmentally
friendly and commercially attractive alternative. Generally
speaking, the use of biopesticides presents a lower risk of
pollution and environmental hazards, and provides a greater
target specificity than is characteristic of traditional broad-
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spectrum chemical insecticides. In addition, biopesticides
often cost less to produce and thus improve economic yield
for a wide variety of crops.

[0007] Certain species of microorganisms of the genus
Bacillus are known to possess pesticidal activity against a
broad range of insect pests including Lepidoptera, Diptera,
Coleoptera, Hemiptera, and others. Bacillus thuringiensis
and Bacillus papilliae are among the most successful bio-
control agents discovered to date. Insect pathogenicity has
been attributed to strains of: B. larvae, B. lentimorbus, B.
papilliae, B. sphaericus, B. thuringiensis (Harwook, ed.,
(1989) Bacillus (Plenum Press), 306) and B. cereus (WO
96/10083). Pesticidal activity appears to be concentrated in
parasporal crystalline protein inclusions, although pesticidal
proteins have also been isolated from the vegetative growth
stage of Bacillus. Several genes encoding these pesticidal
proteins have been isolated and characterized (see, for
example, U.S. Pat. Nos. 5,366,892 and 5,840,868).

[0008] Microbial pesticides, particularly those obtained
from Bacillus strains, have played an important role in
agriculture as alternatives to chemical pest control. Recently,
agricultural scientists have developed crop plants with
enhanced insect resistance by genetically engineering crop
plants to produce pesticidal proteins from Bacillus. For
example, corn and cotton plants genetically engineered to
produce pesticidal proteins isolated from strains of B. thu-
ringiensis, known as d-endotoxins or Cry toxins (see, e.g.,
Aronson (2002) Cell Mol. Life Sci. 59(3): 417-425; Schnepf
et al. (1998) Microbiol Mol Biol Rev. 62(3):775-806) are
now widely used in American agriculture and have provided
the farmer with an environmentally friendly alternative to
traditional insect-control methods. In addition, potatoes
genetically engineered to contain pesticidal Cry toxins have
been sold to the American farmer. However, while they have
proven to be very successful commercially, these genetically
engineered, insect-resistant crop plants provide resistance to
only a narrow range of the economically important insect
pests. Some insects, such as Western corn rootworm, have
proven to be recalcitrant.

[0009] Accordingly, efforts have been made to understand
the mechanism of action of Bt toxins and to engineer toxins
with improved properties. It has been shown that insect gut
proteases can affect the impact of Bacillus thuringiensis Cry
proteins and other pesticidal proteins on the insect. Some
proteases activate Cry proteins by processing them from a
“protoxin” form into a toxic form, or “toxin.” See, Oppert
(1999) Arch. Insect Biochem. Phys. 42: 1-12 and Carroll et
al. (1997) J. Invertebrate Pathology 70: 41-49. This activa-
tion of the toxin can include the removal of the N- and
C-terminal peptides from the protein and can also include
internal cleavage of the protein. Other proteases can degrade
pesticidal proteins. See Oppert, ibid.; see also U.S. Pat. Nos.
6,057,491 and 6,339,491.

[0010] Research has shown that insect gut proteases
include cathepsins, such as cathepsin B- and L-like protein-
ases. See, Shiba et al. (2001) Arch. Biochem. Biophys. 390:
28-34; see also, Purcell et al. (1992) Insect Biochem. Mol.
Biol. 22: 41-47. For example, cathepsin L-like digestive
cysteine proteinases are found in the larval midgut of
Western corn rootworm. See, Koiwa et al. (2000) FEBS
Letters 471: 67-70; sce also, Koiwa et al. (2000) Analytical
Biochemistry 282: 153-155. The preferred proteolytic sub-



US 2005/0261483 Al

strate sites of these proteases have been investigated using
synthetic substrates. See, Alves et al. (2001) Eur. J. Bio-
chem. 268: 1206-1212 and Melo et al. (2001) Anal. Bio-
chem. 293: 71-77.

[0011] Although numerous investigators have attempted
to make mutant pesticidal proteins, including endotoxin
proteins, with improved pesticidal activity, few have suc-
ceeded. In fact, the majority of genetically engineered B.
thuringiensis toxins that have been reported in the literature
report endotoxin activity that is no better than that of the
wild-type protein, and in many cases, the activity is
decreased or destroyed altogether. Thus, new microbial
pesticides having altered specificity and/or improved pesti-
cidal activity are desired for use in pest-management strat-
egies.

SUMMARY OF THE INVENTION

[0012] Compositions and methods are provided for
impacting insect pests. More specifically, the invention
relates to methods of impacting insect pests utilizing nucleic
acids derived from pesticidal genes to produce transformed
microorganisms and plants that express a pesticidal polypep-
tide of the invention. The compositions and methods of the
invention find use in agriculture for controlling pests of
many crop plants. Such pests include, but are not limited to,
agriculturally significant pests, such as: Western corn root-
worm, e.g., Diabrotica virgifera virgifera; Northern corn
rootworm, Diabrotica longicornis barberi; Southern corn
rootworm, Diabrotica undecimpunctata howardi; wire-
worms, Melanotus spp. and Aeolus spp.; boll weevil, e.g.,
Anthonomus grandis; Colorado potato beetle, Leptinotarsa
decemlineata; and alfalfa weevil, Hypera nigrirostris.

[0013] The invention provides nucleic acids and frag-
ments and variants thereof which encode polypeptides that
possess pesticidal activity against insect pests. The wild-
type (e.g., naturally occurring) nucleotide sequences of the
invention obtained from strains of Bacillus thuringiensis
encode Cry8-like d-endotoxins. The invention further pro-
vides fragments and variants of nucleotide sequences that
encode biologically active (e.g., pesticidal) polypeptides,
and the invention thereby also provides fragments and
variants of Cry8-like endotoxins. In some embodiments, the
nucleotide sequences encode polypeptides that are pesticidal
for at least one insect belonging to the order Coleoptera.

[0014] Other embodiments of the invention provide
nucleic acids encoding truncated versions of a pesticidal
protein that are characterized by pesticidal activity that is
either equivalent to or improved relative to the activity of the
corresponding full-length pesticidal protein. Some of the
truncated nucleic acids of the invention can be referred to as
either fragments or variants. In some embodiments, the
nucleic acids of the invention are truncated at the 3' end or
5" end of a wild-type coding sequence. In other embodi-
ments, nucleic acids of the invention comprise a contiguous
sequence of nucleotides derived from another coding
sequence of the invention that have been truncated at both
the 5' and 3' ends.

[0015] The invention also pertains to pharmacokinetic
studies which reveal novel mechanisms by which to explore
the degradation and/or stability characteristics of a pesticidal
protein utilizing both in vitro and in vivo conditions. Thus,
the invention also provides for the design and production of
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mutant nucleotide sequences and their encoded amino acid
sequences that confer additional properties on a polypeptide
encoded by or comprising them. Based on these findings,
multiple pharmacokinetic parameters of the pesticidal pro-
tein can be analyzed to predict, change and produce pesti-
cidal polypeptides with improved pesticidal characteristics.
For example, a combination of in vitro assays using previ-
ously identified, pest-specific proteases such as L-cathep-
sins, B-cathepsins, chymotrypsins, trypsins and the like,
with or without known surrogate proteases, can be utilized
to identify potential cleavage sites within a pesticidal mol-
ecule. Furthermore, these data can be combined with in vivo,
insect midgut assays to produce data that provide a consen-
sus understanding of those areas of the pesticidal protein
which are most likely to be susceptible to proteolytic deg-
radation and/or instability. In addition, midgut assays per-
formed at various larval stages will produce data revealing
potential differences in the susceptibility of the pesticidal
protein to proteolytic degradation at different stages of larval
development.

[0016] These data provide for nucleotide sequences that
may encode a previously unknown protease recognition site,
which renders a polypeptide containing it susceptible to
digestion by the protease. These mutations may be placed in
the context of a background sequence, such as a nucleic acid
encoding a Bt toxin or other pesticidal protein, to provide
proteins that have been engineered to have improved and/or
altered pesticidal activities. For example, these mutations
may be placed in the context of the pentin-1 protein (see
U.S. Pat. Nos. 6,057,491 and 6,339,144, herein incorporated
by reference) to provide proteins with improved and/or
altered pesticidal properties, as demonstrated in Example 21.

[0017] In this manner, the invention provides an array of
mutations that may be used individually or in combination
to provide improved properties to an engineered pesticidal
protein. The nucleic acids of the invention can be used to
produce expression cassettes useful for the production of
transformed microorganisms and plants. The resulting trans-
formants can be used in the preparation of pesticidal com-
positions comprising a transformed microorganism, or for
the production and isolation of pesticidal proteins, or for the
production of pest resistant plants. Thus, the invention
further provides pesticidal compositions comprising pesti-
cidal polypeptides and/or transformed microorganisms as
well as methods for producing and using such compositions.
The pesticidal compositions of the invention find use in
agricultural methods for impacting pests.

[0018] The invention further provides isolated pesticidal
(e.g., insecticidal) polypeptides encoded by either a natu-
rally occurring, or a modified (e.g., mutagenized or manipu-
lated) nucleic acid of the invention. In particular examples,
pesticidal proteins of the invention include pesticidal pro-
teins such as pentin-1 like proteins, full-length d-endotoxin
proteins, fragments of full-length d-endotoxins, and
polypeptides that are produced from mutagenized nucleic
acids designed to introduce particular amino acid sequences
into the polypeptides of the invention. In particular embodi-
ments, the polypeptides of the invention have enhanced
pesticidal activity relative to the activity of the naturally
occurring d-endotoxin or other protein from which they are
derived.

[0019] The nucleic acids of the invention can also be used
to produce transgenic (e.g., transformed) plants that are
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characterized by genomes that comprise at least one stably
incorporated nucleotide construct comprising a coding
sequence of the invention operably linked to a promoter that
drives expression of the encoded pesticidal polypeptide.
Accordingly, transformed plant cells, plant tissues, plants,
and seeds thereof are also provided.

[0020] In a particular embodiment, a transformed plant of
the invention can be produced using a nucleic acid that has
been optimized for increased expression in a host plant. For
example, one of the pesticidal polypeptides of the invention
can be back-translated to produce a nucleic acid comprising
codons optimized for expression in a particular host, for
example, a crop plant such as a Zea mays plant. Expression
of a coding sequence by such a transformed plant (e.g., dicot
or monocot) will result in the production of a pesticidal
polypeptide and will confer increased pest resistance to the
plant. In some embodiments, the invention provides trans-
genic plants expressing pesticidal polypeptides that find use
in methods for impacting various insects and other pests.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1: Probit Analysis of 1218 Cry8-like (M6)
Mutant against Colorado Potato Beetle (see Example 9). The
log (concentration) of the toxin is graphed on the horizontal
axis, while larval mortality is graphed on the vertical axis.
The results of the probit analysis were: the LCs, was 0.259
mg/ml; 95% fiducial limits were 0.171 mg/ml and 0.370
mg/ml. Observed mortality data points are represented by
solid dots, while predicted mortality is represented by open
squares. The 95% upper and lower limits are indicated by
dashed lines.

[0022] FIG. 2: Effect of Wild Type 1218-1 on Colorado
Potato Beetle Larval Mortality. The rate of application of
wild type endotoxin in micrograms per square centimeter is
arrayed on the horizontal axis and the percent mortality is
shown on the vertical axis. Two replicates of the experiment
are shown (bars with vertical stripes=replicate 1; bars with
diagonal stripes=replicate 2).

[0023] FIG. 3: Effect of 1218 Cry8-like Mutant K03 on
Colorado Potato Beetle Larval Mortality. The rate of appli-
cation of wild type endotoxin in micrograms per square
centimeter is arrayed on the horizontal axis and the percent
mortality is shown on the vertical axis. Two replicates of the
experiment are shown (bars with diagonal stripes=replicate
1; bars with horizontal stripes=replicate 2).

[0024] FIG. 4: Effect of 1218 Cry8-like Mutant K34 on
Colorado Potato Beetle Larval Mortality. The rate of appli-
cation of wild type endotoxin in micrograms per square
centimeter is arrayed on the horizontal axis and the percent
mortality is shown on the vertical axis. Two replicates of the
experiment are shown (bars with diagonal stripes=replicate
1; bars with vertical stripes=replicate 2).

[0025] FIG. 5: Larval Assays with the Cotton Boll Weevil.
This figure shows results of larval assays with the cotton boll
weevil, as described in Experimental Example 13 and Table
9. Doses are arrayed on the horizontal axis, while combined
larval weight in milligrams is shown on the vertical axis.
KO3 mutant data are shown by vertically-striped bars; M6
mutant data are shown by white bars; 1218-1 (wild type)
data are shown by dotted bars; and the buffer control data are
shown by diagonally-striped bars.
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[0026] FIG. 6: Probit Analysis of Wild Type 1218-1
against Colorado Potato Beetle (see Example 6). The log
(concentration) of the toxin is graphed on the horizontal
axis, while larval mortality is graphed on the vertical axis.
The results of the probit analysis were: at probability 0.50,
concentration was 1.1098 mg/ml; 95% fiducial limits were
0.6859 and 2.4485. Observed mortality data points are
represented by solid dots, while predicted mortality is rep-
resented by open squares. The 95% upper and lower limits
are indicated by dashed lines.

[0027] FIG. 7: Probit Analysis of 1218 Cry8-like (K03)
Mutant against Colorado Potato Beetle (see Example 6). The
log (concentration) of the toxin is graphed on the horizontal
axis, while larval mortality is graphed on the vertical axis.
The results of the probit analysis were: at probability 0.50,
concentration was 0.00808 mg/ml; 95% fiducial limits were
0.00467 and 0.01184. Observed mortality data points are
represented by solid dots, while predicted mortality is rep-
resented by open squares. The 95% upper and lower limits
are indicated by dashed lines.

[0028] FIG. 8: Distribution Analysis of Coding Regions
from Maize (see Example 14).

[0029] Maize cDNAs with full-length coding regions were
analyzed for GC content and plotted as a function of their
GC content (see top panel, “ORFs”). An EST-based “Uni-
Gene” dataset containing 84,085 sequences was also ana-
lyzed (“UniGenes,” shown in lower panel).

DETAILED DESCRIPTION OF THE
INVENTION

[0030] The invention is drawn to compositions and meth-
ods for impacting insect pests, particularly plant pests. More
specifically, the isolated nucleic acids of the invention, and
fragments and variants thereof, comprise nucleotide
sequences that encode pesticidal polypeptides (e.g., pro-
teins). The disclosed pesticidal proteins are biologically
active (e.g., pesticidal) against insect pests such as insect
pests of the order Coleoptera. Insect pests of interest include,
but are not limited to: western corn rootworm, e.g.,
Diabrotica virgifera virgifera; northern corn rootworm, e.g.,
Diabrotica longicornis barberi; and southern corn root-
worm, e.g., Diabrotica undecimpunctata howardi. Addi-
tional pests include: wireworms, Melanotus, Fleodes, Con-
oderus, and Aeolus spp.; Japanese beetle, Popillia japonica;
white grub, Phyllophaga crinita; corn flea beetle, Chaeroc-
nema pulicaria; sunflower stem weevil, Cylindrocupturus
adspersus; gray sunflower seed weevil, Smicronyx sordidus;
sunflower beetle, Zygogramma exclamationis; boll weevil,
e.g., Anthonomus grandis; alfalfa weevil, Hypera nigriros-
tris; crucifer flea beetle, Phyllotreta cruciferae; Colorado
potato beetle, Leptinotarsa decemlineata; striped flea beetle,
Phyllotreta striolata; striped turnip flea beetle, Phyllotreta
nemorum; and rape beetle, Meligethes aeneus.

[0031] The compositions of the invention comprise iso-
lated nucleic acids, and fragments and variants thereof, that
encode pesticidal polypeptides, expression cassettes com-
prising nucleotide sequences of the invention, isolated pes-
ticidal proteins, and pesticidal compositions. In some
embodiments, the invention provides modified Cry8-like
d-endotoxin proteins characterized by improved insecticidal
activity against Coleopterans relative to the pesticidal activ-
ity of the corresponding wild-type protein. In other embodi-
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ments, the invention provides other pesticidal proteins, such
as mutagenized pentin-1 like proteins, characterized by
improved pesticidal activity against Coleopterans relative to
the pesticidal activity of the corresponding wild-type, or
non-mutagenized protein. The invention further provides
plants and microorganisms transformed with these novel
nucleic acids, and methods involving the use of such nucleic
acids, pesticidal compositions, transformed organisms, and
products thereof in impacting insect pests.

[0032] The nucleic acids and nucleotide sequences of the
invention may be used to transform any organism to produce
the encoded pesticidal proteins. Methods are provided that
involve the use of such transformed organisms to impact or
control plant pests. The nucleic acids and nucleotide
sequences of the invention may also be used to transform
organelles such as chloroplasts (McBride et al. (1995)
Biotechnology 13:362-365; Kota et al. (1999) Proc. Natl.
Acad Sci. USA 96: 1840-1845).

[0033] The invention further relates to the identification of
fragments and variants of the naturally-occurring coding
sequence that encode biologically active pesticidal proteins.
The nucleotide sequences of the invention find direct use in
methods for impacting pests, particularly insect pests such
as pests of the order Coleoptera. Pests of interest include, for
example, the Colorado potato beetle, western corn root-
worm, southern corn rootworm, northern corn rootworm,
Mexican corn rootworm, wireworms, and boll weevil.
Accordingly, the present invention provides new approaches
for impacting insect pests that do not depend on the use of
traditional, synthetic chemical pesticides. The invention
involves the discovery of naturally-occurring, biodegradable
pesticides and the genes that encode them.

[0034] The invention further provides fragments and vari-
ants of the naturally occurring coding sequences that also
encode biologically active (e.g., pesticidal) polypeptides.
The nucleic acids of the invention encompass nucleic acid or
nucleotide sequences that have been optimized for expres-
sion by the cells of a particular organism, for example
nucleic acid sequences that have been back-translated (i.e.,
reverse translated) using plant-preferred codons based on the
amino acid sequence of a polypeptide having enhanced
pesticidal activity. The invention further provides mutations
which confer improved or altered properties on polypeptides
comprising them. The mutations of the invention may be
utilized with any background sequence so long as the object
of the invention is achieved, i.e., so long as the provided
toxin exhibits altered or improved pesticidal activity.

[0035] In the description that follows, a number of terms
are used extensively. The following definitions are provided
to facilitate understanding of the invention.

[0036] As used herein, “nucleic acid” includes reference
to a deoxyribonucleotide or ribonucleotide polymer in either
single- or double-stranded form, and unless otherwise lim-
ited, encompasses known analogues (e.g., peptide nucleic
acids) having the essential nature of natural nucleotides in
that they hybridize to single-stranded nucleic acids in a
manner similar to naturally occurring nucleotides.

[0037] As used herein, the terms “encoding” or “encoded”
when used in the context of a specified nucleic acid mean
that the nucleic acid comprises the requisite information to
direct translation of the nucleotide sequence into a specified
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protein. The information by which a protein is encoded is
specified by the use of codons. A nucleic acid encoding a
protein may comprise non-translated sequences (e.g.,
introns) within translated regions of the nucleic acid or may
lack such intervening non-translated sequences (e.g., as in
cDNA).

[0038] As used herein, “full-length sequence” in reference
to a specified polynucleotide or its encoded protein means
having the entire nucleic acid sequence or the entire amino
acid sequence of a native sequence. By “native sequence” is
intended an, endogenous sequence, i.e., a non-engineered
sequence found in an organism’s genome. A full-length
polynucleotide encodes the full-length, catalytically active
form of the specified protein.

[0039] As used herein, the term “antisense” used in the
context of orientation of a nucleotide sequence refers to a
duplex polynucleotide sequence that is operably linked to a
promoter in an orientation where the antisense strand is
transcribed. The antisense strand is sufficiently complemen-
tary to an endogenous transcription product such that trans-
lation of the endogenous transcription product is often
inhibited. Thus, where the term “antisense” is used in the
context of a particular nucleotide sequence, the term refers
to the complementary strand of the reference transcription
product.

[0040] The terms “polypeptide,”“peptide,” and “protein”
are used interchangeably herein to refer to a polymer of
amino acid residues. The terms apply to amino acid poly-
mers in which one or more amino acid residues is an
artificial chemical analogue of a corresponding naturally
occurring amino acid, as well as to naturally occurring
amino acid polymers.

[0041] The terms “residue” or “amino acid residue” or
“amino acid” are used interchangeably herein to refer to an
amino acid that is incorporated into a protein, polypeptide,
or peptide (collectively “protein”). The amino acid may be
a naturally occurring amino acid and, unless otherwise
limited, may encompass known analogues of natural amino
acids that can function in a similar manner as naturally
occurring amino acids.

[0042] Polypeptides of the invention can be produced
either from a nucleic acid disclosed herein, or by the use of
standard molecular biology techniques. For example, a
truncated protein of the invention can be produced by
expression of a recombinant nucleic acid of the invention in
an appropriate host cell, or alternatively by a combination of
ex vivo procedures, such as protease digestion and purifi-
cation.

[0043] As used herein, the terms “isolated” and “purified”
are used interchangeably to refer to nucleic acids or
polypeptides or biologically active portions thereof that are
substantially or essentially free from components that nor-
mally accompany or interact with the nucleic acid or
polypeptide as found in its naturally occurring environment.
Thus, an isolated or purified nucleic acid or polypeptide is
substantially free of other cellular material or culture
medium when produced by recombinant techniques, or
substantially free of chemical precursors or other chemicals
when chemically synthesized.

[0044] An “isolated” nucleic acid is free of sequences
(preferably protein-encoding sequences) that naturally flank
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the nucleic acid (i.e., sequences located at the 5' and 3' ends
of the nucleic acid) in the genomic DNA of the organism
from which the nucleic acid is derived. For example, in
various embodiments, the isolated nucleic acids can contain
less than about 5 kb, 4 kb, 3 kb, 2 kb, 1 kb, 0.5 kb, or 0.1
kb of nucleotide sequences that naturally flank the nucleic
acids in genomic DNA of the cell from which the nucleic
acid is derived.

[0045] As used herein, the term “isolated” or “purified” as
it is used to refer to a polypeptide of the invention means that
the isolated protein is substantially free of cellular material
and includes preparations of protein having less than about
30%, 20%, 10%, or 5% (by dry weight) of contaminating
protein. When the protein of the invention or biologically
active portion thereof is recombinantly produced, preferably
culture medium represents less than about 30%, 20%, 10%,
or 5% (by dry weight) of chemical precursors or non-
protein-of-interest chemicals.

[0046] As used herein, the term “impacting insect pests”
refers to effecting changes in insect feeding, growth, and/or
behavior at any stage of development, including but not
limited to: killing the insect; retarding growth; preventing
reproductive capability; antifeedant activity; and the like.

[0047] As used herein, the terms “pesticidal activity” and
“insecticidal activity” are used synonymously to refer to
activity of an organism or a substance (such as, for example,
a protein) that can be measured by but is not limited to pest
mortality, pest weight loss, pest repellency, and other behav-
ioral and physical changes of a pest after feeding and
exposure for an appropriate length of time. In this manner,
pesticidal activity impacts at least one measurable parameter
of pest fitness. For example “pesticidal proteins™ are pro-
teins that display pesticidal activity by themselves or in
combination with other proteins. Endotoxins are pesticidal
proteins. Other examples of pesticidal proteins include, e.g.,
pentin-1 (see U.S. Pat. Nos. 6,057,491 and 6,339,144).

[0048] The term “pesticidally effective amount” connotes
a quantity of a substance or organism that has pesticidal
activity when present in the environment of a pest. For each
substance or organism, the pesticidally effective amount is
determined empirically for each pest affected in a specific
environment. Similarly, an “insecticidally effective amount”
may be used to refer to a “pesticidally effective amount”
when the pest is an insect pest.

[0049] As used herein the term “recombinantly engi-
neered” or “engineered” connotes the utilization of recom-
binant DNA technology to introduce (e.g., engineer) a
change in the protein structure based on an understanding of
the protein’s mechanism of action and a consideration of the
amino acids being introduced, deleted, or substituted.

[0050] As wused herein the term “mutant nucleotide
sequence” or “mutation” or “mutagenized nucleotide
sequence” connotes a nucleotide sequence that has been
mutagenized or altered to contain one or more nucleotide
residues (e.g., base pair) that is not present in the corre-
sponding wild-type or non-mutagenized sequence. Such
mutagenesis or alteration consists of one or more additions,
deletions, or substitutions or replacements of nucleic acid
residues. When mutations are made by adding, removing, or
replacing an amino acid of a proteolytic site, such addition,
removal, or replacement may be within or adjacent to the
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proteolytic site motif, so long as the object of the mutation
is accomplished (i.e., so long as proteolysis at the site is
changed).

[0051] A mutant nucleotide sequence can encode a mutant
d-endotoxin showing improved or decreased insecticidal
activity or an amino acid sequence which confers improved
or decreased insecticidal activity on a polypeptide contain-
ing it. Similarly, by “mutant” or “mutation” in the context of
a protein is intended a polypeptide or amino acid sequence
which has been mutagenized or altered to contain one or
more amino acid residues that is not present in the corre-
sponding wild-type or non-mutagenized sequence. Such
mutagenesis or alteration consists of one or more additions,
deletions, or substitutions or replacements of amino acid
residues. A mutant polypeptide shows improved or
decreased insecticidal activity or an amino acid sequence
which confers improved insecticidal activity on a polypep-
tide containing it. Thus, by “mutant” or “mutation” may be
intended either or both of the mutant nucleotide sequence
and the encoded amino acids. In some embodiments, the
mutant nucleotide sequences are placed into a sequence
background previously known in the art, such as Cry3A, to
confer improved properties on the encoded polypeptide.
Mutants may be used alone or in any compatible combina-
tion with other mutants of the invention or with other
mutants. Where more than one mutation is added to a
particular nucleic acid or protein, the mutations may be
added at the same time or sequentially; if sequentially,
mutations may be added in any suitable order. Thus, a
sequence of the invention may be a mutagenized nucleotide
sequence or an optimized nucleotide sequence, or a
sequence of the invention may be both mutagenized and
optimized.

[0052] As used herein the term “improved insecticidal
activity” or “improved pesticidal activity” characterizes a
polypeptide or encoded polypeptide endotoxin of the inven-
tion that has enhanced Coleopteran pesticidal activity rela-
tive to the activity of its corresponding wild-type protein,
and/or an endotoxin that is effective against a broader range
of insects, and/or an endotoxin having specificity for an
insect that is not susceptible to the toxicity of the wild-type
protein. A finding of improved or enhanced pesticidal activ-
ity requires a demonstration of an increase of toxicity of at
least 10%, against the insect target, and more preferably
20%, 25%, 30%, 35%, 40%, 45%, 50%, 60%, 70%, 100%,
200%, or greater increase of toxicity relative to the insec-
ticidal activity of the wild-type endotoxin determined
against the same insect.

[0053] Forexample, an improved pesticidal or insecticidal
activity is provided where a wider or narrower range of
insects is impacted by the polypeptide relative to the range
of insects that is affected by a pesticidal protein such as
wild-type Bt toxin. A wider range of impact may be desir-
able where versatility is desired, while a narrower range of
impact may be desirable where, for example, beneficial
insects might otherwise be impacted by use or presence of
the toxin. While the invention is not bound by any particular
mechanism of action, an improved pesticidal activity may
also be provided by changes in one or more characteristics
of a polypeptide; for example, the stability or longevity of a
polypeptide in an insect gut may be increased relative to the
stability or longevity of a corresponding wild-type or non-
mutagenized protein.
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[0054] By “toxin” or “endotoxin” is intended a polypep-
tide showing pesticidal activity or insecticidal activity or
improved pesticidal activity or improved insecticidal activ-
ity. In some instances, polypeptide endotoxins of the inven-
tion and the nucleotide sequences encoding them will share
a high degree of sequence identity or similarity to wild-type
1218 Cry8-like sequences. By “Cry8-like” is intended that
the nucleotide or amino acid sequence shares a high degree
of sequence identity or similarity to previously described
sequences categorized as Cry8. Similarly, by “pentin-1 like”
is intended that the nucleotide or amino acid sequence shares
a high degree of sequence identity or similarity to previously
described pentin-1 sequences (see U.S. Pat. Nos. 6,057,491
and 6,339,144). By “Bt” or “Bacillus thuringiensis” toxin or
endotoxin is intended the broader class of toxins found in
various strains of Bacillus thuringiensis, which includes
such toxins as, for example, Cry3A or Cry3B.

[0055] By “proteolytic site” or “cleavage site” is intended
an amino acid sequence which confers sensitivity to a class
of proteases or a particular protease such that a polypeptide
containing the amino acid sequence is digested by the class
of proteases or particular protease. A proteolytic site is said
to be “sensitive” to the protease(s) that recognize that site.
It is recognized that the efficiency of digestion will vary, and
that a decrease in efficiency of digestion can lead to an
increase in stability or longevity of the polypeptide in an
insect gut. Thus, a proteolytic site may confer sensitivity to
more than one protease or class of proteases, but the
efficiency of digestion at that site by various proteases may
vary.

[0056] Proteolytic sites include, for example, trypsin sites,
chymotrypsin sites, papain sites, cathepsin sites, and cathe-
psin-like sites. Proteolytic sites for particular proteases often
comprise “motifs,” or sequence patterns, which are known
to confer sensitivity to a particular protease. Thus, for
example, cathepsin site motifs include FRR, a cathepsin L
protease cleavage site; RR, a trypsin and cathepsin B cleav-
age site; LKM, a chymotrypsin site; and FF, a cathepsin D
site. A putative proteolytic site is a sequence that comprises
a motif or comprises a sequence similar to a motif but which
has not been shown to be subject to digestion by the
corresponding protease. Units, prefixes, and symbols may be
denoted in their SI accepted form. Unless otherwise indi-
cated, nucleic acids are written left to right in 5' to 3'
orientation; amino acid sequences are written left to right in
amino to carboxy orientation, respectively. Numeric ranges
are inclusive of the numbers defining the range. Amino acids
may be referred to herein by either their commonly known
three letter symbols or by the one-letter symbols recom-
mended by the IUPAC-IUB Biochemical Nomenclature
Commission. Nucleotides, likewise, may be referred to by
their commonly accepted single-letter codes. The above-
defined terms are more fully defined by reference to the
specification as a whole.

[0057] 1t is well known that naturally-occurring d-endot-
oxins are synthesized by B. thuringiensis sporulating cells as
a proteinaceous crystalline inclusion protoxin. Upon being
ingested by susceptible insect larvae, the microcrystals dis-
solve in the midgut, and the protoxin is transformed into a
biologically active moiety by proteases characteristic of
digestive enzymes located in the insect gut. The activated
d-endotoxin binds with high affinity to protein receptors on
brush-border membrane vesicles. The epithelial cells lining
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the midgut are the primary target of the endotoxin and are
rapidly destroyed as a consequence of membrane perforation
resulting from the formation of gated, cation-selective chan-
nels by the toxin.

[0058] In an effort to better characterize and improve Bt
toxins, strains of the bacterium Bacillus thuringiensis were
studied. Crystal preparations prepared from cultures of the
Bacillus thuringiensis strains were discovered to have pes-
ticidal activity against Colorado potato beetle, western corn
rootworm, and southern corn rootworm. Crystal proteins
were isolated from cultures of the strains. The isolated
crystal proteins were tested for pesticidal activity in insect
feeding assays. The results of the assays revealed that the
isolated crystal proteins possessed Coleopteran pesticidal
activity.

[0059] A comparison of the amino acid sequences of Cry
toxins of different specificities reveals five highly-conserved
sequence blocks. Structurally, the d-endotoxins comprise
three distinct domains which are, from the N- to C-terminus:
a cluster of seven alpha-helices implicated in pore formation
(referred to as “domain 17), three anti-paralle]l beta sheets
implicated in cell binding (referred to as “domain 2”), and
a beta sandwich (referred to as “domain 3”). The location
and properties of these domains are known to those of skill
in the art. See, for example, Li et al. (1991) Nature,
305:815-821 and Morse et al. (2001) Structure, 9:409-417.

[0060] An effort was undertaken to identify nucleotide
sequences encoding crystal proteins from the strains, and the
wild-type (i.e., naturally occurring) nucleic acids of the
invention were isolated from the bacterial strains. The
nucleotide sequences of the isolated nucleic acids were
demonstrated to encode pesticidal proteins by transforming
Escherichia coli with such nucleotide sequences. Lysates
prepared from the transtormed E. coli had pesticidal activity
against corn rootworms, Colorado potato beetles and cotton
boll weevils in feeding assays, demonstrating that the iso-
lated nucleotide sequences of the invention encode pesti-
cidal proteins. Depending upon the characteristics of a given
lysate preparation, it was recognized that the demonstration
of pesticidal activity sometimes required trypsin pretreat-
ment to activate the pesticidal proteins.

[0061] The inventors identified nucleic acid variants and
fragments encoding biologically active pesticidal polypep-
tides. Some of the encoded pesticidal proteins require pro-
tease digestion (e.g., by trypsin, chymotrypsin, and the like)
for activation, while other proteins were observed to be
biologically active (e.g., pesticidal) in the absence of acti-
vation. In some embodiments, the nucleic acid encodes a
truncated version of the naturally occurring polypeptide and
as such, can be classified either as a variant or a fragment.

[0062] Further, the inventors determined that the Cry8-
like proteins of the invention were likely to be useful in
transgenic products. Surface plasmon resonance was used to
determine the binding kinetics of the wild-type endotoxin
known as 1218-1 to western corn rootworm midgut brush
border membrane vesicles. Western corn rootworm brush
border membrane vesicles were adhered to a hydrophobic
sensor chip and 1218-1 toxin was passed over the surface at
various concentrations while monitoring real time binding.
Five concentrations of toxin were used to generate a series
of binding curves which were analyzed using a standard 1:1
binding model. The analysis generated a KD in the low 10~°
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range. This KD range is consistent with current insecticidal
toxins that have become agricultural transgenic products.

[0063] In addition, nucleic acid sequences were engi-
neered to encode Cry8-like polypeptides that contain addi-
tional mutations that confer improved or altered pesticidal
activity relative to the pesticidal activity of the naturally
occurring polypeptide. Thus, the nucleotide sequences of
these nucleic acids comprise mutations not found in the wild
type sequences.

[0064] The mutant Cry8-like polypeptides of the present
invention were generally prepared by a process that involved
the steps of: obtaining a nucleic acid sequence encoding a
Cry8-like polypeptide; analyzing the structure of the
polypeptide to identify particular “target” sites for mutagen-
esis of the underlying gene sequence based on a consider-
ation of the proposed function of the target domain in the
mode of action of the endotoxin; introducing one or more
mutations into the nucleic acid sequence to produce a
desired change in one or more amino acid residues of the
encoded polypeptide sequence; and assaying the polypep-
tide produced for pesticidal activity.

[0065] Many of the 8-endotoxins are related to various
degrees by similarities in their amino acid sequences and
tertiary structure, and means for obtaining the crystal struc-
tures of B. thuringiensis endotoxins are well known. Exem-
plary high-resolution crystal structure solution of both the
Cry3A and Cry3B polypeptides are available in the litera-
ture. The inventors of the present invention used the solved
structure of the Cry3A gene (Li et al. (1991) Narure
353:815-821) to produce a homology model of the Cry8-like
d-endotoxin disclosed herein as SEQ ID NO:2, and known
as Cry8Bbl (see Genbank Accession No. CAD57542), to
gain insight into the relationship between structure and
function of the endotoxin and to design the recombinantly
engineered proteins disclosed herein. A combined consider-
ation of the published structural analyses of B. thuringiensis
endotoxins and the reported function associated with par-
ticular structures, motifs, and the like indicates that specific
regions of the endotoxin are correlated with particular
functions and discrete steps of the mode of action of the
protein. For example, d-endotoxins isolated from B. thur-
ingiensis are generally described as comprising three
domains, a seven-helix bundle that is involved in pore
formation, a three-sheet domain that has been implicated in
receptor binding, and a beta-sandwich motif (Li et al. (1991)
Nature, 305:815-821).

[0066] The inventors reasoned that the toxicity of Cry8-
like proteins, particularly the toxicity of the Cry8-like pro-
tein of the invention, 1218-1, could be improved by targeting
the region located between alpha helices 3 and 4 of domain
1 of the endotoxin protein. This theory was premised on a
body of knowledge concerning endotoxins, including: 1)
that alpha helices 4 and 5 of domain 1 of Cry3A 6-endot-
oxins had been reported to insert into the lipid bilayer of
cells lining the midgut of susceptible insects (Gazit et al.,
(1998) PNAS USA 95:12289-12294); 2) the inventors’
knowledge of the location of trypsin and chymotrypsin
cleavage cites within the amino acid sequence of the wild-
type protein; 3) the observation reported herein that the
protein encoded by the wild-type endotoxin 1218-1 (i.e.,
SEQ ID NO:2) was more active against certain Coleopterans
following in vitro activation by trypsin or chymotrypsin
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treatment; and 4) reports that digestion of toxins from the 3'
end resulted in decreased toxicity to insects. Accordingly,
the inventors engineered a series of mutants and placed them
in a variety of background sequences to create novel
polypeptides having enhanced or altered pesticidal activity.
These mutants included, but were not limited to: the addition
of at least one more protease-sensitive site (e.g., Cry8
trypsin cleavage site) in the region located between helices
3 and 4 of domain 1; the replacement of the original
protease-sensitive site in the wild-type sequence with a
different protease-sensitive site; the addition of multiple
protease-sensitive sites in a particular location; the addition
of amino acid residues near protease-sensitive site(s) to alter
folding of the polypeptide and thus enhance digestion of the
polypeptide at the protease-sensitive site(s); and adding
mutations to protect the polypeptide from degradative diges-
tion that reduces toxicity, (e.g., making a series of mutations
wherein the wild-type amino acid is replaced by valine to
protect the polypeptide from digestion). Mutations may be
used singly or in any combination to provide polypeptides of
the invention.

[0067] In this manner, the invention provides a variety of
mutations, such as, for example, a mutation that comprises
an additional, or an alternative, protease-sensitive site
located in domain 1 of the polypeptide variant in a region
that is located between alpha-helices 3 and 4 of the encoded
polypeptide. A mutation of the invention which is an addi-
tional or alternative protease-sensitive site may be sensitive
to several classes of proteases such as serine proteases,
which include trypsin and chymotrypsin, or cysteine pro-
teases, such as cathepsin. Thus, a mutation which is an
additional or alternative protease-sensitive site may be
designed so that the site is readily recognized and/or cleaved
by a category of proteases, such as mammalian proteases or
insect proteases. A protease-sensitive site of the invention
may also be designed to be cleaved by a particular class of
enzymes or a particular enzyme known to be produced in an
organism, such as, for example, a cathepsin produced by the
alfalfa weevil, Hypera postica (Wilhite et al., (2000), Insect
Biochemistry and Molecular Biology, 30(12): 1181-1188).
Another mutation of the invention is, for example, a muta-
tion that confers resistance to proteolytic digestion by chy-
motrypsin at the C-terminus of the peptide.

[0068] As demonstrated herein, the presence of an addi-
tional and/or alternative protease-sensitive site in the amino
acid sequence of the encoded polypeptide can improve the
pesticidal activity and/or specificity of the polypeptide
encoded by the nucleic acids of the invention. Accordingly,
the Cry8-like nucleotide sequences of the invention can be
recombinantly engineered or manipulated to produce
polypeptides having improved or altered insecticidal activity
and/or specificity compared to that of an unmodified wild-
type d-endotoxin. In addition, the mutations disclosed herein
may be placed in or used in conjunction with other nucle-
otide sequences to provide improved properties. For
example, a protease-sensitive site that is readily cleaved by
insect cathepsin, e.g., a cathepsin found in the alfalfa weevil
or the western corn rootworm (Wilhite et al. (2000), Insect
Biochemistry and Molecular Biology 30(12): 1181-1188;
Koiwa et al. (2000), Analytical Biochemistry 282: 153-155;
Koiwa et al. (2000), FEBS Letters 471: 67-70), may be
placed in a Cry3A, Cry3B, or Cry8 background sequence to
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provide improved toxicity to that sequence. In this manner,
the invention provides toxic polypeptides with improved
properties.

[0069] For example, one type of nucleic acid (e.g.,
mutagenized Cry8-like nucleotide sequence) disclosed
herein provides additional mutants that comprise additional
codons that introduce a second trypsin-sensitive amino acid
sequence (in addition to the naturally occurring trypsin site)
into its encoded polypeptide. An alternative addition mutant
of the invention comprises additional codons designed to
introduce at least one additional different protease-sensitive
site into the polypeptide, for example, a chymotrypsin-
sensitive site located immediately 5' or 3' of the naturally
occurring trypsin site.

[0070] A second alternative type of variant nucleic acid of
the invention provides substitution mutants in which at least
one codon of the nucleic acid that encodes the naturally
occurring protease-sensitive site is destroyed, and alterna-
tive codons are introduced into the variant nucleic acid
sequence in order to introduce a different (e.g., substitute)
protease-sensitive site in its place. In a particular embodi-
ment of this variant polynucleotide, a replacement mutant is
disclosed in which the naturally-occurring trypsin cleavage
site present in the encoded polypeptide is destroyed and a
chymotrypsin cleavage site is introduced into its place. In
another particular embodiment of this variant polynucle-
otide, a replacement mutant is disclosed in which a cathepsin
cleavage site is introduced in place of the naturally-occur-
ring trypsin cleavage site. Another nucleic acid of the
invention provides mutagenized nucleic acids encoding
polypeptides which are resistant to proteolytic digestion by
chymotrypsin. One of skill in the art will recognize that any
of the disclosed mutations can be engineered in any poly-
nucleotide sequence; accordingly, variants of full-length
Cry8-like or Bt endotoxins, or pentin-1 like proteins, or
fragments thereof, can be modified to contain additional or
alternative cleavage sites as well as to be resistant to
proteolytic digestion. In this manner, the invention provides
Cry8-like endotoxins or pentin-1 like proteins containing
mutations that improve pesticidal activity as well as
improved compositions and methods for impacting pests
using pesticidal proteins such as, for example, other Bt
toxins.

[0071] The NGSR mutants disclosed herein comprise at
least one additional trypsin-sensitive protease site. These
sites may be provided in a region of the amino acid sequence
that encodes domain 1 of the endotoxin polypeptide, for
example, between helices 3 and 4. For example, the
NGSR.N1218-1 mutant set forth in SEQ ID NO:8 comprises
an NGSR sequence introduced between amino acid residues
164 and 165 of the wild-type protein (designated 164-
NGSR-165). This amino acid sequence provides a second
trypsin-sensitive cleavage site in the mutant endotoxin
encoded by SEQ ID NO:7. More specifically, the NGSR
sequence (e.g., SEQ ID NO: 10) in NGSR.N1218-1 dupli-
cates the endogenous trypsin cleavage site that is present at
the target location, thereby introducing a second protease-
sensitive site into the loop region located between alpha
helices 3 and 4 of domain 1. Thus, while the wild-type
protein comprises the sequence NGSR at this location, the
amino acid sequence of SEQ ID NO:8 includes an additional
protease-sensitive site and the amino acid sequence
NGSRNGSR (SEQ ID NO: 110).
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[0072] The sequence set forth in SEQ ID NO: 22 contains
several mutations, including the “KO mutation” which
replaces the NGSR sequence of the wild-type protein with
the sequence FRRGFRRG (SEQ ID NO: 98). Thus, the
FRRGFRRG sequence comprises a duplicated cathepsin site
((Wilhite et al. (2000) Insect Biochemistry and Molecular
Biology 30(12): 1181-1188; Thie et al. (1990) Insect Bio-
chemistry 20(3): 313-318; Shiba-Hajime et al. (2001)
Archives of Biochemistry and Biophysics 390(1): 28-34;
Melo et al. (2001) Analytical Biochemistry 293(1): 71-77,
Filippova et al. (2000) Bioorganicheskaya-Khimiya 26(3):
192-196; Gacko et al. (2000) Bulletin of the Polish Academy
of Sciences Biological Sciences 48(1): 11-15; Pimenta et al.
(2000) Journal of Protein Chemistry 19(5): 411-418) that is
not present in the wild-type 1218-1 polypeptide. Specifi-
cally, these additional cathepsin-sensitive cleavage sites are
added to the protein loop region between helix 3 and helix
4 of the protein.

[0073] While the invention is not bound by any particular
theory of operation, it is believed that the presence of a
second protease-sensitive (e.g., trypsin, chymotrypsin, or
cathepsin) site between helices 3 and 4 of these endotoxins
facilitates intramolecular proteolytic cleavage by enhancing
the ability of helices 4 and 5 to separate from the rest of the
toxin. The effects of enhancing the ability of helices 4 and
5 to separate from the rest of the toxin would be manifest as
a more efficient pore-forming process and hence confer an
increase in the pesticidal or insecticidal activity of the toxin.
Indeed, the Cry8-like mutants described herein show
improved toxicity towards several Coleopteran pests. The
data further suggests that the presence of two or more
protease-sensitive sites produces a polypeptide that is more
amenable to activation by the digestive processes of sus-
ceptible insects.

[0074] In this manner, mutations of the invention include
mutations that are directed toward the proteolytic activation
of the loop region between helix 3 and helix 4 in domain I
of the Cry8-like mutants by replacing the wild type loop
NGSR with other and/or additional proteolytic sites, such as
chymotrypsin, trypsin, and cathepsin L. and D recognition
sites. To further enhance proteolysis, additional changes
may be made to the loop region. For example, the mutated
loop can be engineered to contain pPFRRLKMFFa (SEQ ID
NO: 111) where lower-case letters represent the native
sequence and upper-case letters represent the engineered
sequence). More than one recognition site can be added in
a particular location in any combination, and multiple rec-
ognition sites can be added to or removed from the endot-
oxin. Thus, additional mutations can comprise three, four, or
more recognition sites, for example, five cathepsin L or D
motifs can be added in place of the wild type NGSR
sequence (SEQ ID NO: 10) in the loop region between
helices 3 and 4 of domain L.

[0075] Mutations of the invention include mutations that
protect the polypeptide endotoxin from protease degrada-
tion, for example by removing putative proteolytic sites such
as putative serine protease sites and cathepsin recognition
sites from different areas of the endotoxin. Some or all of
such putative sites may be removed or altered so that
proteolysis at the location of the original site is decreased.
Changes in proteolysis may be assessed by comparing a
mutant endotoxin with the wild-type endotoxins or by
comparing mutant endotoxins which differ in their amino
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acid sequence. Putative proteolytic sites include, but are not
limited to, the following sequences: FRR, a cathepsin L
protease cleavage site; RR, a trypsin and cathepsin B cleav-
age site; LKM, a chymotrypsin site; and FF, a cathepsin D
site. These sites may be altered by the addition or deletion
of any number and kind of amino acid residues, so long as
the object of the invention is achieved, i.e., increasing the
pesticidal activity of the pesticidal protein. See, e.g.,
Example 21, in which all three N-terminal cleavage sites for
trypsin, chymotrypsin, and papain were mutated simulta-
neously, providing pentin-1 like proteins with improved
pesticidal activity.

[0076] Cry8-like mutants K1, K2, K3, K4, K5, K6 and K8
all contain a mammalian cathepsin-sensitive proteolytic site
(Filippova et al. (2000) Bioorganicheskaya-Khimiya 26(3):
192-196; Gacko et al. (2000) Bulletin of the Polish Academy
of Sciences Biological Sciences, 48(1): 11-15; Pimenta et al.
(2000) Journal of Protein Chemistry 19(5): 411-418; Melo
et al. (2001) Analytical Biochemistry 293(1): 71-77). The
mutants K1, K2, K3, K4, K5, K6 and K8 set forth in SEQ
ID NOs: 39, 41, 43, 45, 47, 49, and 51, respectively,
comprise the “M6 mutation” and the “164-NGSR- 165
mutation” (sequence set forth in SEQ ID NO:33). The
proteins encoded by these nucleic acids are set forth in SEQ
ID NOs: 40, 42, 44, 46, 48, 50, and 52, respectively. Similar
mutants are set forth in SEQ ID NOs: 71, 73, 75, 77,79, 81,
and 83, and comprise the “M7 mutation” and the “164-
NGSR-165 mutation.” The proteins encoded by these
nucleic acids are set forth in SEQ ID NOs: 72, 74, 76, 78,
80, 82, and 84, respectively.

[0077] In each of the K3, K4, K5, and K6 mutants, an
additional mutation was made in which one copy of a
cathepsin site with motif FRSRG was added to the loop
between helices 3 and 4 adjacent to either the N-terminus or
the C-terminus of NGSR, a motif that exists in the 1218 Cry
8-like wild type loop region. While the invention is not
bound by any theory of operation, it is thought that the
addition of this site facilitates toxin activation by proteolytic
cleavage of the loop.

[0078] In some of the mutants, i.c., K1, K4 and K8, a
further mutation was made in which an additional proline
was added to the loop region. This addition may enhance the
retention of the loop structure. For example, in the K4
mutant, a proline was added immediately after the cathepsin
site FRSRG (SEQ ID NO: 95). In the K8 mutant, serine (S)
and leucine (L) amino acid residues were added just fol-
lowing the c-terminus of the cathepsin motif FRSRG. This
addition is thought to expose the loop to proteases for easier
digestion. Also, an additional proline was also added to the
K8 mutant loop region. This addition may enhance the
formation of the loop structure.

[0079] Both the K1 and K2 mutants contain a duplication
of the cathepsin motif FRSRG to form FRSRGFRSRG
(SEQ ID NO: 112) in the mutated loop, thus replacing the
wild type NGSR amino acid residues. The K1 mutant
contains an additional proline immediately after the dupli-
cated FRSRG to favor the retention of the loop structure.

[0080] The K8 mutant comprises the FRSRG sequence in
a particular relation to several other altered amino acids, so
that the K8 mutant comprises the sequence FRSRGSLngsrP
(SEQ ID NO: 113), in which capital letters represent amino
acid changes from the native endotoxin sequence and lower

Nov. 24, 2005

case letters represent the unchanged native sequence. While
the invention is not bound by any particular mechanism, it
is thought that G and S residues favor loop formation;
further, the addition of residues to this loop region is thought
to further favor loop formation and thus enhance the sensi-
tivity of this site to proteolytic cleavage.

[0081] The “M4, M5, M6, and M7 mutations” comprise
changes to domain 3 of the protein in which valine residues
are substituted for the corresponding amino acid in the
wild-type sequence. In each of the “M4, M5, M6, and M7
mutations,” an existing or putative chymotrypsin-preferred
substrate site has been removed and replaced with a
sequence comprising similar amino acids that are not rec-
ognized or preferred by chymotrypsin. Thus, in the sequence
change referred to as the “M4 mutation,” the wild-type
sequence “ITTLNLATDSSLALKHNLGED” (SEQ ID NO:
99) is changed to “ITTLNLATDSSLALKHNVGED” (SEQ
ID NO: 100). In the sequence change referred to as the “M5
mutation,” this wild-type sequence is changed to “ITTLN-
LATDSSLAVKHNVGED” (SEQ ID NO: 101). In the
sequence change referred to as the “M6 mutation,” this
wild-type sequence is changed to “ITTVNLATDSS-
VAVKHNVGED” (SEQ ID NO: 103). In the “M7 muta-
tion,” this wild-type sequence is changed to “ITTVN-
LATDSSVAVKHNLGED” (SEQ ID NO: 102). The “M4,
M5, M6, and M7 mutations” are set forth in the 1218-1
background sequence in combination with the “164-NGSR-
165 mutation” in SEQ ID NOs: 26, 30, 34, and 71, respec-
tively.

[0082] By “background sequence” is intended that, but for
a specified change or changes in the amino acid sequence
that correspond to a particular mutation or mutations, the
remainder of the sequence corresponds to another native or
engineered or altered sequence described herein, such as, for
example, the sequences set forth in SEQ ID NOs:2, 4, 6, 8,
12, 14, or 16. Thus, in some embodiments, multiple muta-
tions are placed into a sequence background so as to provide
the resultant polypeptide with the attributes of those multiple
mutations. For example, the “M6 mutation” comprising four
valine substitutions may be combined with the “KO muta-
tion” comprising the duplicated cathepsin site sequence
FRRGFRRG (SEQ ID NO: 98) to provide a Cry8-like
polypeptide that resists degradation from the 3' end but is
more efficiently cleaved by cathepsin in the insect gut,
thereby increasing the pesticidal activity of the polypeptide.
In this manner, polypeptides and nucleotides that encode
polypeptides are provided that show improved properties
relative to the corresponding wild-type sequences.

[0083] While the invention is not bound by any theory of
operation, it is believed that alterations of the chymotrypsin
site (as in Cry8-like mutants M4, M5, M6, and M7) interfere
with the degradation of the toxic polypeptides from the
C-terminal end, thereby enhancing the longevity of these
polypeptides in the insect gut.

[0084] The nucleic acid sequences set forth in SEQ ID
NOs: 53, 55, and 57 all encode polypeptides (set forth in
SEQ ID NOs: 54, 56, and 58, respectively) that comprise the
“KO mutation,” which is a duplication of the cathepsin site,
FRRG (SEQ ID NO: 97), so that the wild-type or native
amino acid sequence “npngsralr” (SEQ ID NO: 114) is
replaced with the sequence “npFRRGFRRGalr” (SEQ ID
NO: 116), in which capital letters represent changes from the
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native sequence. Each of these sequences also comprises the
“M6 mutation,” in which the wild-type amino acid sequence
“ITTLNLATDSSLALKHNLGED” (SEQ ID NO: 99) is
changed to “ITTVNLATDSSVAVKHNVGED” (SEQ ID
NO: 103). Each of these sequences further comprises the
“C2 mutation,” which is a change designed to remove the
proteolytic site near the N-terminal of the native endotoxin.
In the “C2 mutation,” the native amino acid sequence
“dykdylkmsagn” (SEQ ID NO: 104) is replaced with the
sequence “dykdyAVGsagn” (SEQ ID NO: 105).

[0085] The set of mutations found in the nucleic acid
sequence of SEQ ID NO:53 and the amino acid sequence of
SEQ ID NO:54 further comprise the “C3 mutation” in which
the amino acid sequence is changed from the native “innyy-
drg” (SEQ ID NO: 106) to “innVVdrg” (SEQ ID NO: 107).
This change may reduce salt bridge and electrostatic hin-
drances between helices which may promote channel (pore)
formation by the toxin. The sets of changes found in the K34
and K35 mutants further comprise the “C4 mutation,” in
which the amino acid sequence is changed from the native
“nydtrtypmetka” (SEQ ID NO: 108) to “nydtltypletka”
(SEQ ID NO: 109). In particular, the R296I change (i.c.,
change from R to I at residue 296) is thought to reduce the
polypeptide’s susceptibility to proteolytic attack.

[0086] The invention further provides mutant polypep-
tides that have been constructed in various background
sequences. Any background sequence may be used so long
as the object of the invention is achieved, i.e., providing a
pesticidal protein with increased or altered pesticidal activ-
ity. Background sequences include Cty8-like sequences dis-
closed herein as well as variants and fragments thereof.
Background sequences may also be other Cry or Bt toxin
sequences or other pesticidal polypeptides such as pentin-1,
or pentin-1 like sequences. For example, mutants may be
added to a native 1218-1 background sequence (SEQ ID
NOs: 1 and 2) or a truncated 1218-1 background sequence
optimized for expression in maize (SEQ ID NOs:5 and 6).
The mutant endotoxins of the invention comprise at least
one amino acid change or addition relative to the native or
background sequence, or 2, 3,4, 5,6,7,8, 9, 10, 11, 12, 13,
14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29,
30, 32, 35, 38, 40, 45, 47, or 50 or more amino acid changes
or additions. Thus, for example, the invention provides
nucleotide sequences encoding mutant endotoxins compris-
ing a second trypsin cleavage site (e.g., NGSR (SEQ ID
NO:10)) introduced into the amino acid sequence presented
in SEQ ID NO:12 (1218-1) or SEQ ID NO: 16 (“49PVD”).
The “49PVD” fragment was generated by trimming
sequence from both the N-terminus and the C-terminus of
the sequence set forth in SEQ ID NO: 12. More specifically,
the N-terminus of the 49PVD polypeptide was trimmed by
47 residues; thus, the polypeptide starts at aa residue 48(M)
of the native polypeptide and the C-terminus was trimmed
by 6 residues up to aa 663(D) of the native polypeptide.
Therefore the 49PVD polypeptide corresponds to the native
1218-1 polypeptide (SEQ ID NO: 12) from aa residue 48 to
aa 663 (see copending application Ser. No. 10/032,717, filed
Oct. 23, 2001).

[0087] Thus, for example, SEQ ID NO:22 provides the
“KO mutation” (ie., FRRGFRRG) as well as the “M6
mutation” in the native 1218-1 background sequence; SEQ
ID NO:21 encodes the polypeptide of SEQ ID NO:22. SEQ
ID NO:52 provides the “K8 mutation” (i.e., FRSRGSLng-
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srP) as well as the “M6 mutation” in the native 1218-1
background sequence; SEQ ID NO:52 is encoded by the
nucleotide sequence set forth in SEQ ID NO:51. SEQ ID
NO:68 provides the “KO mutation” in the native 1218-1
background sequence along with the “M7 mutation,” in
which the wild-type amino acid sequence “ITTLNLATDSS-
LALKHNLGED” is changed to “ITTVNLATDSS-
VAVKHNLGED,” a change of 3 Leucines to Valines (see
bolding). SEQ ID NO:68 is encoded by the nucleotide
sequence set forth in SEQ ID NO:67.

[0088] A number of mutant sequences are provided in
which the “M7 mutation” is substituted for the “M6 muta-
tion” in a particular Cry8-like mutant sequence. Thus, SEQ
ID NO:68 is the same as SEQ ID NO:22, except that the
“M6 mutation” of SEQ ID NO:21 is replaced with the “M7
mutation.” In the same manner, SEQ ID NOs: 70, 72,74, 76,
78, 80, 82, 84, 86, 88, 90, 92, and 94 are the same as SEQ
ID NOs: 34, 40, 42, 44, 46, 48, 50, 52, 54, 56, 58, 60, and
62, except that in each sequence the “M6 mutation” is
replaced with the “M7 mutation.” The amino acid sequences
set forth in SEQ ID NOs: 68, 70, 72, 74, 76, 78, 80, 82, 84,
86, 88, 90, 92, and 94 are encoded by the nucleotide
sequences set forth SEQ ID NOs: 67, 69, 71, 73, 75, 77, 79,
81, 83, 85, 87, 89, 91, and 93, respectively.

[0089] Accordingly, the nucleic acids of the invention
comprise isolated polynucleotides, and variants and frag-
ments thereof, that encode biologically active (e.g., pesti-
cidal) polypeptide endotoxins, including but not limited to
the nucleotide sequences set forth in SEQ ID NOs:1, 3, 5,7,
11,13, 15, 17, 18, 19, 21, 25, 29, 33, 39, 41, 43, 45, 47, 49,
51,53, 55,57, 59, 61, 63, 65, 67, 69, 71, 73, 75, 77,79, 81,
83, 85, 87, 89, 91, and 93. The nucleotide sequences
disclosed herein further provide background sequences into
which mutations can be introduced, such as the sequences
referred to herein as 1218-1, 1218-2, and 49PVD.

[0090] The polynucleotides of the invention also include
any synthetic or recombinant nucleotide sequence that
encodes a pesticidal polypeptide comprising the amino acid
sequences set forth in SEQ ID NOs: 2, 4, 6, §, 10, 12, 14,
16, 20, 22, 26, 30, 34, 40, 42, 44, 46, 48, 50, 52, 54, 56, 58,
60, 62, 64, 66, 68, 70, 72, 74, 76, 78, 80, 82, 84, 86, 88, 90,
92, 94, 119, 121, and 123.

[0091] The present invention provides isolated nucleic
acids comprising nucleotide sequences which encode the
amino acid sequences set forth in SEQ ID NOs: 2, 4, 6, 8,
10, 12, 14, 16, 20, 22, 26, 30, 34, 40, 42, 44, 46, 48, 50, 52,
54, 56, 58, 60, 62, 64, 66, 68, 70, 72, 74, 76, 78, 80, 82, 84,
86, 88, 90, 92, 94, 119, 121, and 123. In particular embodi-
ments, the invention provides nucleic acids comprising the
nucleotide sequences set forth in SEQ ID NOs:1 (Cry1218-1
CDS) and 3 (Cry1218-2 CDS), the maize-optimized nucleic
acid set forth in SEQ ID NO:5 (mol21 8-1), and the native
genomic sequences set forth in SEQ ID NO: 17 (genomic
Cry1218-1) and SEQ ID NO: 18 (genomic Cry 1218-2). The
coding sequence (CDS) for SEQ ID NO: 17 runs from base
pair 731 to 4348. The CDS for SEQ ID NO: 18 runs from
base pair 1254 to 4883. Plasmids comprising each of these
five nucleic acids were deposited on May 5, 2000 and
November 2, 2000 with the Patent Depository of the Ameri-
can Type Culture Collection (ATCC), Manassas, Va., and
assigned Patent Deposit Nos. PTA-1821 (corresponding to
SEQ ID NO:1); PTA-1817 (corresponding to SEQ ID



US 2005/0261483 Al

NO:3); PTA-2635 (corresponding to SEQ ID NO:5); PTA-
2634 (comprising SEQ ID NO:17); and PTA-2636 (com-
prising SEQ ID NO: 18).

[0092] Patent Deposits PTA-1821 and PTA-1817 com-
prise a mixture of 2 clones, each of which contains a part of
the entire coding sequence. More specifically, the deposited
plasmids encode nucleic acid molecules cloned into a TA
vector (Invitrogen, Carlsbad, Calif.) that encode two over-
lapping fragments of the coding sequence. The full length
coding sequence can be produced using an overlapping PCR
strategy. A first PCR reaction should comprise forward and
reverse primers designed to correspond to the 5' and the 3'
ends of the full-length coding sequence. The two DNA
bands generated by the first PCR reaction performed with
the above-identified primer sets should be purified and a
second round of PCR, set for 7 cycles, should be performed
utilizing the purified DNA isolated from the first PCR
reaction in the absence of any primers. The 3' end of the
nucleic acid generated by primer set (a) and the 5' end of the
nucleic acid generated by primer set (b) will overlap and
prime the generation of the full-length coding sequence. A
third and final PCR reaction is performed to generate the
full-length coding sequence.

[0093] The above-referenced deposits (e.g., PTA-1 821;
PTA- 1817; PTA-263 5; PTA-2634; and PTA-2636) will be
maintained under the terms of the Budapest Treaty on the
International Recognition of the Deposit of Microorganisms
for the Purposes of Patent Procedure. These deposits were
made merely as a convenience for those of skill in the art and
are not an admission that a deposit is required under 35
US.C. §112.

[0094] Of particular interest are optimized nucleotide
sequences encoding the pesticidal proteins of the invention.
As used herein, the phrase “optimized nucleotide
sequences” refers to nucleic acids that are optimized for
expression in a particular organism, for example a plant.
Optimized nucleotide sequences include those sequences
that have been modified such that the GC content of the
nucleotide sequence has been altered. Such a nucleotide
sequence may or may not comprise a coding region. Where
the nucleotide sequence comprises a coding region, the
alterations of GC content may be made in view of other
genetic phenomena, such as, for example, the codon pref-
erence of a particular organism or a GC content trend within
a coding region. (See particularly Examples 14, 15, and 16.)

[0095] In some embodiments, where the nucleotide
sequence to be optimized comprises a coding region, the
alteration in GC content does not result in a change in the
protein encoded by the nucleotide sequence. In other
embodiments, the alteration in GC content results in changes
to the encoded protein that are conservative amino acid
changes and/or that do not materially alter the function of the
encoded protein. The GC content of an optimized nucleotide
sequence may differ from the first or native nucleotide
sequence by as little as 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%,
9%, 10%, or 11%, 12%, 13%, 14%, 15%, 16%, 17%, 18%,
19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%, 28%,
29%, 30%, 31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%,
39%, 40%, 41%, 42%, 43%, 44%, 45%, 46%, 47%, 48%,
49%, or 50% or more. Thus, the GC content of an optimized
nucleotide sequence may be 42%, 43%, 44%, 45%, 46%,
47%, 48%, 49%, 50%, 51%, 52%, 53%, 54%, 55%, 56%,
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57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%, 65%, 66%,
67%, 68%, 69%, 70%, 1%, 72%, 73%, 74%, 15%, 76%,
77%, 78%, 79%, or 80% or higher.

[0096] The term “optimized nucleotide sequences” also
encompasses sequences in which the GC content has been
altered and, in addition, other changes have been made to the
nucleotide sequence. Such changes are often made to
enhance properties of the sequence, such as its versatility in
genetic engineering (e.g., by adding or removing restriction
enzyme recognition sites) and any other property which may
be desirable for generating a transgenic organism, such as
increased mRNA longevity in the cell. (See Examples 14,
15, and 16).

[0097] By “derived from” is intended that a sequence is
substantially similar to another sequence. Generally,
sequences derived from a particular nucleotide sequence
will have at least about 40%, 50%, 60%, 65%, 70%, 75%,
80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, 99%, or more sequence identity
to that particular nucleotide sequence as determined by
sequence alignment programs described elsewhere herein
using default parameters. Sequences derived from a particu-
lar nucleotide sequence may differ from that sequence by as
few as 1-15 nucleotides, as few as 1-10, such as 6-10, as few
as 5, as few as 4, 3, 2, or even 1 nucleotide. Sequences
derived from a particular nucleotide sequence may also
cross-hybridize to that sequence.

[0098] Optimized nucleotide sequences may be prepared
for any organism of interest using methods known in the art.
For example, SEQ ID NO:5 discloses an optimized nucleic
acid sequence encoding the pesticidal protein set forth in
SEQ ID NO: 12 (truncated 1218-1). More specifically, the
nucleotide sequence of SEQ ID NO:5 comprising maize-
preferred codons was prepared by reverse-translating the
amino acid sequence set forth in SEQ ID NO: 12 to comprise
maize-preferred codons as described by Murray et al. (1989)
Nucleic Acids Res. 17:477-498. Optimized nucleotide
sequences find use in increasing expression of a pesticidal
protein in a plant, for example monocot plants of the
Gramineae (Poaceae) family such as, for example, a maize
or corn plant.

[0099] The invention further provides isolated pesticidal
(e.g., insecticidal) polypeptides encoded by either a natu-
rally-occurring or modified (e.g., mutagenized, truncated,
and/or optimized) nucleic acid of the invention. More spe-
cifically, the invention provides polypeptides comprising an
amino acid sequence set forth in SEQ ID NOs: 2, 4, 6, 8, 10,
12, 14, 16, 20, 22, 26, 30, 34, 40, 42, 44, 46, 48, 50, 52, 54,
56, 58, 60, 62, 64, 66, 68, 70, 72, 74, 76, 78, 80, 82, 84, 86,
88, 90, 92, 94, 119, 121, and 123 and the polypeptides
encoded by nucleic acids described herein, for example
those set forth in SEQ ID NOs: 1, 3, 5, 7, 11, 13, 15,17, 18,
19, 21, 25, 29, 33, 39, 41, 43, 45, 47, 49, 51, 53, 55, 57, 59,
61, 63, 65, 67, 69, 71,73, 75,77, 79, 81, 83, 85, 87, 89, 91,
93, 118, 120, and 122 and fragments and variants thereof.

[0100] In particular embodiments, pesticidal proteins of
the invention provide full-length d-endotoxin proteins, frag-
ments of full-length -endotoxins, and variant polypeptides
that are produced from mutagenized nucleic acids designed
to introduce particular amino acid sequences into polypep-
tides of the invention. In particular embodiments, the amino
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acid sequences that are introduced into the polypeptides
comprise a sequence that provides a cleavage site for an
enzyme such as a protease.

[0101] Some of the Cry8-like polypeptides of the inven-
tion, for example SEQ ID NOs: 2 and 4, comprise full-length
d-endotoxins. Other polypeptides such as SEQ ID NOs: 6,
12, and 14 embody fragments of a full-length d-endotoxin.
Some of the polypeptide fragments, variants, and mutations
of the invention have enhanced pesticidal activity relative to
the activity of the naturally occurring 4-endotoxin from
which they are derived, particularly in the absence of in vitro
activation of the endotoxin with a protease prior to screening
for activity. For example, the data presented herein in Table
1 of Example 6 indicates that the NGSR addition mutant,
which contains a mutation that was placed in the background
sequence set forth in SEQ ID NO: 12 (truncated 1218-1
endotoxin) and is referred to herein as NGSR.N1218-1
(SEQ ID NO:8), provides a polypeptide with increased
pesticidal activity against Colorado potato beetle.

[0102] SEQ ID NOs: 6, 12, and 16 provide polypeptides
that embody truncated versions of the 1218-1 polypeptide
set forth in SEQ ID NO:2. SEQ ID NOs: 6 and 12 represent
a polypeptide that is shortened (truncated) at the 3' end of the
amino acid sequence set forth in SEQ ID NO:2. In contrast,
the fourth polypeptide variant set forth in SEQ ID NO: 16
provides a variant that is truncated at both the 5' and 3' ends
of the full-length protein set forth in SEQ ID NO:2. SEQ ID
NO: 14 (1218-2) provides a polypeptide that embodies a
truncated version of the polypeptide set forth in SEQ ID
NO:4. This polypeptide provides a protein that is truncated
at the 3' end of the full-length 1218-2 polypeptide set forth
in SEQ ID NO: 4. The mutations of the invention may be
placed into any background sequence, including such trun-
cated polypeptides, so long as an endotoxin is provided by
the polypeptide so produced.

[0103] Thus, one of skill will appreciate that fragments of
the disclosed proteins are also encompassed by the present
invention. By “fragment™ is intended a portion of the amino
acid sequence of the exemplary proteins disclosed herein.
Fragments of a protein may retain the pesticidal activity of
the full-length protein or they may have altered or improved
pesticidal activity compared to the full-length protein. Thus,
fragments of a protein may range from at least about 10, 20,
30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160,
170, 180, 190, 200, 210, 220, 230, 240, 250, 260, 270, 280,
290, 300, 320, 340, 360, 380, 400, 420, 440, 460, 480, 500,
520, 540, 560, 580, 600, 620, 640, 660, 680, 700, 720, 740,
760, 780, 800, 820, 840, 860, 880, 900, 920, 940, 960, 980,
or 1000, or up to the full-length sequence of the protein. A
biologically active portion, fragment, or truncated version of
a pesticidal protein can be prepared by isolating a portion of
one of the nucleotide sequences of the invention, expressing
the encoded portion of the pesticidal protein (e.g., by recom-
binant expression in vitro), and assessing the activity of the
portion of the pesticidal protein.

[0104] SEQID NOs: 8, 20, 22, 26, 30, 34, 40, 42, 44, 46,
48, 50, 52, 54, 56, 58, 60, 62, 64, 66, 68, 70, 72, 74, 76, 78,
80, 82, 84, 86, 88, 90, 92, and 94 provide a family of
polypeptides that embody mutants of the biologically active
Cry8-like polypeptide endotoxin set forth in SEQ ID NO:2.
For example, SEQ ID NO: 8 provides the NGSR.N1218-1
mutant, which comprises an additional trypsin-sensitive
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cleavage site. Thus, for example, SEQ ID NOs: 26, 30, and
34 provide exemplary mutant polypeptides of the invention.
More specifically, SEQ ID NO:26, in addition to comprising
the “NGSR mutation” (SEQ ID NO: 10) which is an addition
of the NGSR trypsin-sensitive cleavage site, also provides
the mutation that is referred to herein as “M4.” SEQ ID NOs:
30 and 34, designated the “M5 mutant sequence” and the
“M6 mutant sequence,” respectively, provide the “NGSR
mutation” in addition to the mutations referred to herein as
“M5” and “M6,” respectively. The nucleotide sequences set
forth in SEQ ID NOs: 25, 29, and 33 encode the polypeptide
sequences set forth in SEQ ID NOs: 26, 30, and 34,
respectively. SEQ ID NO: 22 provides the mutant referred to
herein as K04; the nucleotide sequence set forth in SEQ ID
NO: 21 encodes the polypeptide sequence set forth in SEQ
ID NO: 22. The K04 mutant sequence comprises the fol-
lowing mutations: the “KO mutation” (in which native
sequence npngsralr is changed to npFRRGFRRGalr) and the
“M6 mutation” (in which native sequence ittlnlatdssla-
Ikhnlged is changed to ittVnlatdssVaVkhnVged). SEQ ID
NO:68 provides the mutant referred to herein as KO03; the
nucleotide sequence set forth in SEQ ID NO:67 encodes the
polypeptide sequence set forth in SEQ ID NO:68. The K03
mutant sequence comprises the following mutations: the
“KO mutation” (as described above) and the “M7 mutation”
(in which native sequence ittlnlatdsslalkhnlged is changed to
ittVnlatdssVaVkhnlged).

[0105] In some instances, mutants disclosed herein were
cloned into the pET expression system, expressed in £. coll,
and tested for pesticidal activity against exemplary insect
pests such as southern corn rootworm (SCRW), western
corn rootworm (WCRW), Colorado potato beetle (CPB, ¢.g.,
Leptinotarsa decemlineata), and cotton boll weevil (e.g.,
Anthonomus grandis).

[0106] 1t is to be understood that the polypeptides of the
invention can be produced either by expression of a nucleic
acid disclosed herein, or by the use of standard molecular
biology techniques. For example, a truncated protein of the
invention can be produced by expression of a recombinant
nucleic acid of the invention in an appropriate host cell, or
alternatively by a combination of ex vivo procedures, such
as protease digestion and purification of a purified wild-type
protein.

[0107] Tt is recognized that the pesticidal proteins may be
oligomeric and will vary in molecular weight, number of
residues, component peptides, activity against particular
pests, and other characteristics. However, by the methods set
forth herein, proteins active against a variety of pests may be
isolated and characterized. The pesticidal proteins of the
invention can be used in combination with Bt endotoxins or
other insecticidal proteins to increase insect target range.
Furthermore, the use of the pesticidal proteins of the present
invention in combination with Bt d-endotoxins or other
insecticidal principles of a distinct nature has particular
utility for the prevention and/or management of insect
resistance. Other insecticidal principles include, but are not
limited to, protease inhibitors (both serine and cysteine
types), lectins, a-amylase, and peroxidase.

[0108] Fragments and variants of the nucleotide and
amino acid sequences and the polypeptides encoded thereby
are also encompassed by the present invention. As used
herein the term “fragment” refers to a portion of a nucleotide
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sequence of a polynucleotide or a portion of an amino acid
sequence of a polypeptide of the invention. Fragments of a
nucleotide sequence may encode protein fragments that
retain the biological activity of the native or corresponding
full-length protein and hence possess pesticidal activity.
Thus, it is acknowledged that some of the polynucleotide
and amino acid sequences of the invention can correctly be
referred to as either fragments or variants. This is particu-
larly true of truncated sequences that are biologically active.

[0109] 1t is to be understood that the term “fragment,” as
it is used to refer to nucleic acid sequences of the invention,
also encompasses sequences that are useful as hybridization
probes. This class of nucleotide sequences generally do not
encode fragment proteins retaining biological activity. Thus,
fragments of a nucleotide sequence may range from at least
about 20 nucleotides, about 50 nucleotides, about 100 nucle-
otides, and up to the full-length nucleotide sequence encod-
ing the proteins of the invention.

[0110] A fragment of a nucleotide sequence that encodes
a biologically active portion of a pesticidal protein of the
invention will encode at least 15, 25, 30, 50, 100, 200, 300,
400, 500, 600, 700, 800, 900, 1,000, 1,100, or 1,200 con-
tiguous amino acids, or up to the total number of amino acids
present in a pesticidal polypeptide of the invention (for
example, 1,206, 1,210, and 669 amino acids for SEQ ID
NOs:2, 4, and 6, respectively). Fragments of a nucleotide
sequence that are useful as hybridization probes or PCR
primers generally need not encode a biologically active
portion of a pesticidal protein.

[0111] Thus, a fragment of a Cry8-like or pentin-1 like
nucleic acid may encode a biologically active portion of a
pesticidal protein, or it may be a fragment that can be used
as a hybridization probe or PCR primer using methods
disclosed below. A biologically active portion of a pesticidal
protein can be prepared by isolating a portion of one of the
nucleotide sequences of the invention, expressing the
encoded portion of the pesticidal protein (e.g., by recombi-
nant expression in vitro), and assessing the activity of the
encoded portion of the pesticidal protein.

[0112] Nucleic acids that are fragments of a Cry8-like or
pentin-1 like nucleotide sequence comprise at least 16, 20,
50, 75, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600,
700, 800, 1,000, 1,200, 1,400, 1,600, 1,800, 2,000, 2,200,
2,400, 2,600, 2,800, 3,000, 3,200, 3,400, or 3,600 nucle-
otides, or up to the number of nucleotides present in a
Cry8-like or pentin-1 like nucleotide sequence disclosed
herein (for example, 3,621, 3,633, 2,010, 2010, 2022, and
2028 nucleotides for SEQ ID NOs:1, 3, 5, 11, 13, and 39
respectively).

[0113] Forexample, SEQ ID NOs: 5, 11, and 15 represent
fragments of SEQ ID NO: 1 and SEQ ID NO: 13 represents
a fragment of SEQ ID NO: 3. More specifically, particular
embodiments of the nucleic acids of the invention disclose
fragments derived from (e.g., produced from) a first nucleic
acid of the invention, wherein the fragment encodes a
truncated polypeptide characterized by pesticidal activity.
The truncated polypeptide encoded by the polynucleotide
fragments of the invention are characterized by pesticidal
activity that is either equivalent to, or improved, relative to
the activity of the corresponding full-length polypeptide
encoded by the first nucleic acid from which the fragment is
derived.
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[0114] In specific embodiments, some of the nucleic acid
fragments of the invention are truncated at the 3' end of the
native or corresponding full-length coding sequence. For
example, SEQ ID NO: 11 represents a fragment of SEQ ID
NO: 1 that is truncated at the 3' end. In an alternative
embodiment, one of the polynucleotides of the invention,
SEQ ID NO: 15, comprises a nucleic acid sequence that is
truncated at both the 5' and 3' end of the truncated 1218-1
toxin domain encoded by SEQ ID NO:11, respectively.

[0115] By “variants” is intended substantially similar
sequences. For nucleotide sequences, conservative variants
include those sequences that, because of the degeneracy of
the genetic code, encode the amino acid sequence of one of
the pesticidal polypeptides of the invention. Naturally occur-
ring allelic variants such as these can be identified with the
use of well-known molecular biology techniques, such as,
for example, polymerase chain reaction (PCR) and hybrid-
ization techniques as outlined below.

[0116] Variant nucleotide sequences also include syntheti-
cally derived nucleotide sequences, such as those generated,
for example, by using site-directed mutagenesis but which
still encode a pesticidal protein of the invention, such as a
mutant endotoxin. Generally, variants of a particular nucle-
otide sequence of the invention will have at least about 40%,
50%, 60%, 65%, 70%, 75%, 80%, 85%, 86%, 87%, 88%,
89%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%,
99%, or more sequence identity to that particular nucleotide
sequence as determined by sequence alignment programs
described elsewhere herein using default parameters. A
variant of a nucleotide sequence of the invention may differ
from that sequence by as few as 1-15 nucleotides, as few as
1-10, such as 6-10, as few as 5, as few as 4, 3, 2, or even 1
nucleotide.

[0117] As used herein, the term “variant protein” encom-
passes polypeptides that are derived from a native protein
by: deletion (so-called truncation) or addition of one or more
amino acids to the N-terminal and/or C-terminal end of the
native protein; deletion or addition of one or more amino
acids at one or more sites in the native protein; or substitu-
tion of one or more amino acids at one or more sites in the
native protein. Accordingly, the term variant protein encom-
passes biologically active fragments of a native protein that
comprise a sufficient number of contiguous amino acid
residues to retain the biological activity of the native protein,
i.e., to have pesticidal activity. Such pesticidal activity may
be different or improved relative to the native protein or it
may be unchanged, so long as pesticidal activity is retained.

[0118] Variant proteins encompassed by the present inven-
tion are biologically active, that is they continue to possess
the desired biological activity of the native protein, that is,
pesticidal activity as described herein. Such variants may
result from, for example, genetic polymorphism or from
human manipulation. Biologically active variants of a native
pesticidal protein of the invention will have at least about
10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%,
60%, 65%, 70%, 75%, 80%, 85%, 86%, 87%, 88%, 89%,
90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or
more sequence identity to the amino acid sequence for the
native protein as determined by sequence alignment pro-
grams described elsewhere herein using default parameters.
A biologically active variant of a protein of the invention
may differ from that protein by as few as 1-15 amino acid
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residues, as few as 1-10, such as 6-10, as few as 5, as few
as 4, 3, 2, or even 1 amino acid residue.

[0119] Tt is recognized that the nucleic acid sequence of
any one of the polynucleotides of the invention can be
altered or mutagenized to alter (e.g., improve) the biological
activity and/or specificity of its encoded pesticidal polypep-
tide. For example, SEQ ID NO: 7 represents a Cry8-like
nucleotide sequence that has been mutagenized to comprise
12 additional nucleotides (SEQ ID NO: 9) that are not
present in the wild-type nucleic acid sequence (SEQ ID NO:
11). In this manner, the nucleotide sequence inserted into the
coding region of SEQ ID NO: 11 was designed to encode an
additional trypsin cleavage site (referred to herein as the
“NGSR mutation™) (SEQ ID NO: 10) in the amino acid
sequence of the encoded polypeptide. In the NGSR muta-
tion, the native sequence “npngsralr” is replaced with
“npNGSRngsralr” (SEQ ID NO: 115).

[0120] More specifically, the amino acid sequence set
forth in SEQ ID NO:10 was introduced between amino acid
164 and 165 of the Cry8 d-endotoxin set forth in SEQ ID
NO:12. This particular amino acid sequence was chosen
because it duplicates the endogenous sequence present in the
naturally occurring full-length protein (SEQ ID NO:2), and
creates a second protease-sensitive site. More specifically,
the modification introduces a second trypsin-like site. It is
well known to those of skill in the art that trypsin cleaves
bonds immediately C-terminal to arginine and lysine. As
demonstrated herein the recombinantly engineered protein
(SEQ ID NO:8) encoded by SEQ ID NO:7 is characterized
by improved activity against Coleopterans, for example,
against Colorado potato beetle (see Example 6, Table 1).

[0121] 1t is recognized that any nucleotide sequence
encoding the amino acid sequences that are proteolytic sites
or putative proteolytic sites (for example, sequences such as
NGSR (SEQ ID NO: 10), FRRG (SEQ ID NO: 97), FRR,
RR, LKM, FF, or FRSRQ (SEQ ID NO: 117)) can be used
and that the exact identity of the codons used to introduce
any of these cleavage sites into a variant polypeptide may
vary depending on the use, i.e., expression in particular plant
species. It is also recognized that any of the disclosed
mutations can be introduced into any polynucleotide
sequence of the invention that comprises the codons for
amino acid residues that provide the native trypsin cleavage
site that is targeted for modification. Accordingly, variants of
either full-length pesticidal proteins or fragments thereof can
be modified to contain additional or alternative cleavage
sites, and these embodiments are intended to be encom-
passed by the scope of the invention disclosed herein.

[0122] The invention further encompasses a microorgan-
ism that is transformed with at least one nucleic acid of the
invention, with an expression cassette comprising the
nucleic acid, or with a vector comprising the expression
cassette. Preferably, the microorganism is one that multiplies
on plants. More preferably, the microorganism is a root-
colonizing bacterium. An embodiment of the invention
relates to an encapsulated pesticidal protein, which com-
prises a transformed microorganism comprising at least one
pesticidal protein of the invention.

[0123] The invention provides pesticidal compositions
comprising a transformed organism of the invention. Pref-
erably the transformed microorganism is present in the
pesticidal composition in a pesticidally effective amount,
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together with a suitable carrier. The invention also encom-
passes pesticidal compositions comprising an isolated pro-
tein of the invention, alone or in combination with a trans-
formed organism of the invention and/or an encapsulated
pesticidal protein of the invention, in an insecticidally effec-
tive amount, together with a suitable carrier.

[0124] The invention further provides a method of increas-
ing insect target range by using a pesticidal protein of the
invention in combination with at least one second pesticidal
protein that is different from the pesticidal protein of the
invention. Any pesticidal protein known in the art can be
employed in the methods of the present invention. Such
pesticidal proteins include, but are not limited to, Bt d-en-
dotoxins, protease inhibitors, lectins, a-amylases, lipid acyl
hydrolases, and peroxidases.

[0125] The invention also encompasses transformed or
transgenic plants comprising at least one nucleotide
sequence of the invention. Preferably, the plant is stably
transformed with a nucleotide construct comprising at least
one nucleotide sequence of the invention operably linked to
a promoter that drives expression in a plant cell. As used
herein, the terms “transformed plant” and “transgenic plant”
refer to a plant that comprises within its genome a heter-
ologous polynucleotide. Generally, the heterologous poly-
nucleotide is stably integrated within the genome of a
transgenic or transformed plant such that the polynucleotide
is passed on to successive generations. The heterologous
polynucleotide may be integrated into the genome alone or
as part of a recombinant expression cassette.

[0126] Tt is to be understood that as used herein the term
“transgenic” includes any cell, cell line, callus, tissue, plant
part, or plant the genotype of which has been altered by the
presence of heterologous nucleic acid including those trans-
genics initially so altered as well as those created by sexual
crosses or asexual propagation from the initial transgenic.
The term “transgenic” as used herein does not encompass
the alteration of the genome (chromosomal or extra-chro-
mosomal) by conventional plant breeding methods or by
naturally-occurring events such as random cross-fertiliza-
tion, non-recombinant viral infection, non-recombinant bac-
terial transformation, non-recombinant transposition, or
spontaneous mutation.

[0127] As used herein, the term “plant” includes reference
to whole plants, plant organs (e.g., leaves, stems, roots, etc.),
seeds, plant cells, and progeny of same. Parts of transgenic
plants are to be understood within the scope of the invention
to comprise, for example, plant cells, protoplasts, tissues,
callus, embryos as well as flowers, ovules, stems, fruits,
leaves, roots originating in transgenic plants or their progeny
previously transformed with a DNA molecule of the inven-
tion and therefore consisting at least in part of transgenic
cells, are also an object of the present invention.

[0128] As used herein, the term “plant cell” includes,
without limitation, seeds suspension cultures, embryos, mer