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The western corn rootworm (WCR), Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), is an eco-
nomically important pest of corn (maize) in North America and Europe. Current management practices for
WCR involve transgenic expression of insecticidal proteins to minimize larval feeding damage to corn roots.

c;ySBT, ) The evolution of resistant WCR populations to transgenic corn expressing insecticidal proteins (e.g. Cry3Bbl,
l; u:(‘ﬁn dlisrll)gagepti de Gpp34Ab1/Tpp35Ab1) necessitates efforts to discover and deploy new modes of action for WCR control. Here,

we tested the hypothesis that the addition of short peptides selected for binding to the WCR gut would restore
insecticidal activity of Cry3Bbl to resistant insects. Phage display technology coupled with deep sequencing was
used to identify peptides selected for binding to WCR brush border membrane vesicles and to recombinant puta-
tive receptors aminopeptidase and cadherin. The binding and specificity of selected peptides was confirmed by
ELISA and pull-down assays, and candidate gut surface binding partners were identified. Although production of
284 novel Cry3Bbl1 variants with these peptides did not restore activity against resistant WCR in artificial diet
bioassays, 112 variants were active against susceptible insects. These results provided insights for the mechanism
of Cry3Bbl activity and toward engineering a new mode-of-action via receptor re-targeting in the context of
protein structure and function.

1. Introduction

The western corn rootworm (WCR), Diabrotica virgifera virgifera
LeConte (Coleoptera: Chrysomelidae), is a damaging pest of maize
(Krysan and Miller 1986). It is the most devastating corn pest in both
North America (Gray et al. 2008) and in Europe (Lombaert et al. 2018).
Larval feeding on root tissue can disrupt water and nutrient uptake and
undermine structural support, thus increasing susceptibility to damage
from rain and wind events (Urias-Lépez and Meinke 2001; Tinsley, Estes,
and Gray 2013). Adult WCR feed on maize silk during pollen shed which
can cause poorly filled ears (Krysan and Miller 1986). The impact of
WCR extends to ~30 million acres of corn in the U.S. at an estimated
cost of >$1 billion annually (Wechsler and Smith 2018).

Integrated pest management of WCR includes the use of in-
secticides, crop rotation, and transgenic varieties that express
Bacillus thuringiensis (Bt)-derived pesticidal proteins (Ball and
Weekman 1963; Zukoff et al. 2016). Current biotech traits
available for WCR control include Gpp34Abl/Tpp35Abl (for-
merly Cry34Abl/ Cry35Abl (Crickmore et al. 2021)), Cry3Bbl,
mCry3A, and eCry3.1Ab (Walters et al. 2008; Walters et al. 2010;

Kelker et al. 2014; Moellenbeck et al. 2001; Vaughn et al. 2005).
Field populations of WCR have evolved resistance to these con-
trol measures (Meihls et al. 2008; Petzold-Maxwell et al. 2012;
Gassmann et al. 2014; Gassmann et al. 2011; Gray 2012;
Schrader et al. 2017; Zukoff et al. 2016; Gassmann et al. 2020),
making sustainable management challenging (Ball and Weekman 1963;
Zukoff et al. 2016). Moreover, the expansion of WCR host plants
suggested or confirmed for soybean, oil pumpkin and Miscanthus
grass (Meinke et al. 2009; Spencer and Raghu 2009) complicates our
understanding of the distribution of WCR populations.

Relatively little is known about the mode of action of Cry3Bbl or
the WCR gut surface receptors that mediate the insecticidal properties.
While resistance to Cry3Bbl (>50-fold, which extends to mCry3A and
eCry3.1Ab) in the lab-based colony used in this study (Moar et al. 2017)
was mapped to a single locus on chromosome 8, other resistance
loci, or modifiers of resistance are also implicated (Flagel et al. 2015;
Willse, Flagel, and Head 2021). This region of the chromosome con-
tains the gene encoding the ATP-binding cassette (ABC) transporter,
ABCB2. ABCB1, which has 67% amino acid identity to ABCB2, has
been implicated in mCry3A resistance in WCR (Niu et al. 2020) and
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Figure 1. Workflow for protein engineering process in this study.

in Cry3Aa resistance in another coleopteran pest (Pauchet et al. 2016).
An RNAI screen of ABC transporters in Tribolium castaneum showed
that silencing of TcABCB-3B, the WCR ABCB1 homolog, had no phe-
notypic effect suggesting that this protein is not essential for survival
in Coleoptera and that there is redundancy in ABC transporter function
(Broehan et al. 2013). In addition to ABC transporter proteins, cadherin-
like proteins have been implicated in other coleopteran species as pu-
tative receptors for Cry3Aa, Cry3Ba, and Cry3Bb (Fabrick et al. 2009;
Hua, Park, and Adang 2014; Park et al. 2009; Park et al. 2019;
Contreras et al. 2013), and aminopeptidase N (APN) has been noted as
a receptor for other three-domain Cry proteins (Zhang, Hua, and Adang
2017; Guo et al. 2020). As cadherin and APN are both expected to be
abundant on the surface of the WCR gut epithelium, these proteins were
of particular interest for the current study.

New modes-of-action for WCR control could mitigate the effects of
emerging resistance to existing and forthcoming management tools and
practices. Next-generation gene-stacks have been developed that com-
bine previously deployed Bt —derived pesticidal proteins with a new
trait for WCR control featuring RNA interference (RNAi) technology
(Baum et al. 2007; Price and Gatehouse 2008). In addition, removal of
the alpha helix of CrylA and phage-assisted evolution have both been
successfully employed to overcome resistance mediated by cadherin in
Lepidoptera (Badran et al. 2016; Soberon et al. 2007).

In this study, we combined phage display technology with ratio-
nal protein design to engineer novel Cry3Bbl variants; our goals were
to gain understanding regarding relationships between structure and
function toward ultimately restoring activity against Cry3Bb1-resistant
WCR. If successful, this approach could enable repurposing of Cry3Bb1
to extend WCR control via transgenic expression in corn. The Cry3Bb1l
protein scaffold was modified with new peptides that specifically bind
1) WCR brush border membrane vesicles (BBMV), for which candidate
binding partners on the surface of the gut epithelium were identified,
or 2) the recombinant putative Cry3Bbl receptors APN and cadherin
(CAD). Results from the initial, Tier-1 peptide-modified Cry3Bb1 (four
peptides; six insertion regions) that utilized a tiling-engineering strategy
provided a framework for a more sequence-diverse but site-targeted en-
gineering effort in Tier-2 (73 peptides, four insertion regions), based on
suitability of positions for engineering relative to insecticidal activity

(Fig. 1). Structure-function relationships of the engineered variants rel-
ative to performance in artificial diet bioassays for WCR larvae were
assessed and used to build our understanding of new variant activity in
susceptible vs. inactivity in resistant insect colonies.

2. Materials and Methods
2.1. Targets for phage display

2.1.1. Brush border membrane vesicles

Brush border membrane vesicles (BBMV) were isolated from 3 in-
star larvae from Cry3Bbl-susceptible WCR (s-WCR; the BrookS colony)
and -resistant WCR (r-WCR; the HopR- also known as the Gass-R-
colony) reared on corn roots as previously described (Moar et al. 2017;
Flagel et al. 2015; Willse, Flagel, and Head 2021). Preparation of BBMV
included selective divalent-cation precipitation and differential centrifu-
gation of BBMV in ice-cold MET buffer (0.3 M mannitol with 5 mM EGTA
and 20 mM Tris/HCI at pH 7.5 (Silva-Filha, Nielsen-Leroux, and Charles
1997)). Finally, BBMV were resuspended in MET buffer and stored at -80
°C until use. Leucine-aminopeptidase assays were conducted on crude
homogenates compared to an equal protein concentration of BBMV to
assess enrichment of enzymatic activity (Bradford 1976). Assays con-
tained L-leucin-p-nitroanilide in 25 mM Tris-HCl buffer (pH 7.5) incu-
bated at 37 °C for 2.5 hr. Optical density was recorded by a plate reader
at 450 nm (Molecular Devices; San Jose, CA) to track p-nitroanilide re-
lease relative to a negative control.

2.1.2. Recombinant receptors

Amino acid sequences for the receptors used in this study are pro-
vided in the supplementary information (Table S1). WCR APN was 100%
identical to a 934 amino acid aminopeptidase N-like protein from D.
virgifera virgifera (GenBank Accession XP_028140411) with the follow-
ing modifications: a flag tag “DYKDDDDK” was positioned near the
N-terminus, following the first 15 amino acids of the protein, and 24
amino acids were truncated from the C-terminus to remove a putative
GPI-anchor site predicted by PredGPI (Pierleoni, Martelli, and Casadio
2008). WCR CAD was 99.8% and 99.6% identical to the 1688 amino
acid proteins cadherin-23-like protein and cadherin-like protein from D.
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virgifera virgifera, respectively (NCBI Accession Nos.: XP_028128868.1;
AAV88529.2) (Sayed et al. 2007) and included the sequence “GHHH-
HHH” at the C-terminus. Recombinant proteins were expressed using
a standard baculovirus and insect cell expression approach with the
Gateway pDEST 8 vector (ThermoFisher Scientific, Waltham, MA) and
flashBAC™ one-step baculovirus protein expression systems (Oxford Ex-
pression Technologies; Oxford, United Kingdom). Proteins were His-tag-
purified from Sf9/Sf21 (small-scale) or High Five™ cells (large-scale)
using standard procedures. Recombinant receptors were detected by
western blot with an anti-His primary antibody (1:3000), secondary an-
tibody conjugated to horseradish peroxidase (1:5000, Molecular Probes;
Eugene, OR) with detection using West Pico enhanced chemilumines-
cence reagent (Thermo Fisher Scientific; Waltham, MA).

2.2. Phage display

Ph.D.™.C7C and Ph.D.™-12 Phage Display Peptide Library Kits
(New England Biolabs; Ipswich, MA) were used for biopanning with
direct target coating according to the manufacturer’s instructions.
Individual phage plaques were isolated to provide a snapshot of
putative binding peptides by Sanger sequencing for screens against
selected targets. Phage pools from rounds 2 and 3 of panning were
used for MiSeq™ to deep-sequence eluted phages containing pu-
tative binding sequences. DNA was isolated from amplified phage
pools using phenol/chloroform extraction followed by chloroform
extraction and ethanol precipitation. Phage peptide inserts were
amplified for sequencing by an initial polymerase chain reaction
(PCR) according to the Platinum™ Taq DNA Polymerase kit (Thermo
Fisher Scientific; Waltham, MA) featuring Illumina adaptor exten-
sion primers (F-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and
R-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG) and included
less than 15 amplification cycles. PCR products were purified using
1X AMPure beads (Beckman Coulter; Brea, CA) according to the
directions provided and resuspended in 20ul 10mM Tris (pHS8.0)
elution buffer. A second PCR was conducted using initial PCR prod-
ucts as the DNA templates with the KAPA HiFi HotStart Library
Amp Kit (Roche Sequencing and Life Science, Wilmington, MA) in
order to attach Illumina sequencing and barcoding adaptors (T5-
AATGATACGGCGACCACCGAGATCTACAC(XXXXXXXX)TCGTCGGCAG
CGTCAGATGTGTATAAGAGACAG and T7-CAAGCAGAAGACGGCATAC
GAGAT(XXXXXXXX)GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
(X’s=8-mer barcodes) in less than 10 cycles. PCR products were purified
as described previously in 25 pl elution buffer. One microliter of each
sample was loaded onto an Agilent 2100 Bioanalyzer System (Agilent;
Santa Clara, CA) as a quality control to assess size of amplification
products and DNA concentration. Samples were then evenly pooled
and adjusted for concentration according to the requirements of the
MiSeq™ System (Illumina; San Diego, CA) for 2x150 base paired-end
sequencing. The resultant sequences were processed to remove adaptor
sequences, eliminate low quality reads and deconvolute multiplexing.

2.3. Validation of peptide binders

2.3.1. ELISA (Enzyme-linked immunosorbent assay)

ELISA was used as a screen to validate binding of individual phage
clones isolated for Sanger sequencing according to the phage display
kit directions (Fig. 1). Plates were directly coated with phage display
target material, and uncoated wells were used as negative controls in
the assay. Assays using plates coated with BBMV were conducted with
s-WCR BBMV due to greater availability of that reagent relative to r-
WCR BBMV.

2.3.2. Production of peptide-mCherry fusion proteins

Binding studies were conducted using selected peptide-mCherry fu-
sion proteins. Expression constructs in pBAD/His B (Invitrogen; Carls-
bad, CA) were prepared as described previously (Liu et al. 2010) using
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the linker “GSGSGS”. Protein induction was carried out at room temper-
ature (RT) overnight by adding 0.02% L-arabinose. His-tagged fusion
proteins were purified using Ni-affinity columns (Capturem Maxiprep
kit, Takara) according to the manufacturer’s directions. Purification was
conducted under native conditions using a batch purification method at
4 °C. Purified protein fractions were separated by SDS-PAGE and stained
with Coomassie Brilliant Blue. Protein concentration was determined
using the Bradford assay relative to a bovine serum albumin (BSA) stan-
dard. Fusion proteins were stored at —80 °C until use.

2.3.3. Pull-down assays

Pull-down binding assays were carried out to investigate the rela-
tive and specific binding of peptide-mCherry fusions to s-WCR BBMV
as described previously (Chougule et al. 2013). Equal concentrations
of s-WCR BBMV protein (5 xg) and 10 nM of peptide-mCherry fusions
were co-incubated with 100 nM or 1000 nM of the same peptide but
labelled with biotin (Genemed Synthesis Inc. San Antonio, TX) in 100
ul of binding buffer (PBS: 0.1% w/v BSA, 0.1% v/v Tween 20, pH 7.6)
for 1 hr. BBMV and any bound proteins were pelleted by centrifugation
at 20,000 g for 10 min at 4 °C, and then washed twice by pipetting to
remove residual, unbound protein. The final pellet was boiled in 10 pl
of SDS-sample buffer for 5 min and centrifuged briefly, and proteins in
the supernatant were separated by SDS-PAGE (10% w/v). Proteins were
transferred to a nitrocellulose membrane for western blot detection of
BBMV-bound peptide-mCherry with anti-mCherry antibodies (Novus Bi-
ologicals, Littleton, CO) at a 1:5000 dilution for 1 hour. Antibody bind-
ing was detected with the West — Pico Chemioluminescent kit (Thermo
Fisher Scientific; Waltham, MA) on exposure to film. Western blot im-
ages were processed using ImageJ to estimate the relative amount of
peptide-mCherry bound to s-WCR BBMV.

2.3.4. UV-crosslinking assays to identify peptide binding partners

Selected peptides were also assessed for binding using a
UV-crosslinking and pull-down assay as described previously
(Chougule et al. 2013; Becker and Naider 2015). A total of 270-400
micrograms of BBMV was incubated with p-benzyol-l-phenylalanine
(Bpa)-containing peptides for each of five peptides at 50 pg/ml in
buffer (MET pH 7.5, 0.1% BSA, 1x-protease inhibitor cocktail and 1
mM PMSF) for 1 h at 4 °C with gentle rotation. Aliquots of 250 ul/well
were transferred into chilled 24-well plastic culture plates pre-blocked
with MET buffer (pH 7.5, 0.1% BSA). Reactions were divided to
maintain a minimal sample depth to permit efficient UV penetration.
Samples were held at RT and irradiated without culture plate lids at
365 nm for 1 h at a distance of ~12 cm in a Spectroline Model CM-10A
(MilliporeSigma; Burlington, MA). Samples were collected and washed
twice by centrifugation at 16,000 g for 15 min with 1xTBS (pH 7,
0.1% BSA). Pellets were solubilized in 50 mM Tris pH 7.5, 150 mM
NaCl, 1% SDS at 70 °C for 20 min shaking at 300 rpm. Samples were
diluted 2-fold in 50 mM Tris pH 7.5, 150 mM NaCl to reach a final
SDS concentration of 0.5%. Ten pl samples were collected for western
blot, and the rest of solubilized samples were incubated with 100 pl
NeutrAvidin or Streptavidin agarose beads and washed 3 times in TBSS
buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.5% SDS) and 3 times
with ultra-pure water. Forty pl of 4xSDS sample loading buffer was
added to the beads and incubated at 95 °C for 10 min. Supernatants
were loaded on 4-12% Bis-Tris gels (Invitrogen; Carlsbad, CA). BBMV
without peptide and BBMV with peptide but without UV exposure were
used as negative controls.

Excised gel bands of interest were sent to the Interdisciplinary Cen-
ter for Biotechnology Research (ICBR, University of Florida) for liquid
chromatography with tandem mass spectrometry (LC-MS/MS). Bands
from the gel were de-stained with 1 ml 50 mM ammonium bicar-
bonate pH 8.0/acetonitrile (1:1, v/v). Samples were reduced with 20
mM dithiothreitol (DTT), alkylated with 40 mM of 2-chloroacetamide,
and trypsin-digested. Tryptic digested peptides were desalted with C18-
Ziptip (MilliporeSigma; Burlington, MA). Gel fractions were run for 90
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min on an Orbitrap-Fusion Mass Spectrometer. Peak lists generated from
raw tandem mass spectra were searched using Proteome Discoverer 2.2
at the ICBR. Searches were performed against a target database cre-
ated using protein sequences from beetles belonging to the families
Chrysomelidae, Cerambycidae and Curculionidae available at the Na-
tional Center for Biotechnology Information (NCBI). Further processing
of mass spectrometry data was performed using an in-house R Tidy-
verse package. In brief, proteins with > 2 unique peptides, peptide spec-
tral matches (PSMs) > 2, SequestHT score > 6, predicted to localize
to the plasma membrane or have a GPI anchor and unique to the UV
crosslinked sample, or > 2-fold the number of peptide spectra in the
non-UV crosslinked lane (Gubbens et al. 2009) were considered to be
candidate peptide binding partners. Bioinformatics programs PredGPI,
Cello2GO and PSORT II, and Phobius were used to predict the pres-
ence of a GPI anchor, protein localization, and signal peptide and trans-
membrane domain, respectively (Pierleoni, Martelli, and Casadio 2008;
Yu et al. 2014; Kall, Krogh, and Sonnhammer 2007).

2.4. Cry3Bbl engineering

2.4.1. Peptide selection

Peptide selection for engineering was based on several criteria in-
cluding relative: 1) performance in ELISA assays, 2) abundance from
MiSeq read counts obtained in round 3 phage pool sequencing, or
3) enrichment determined by comparing MiSeq abundance from read
counts per sequence from round 3 versus round 2 of biopanning, 4)
binding assessments, and 5) multiple computational analyses, as fol-
lows. Select peptides from library screens were queried against MimoDB
(Huang et al. 2012). The SAROTUP suite of tests was used to exclude
peptides resulting from propagational bias and selection-related false
positives (He et al. 2019; Huang et al. 2012). R-studio’s Peptide pack-
age was used to calculate GRAVY (Grand Average of Hydropathy) score
(Kyte and Doolittle 1982) and stability index for peptides that passed the
SAROTUP analysis. To find common motifs among the candidate pep-
tides, Multiple Em for Motif Elicitation (MEME) analysis was conducted
to identify novel, ungapped motifs (recurring, fixed-length patterns) in
sequences using the online MEME software Suite 5.0.2 (http://meme-
suite.org/).

2.4.2. Production of peptide-modified Cry3Bb1 variants

Two rounds of Cry3Bb1 variant design and diet bioassay testing were
conducted. The rationale for the first round of variants based on peptides
selected from Sanger sequencing (Tier 1) was to generate data on the
suitability of sites chosen for insertion of Ph.D.™.-C7C and Ph.D.™.-
12 derived peptides for producing constructs active against Cry3Bbl
s-WCR. A subset of these sites selected based on the performance of
Tier 1 peptide-modified variants, was then used in production of Tier 2
Cry3Bbl variants.

Novel Cry3Bbl designs were created using selected peptide bind-
ing sequences as insertions or C-terminal fusions to the Cry3Bbl scaf-
fold (File S1; Fig. 2). Direct addition of binding peptide to existing se-
quence (without any corresponding deletion) as previously described
(Chougule et al. 2013), was not employed on the basis that this strategy
was more likely to disrupt protein structure than replacement of existing
amino acid sequences. Engineering sites were chosen based on poten-
tial receptor binding regions of the pesticidal protein. Cry3Bb1 struc-
tural information was visualized in PyMOL(TM) 2.3.3 (Schrodinger,
LLC; pymol.org) (Fig. 2). Based on structural considerations, only 12-
mer amino acid peptides (derived from Ph.D.™-12) were inserted into
the DII strand/turn site, while both 12-mer amino acid and 7-mer amino
acid (Ph.D.™.-C7C) peptides were used in the DIII strand/turn. In order
to introduce added flexibility, single or double glycine residues flanking
peptide insertions were included in some cases (File S1).
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Figure 2. Sites in Cry3Bb1 used for peptide insertion. The amino acid regions
used for peptide insertion in domains II (D.II) and III (D.III) are indicated. For
each region, the percentage of variants that retained activity against Cry3Bb1-
susceptible WCR and the number produced and tested are indicated.

2.4.3. Expression and purification of Cry3Bb1 variants

N-terminal His-tagged Cry3Bb1 variants and wild type Cry3Bb1 were
expressed in E. coli Rosetta2 (DE3) cells using standard growth condi-
tions for lac promoter induction in media with 1 mM IPTG and 100
ug/ml kanamycin and 25 pg/ml chloramphenicol and incubated at 18
°C for 48 hours. Cells were pelleted and lysed with a 3:1 mixture of B-
PER and Y-PER (Thermo Fisher Scientific; Waltham, MA), 25 mM Tris-
HCI pH 8, supplemented with 150 mM NacCl, 0.1 mg/ml lysozyme and
EDTA free protease inhibitor cocktail (MilliporeSigma; Burlington, MA).
Cleared lysate was incubated with His-Select Nickel Affinity gel (Milli-
poreSigma; Burlington, MA) at 4 °C for 30 min. The affinity gel was
washed in buffer containing 250 mM NaCl, 30 mM Tris-HCI pH 8.0, 10
mM imidazole and eluted in a buffer of 250 mM NaCl, 30 mM Tris-HCI
pH 8.0, and 200 mM imidazole. Further purification of eluted proteins
was conducted using a HiTrap Q HP column (GE Healthcare) using a
salt gradient from buffer A containing 50 mM sodium carbonate pH 9.0
to buffer B containing 50 mM sodium carbonate pH 9.0 and 1M NaCl,
with a final elution resulting in approximately 200mM NacCl.

2.5. Cry3Bb1 variant properties and bioactivity

2.5.1. Stability of Cry3Bb1 variants

To analyze variant stability against proteolytic digestion, selected
variants were incubated with bovine pancreatic trypsin (10% w/w of
insecticidal protein) overnight at 37 °C. To determine stability in WCR
gut juice, a total of 10 ug of native or modified Cry3Bb1 was incubated
with 3.4 ul gut juice in a final volume of 10 ul for 1hr or over-night at
RT. Samples were solubilized with Laemmli sample buffer and proteins
analyzed by resolving in a 4-20 % SDS PAGE gradient gel stained with
Coomassie Brilliant Blue. An untreated Cry3Bb1 sample was included as
a positive control.

2.5.2. Relative binding of wild type and variant Cry3Bb1

To assess relative binding of modified and wild type Cry3Bbl, pull-
down assays were conducted with BBMV. Modified Cry3Bbl proteins
(100 nM) were incubated with 10 ug s-WCR BBMV in binding solu-
tion (1xPBS 0.1% Tween 20 and 0.1% BSA) in a final volume of 100
ul. This solution was incubated for 1 hour with constant shaking of 70
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rpm at RT, then centrifuged at 20,800 g for 20 min at 4 °C. The pel-
let was resuspended in 100 ul of binding buffer, and centrifugation was
repeated 3 times. The resulting pellet was resuspended in 10 p1 of bind-
ing buffer, boiled in Laemmli sample buffer, and proteins analyzed by
western blot. Proteins were resolved in a 4-20% SDS PAGE gradient gel
and transferred to a PVDF membrane (MilliporeSigma; Burlington, MA).
The membrane was blocked with 1X TBS 0.2% Tween 20 and 5% BSA.
Cry3Bbl was detected using an anti-His monoclonal antibody (Thermo
Fisher Scientific; Waltham, MA) at a dilution of 1:2500, a secondary goat
anti-mouse HRP coupled antibody (Thermo Fisher Scientific; Waltham,
MA) at a dilution 1:5000, and supersignal west femto chemiluminescent
substrate (Thermo Fisher Scientific; Waltham, MA). The density of the
signal obtained was analyzed using imaging software on the FluorChem
M FMO0591 instrument (ProteinSimple; San Jose, CA)

2.5.3. WCR bioassays

Cry3Bb1-susceptible and -resistant WCR strains (Flagel et al. 2015;
Willse, Flagel, and Head 2021; Moar et al. 2017). were used to evalu-
ate pesticidal protein efficacy in larval artificial diet bioassays using a
modified protein overlay method (Yin et al. 2020). Bioassays were con-
ducted for 6 days at 27 °C and 70% relative humidity and included 3
replicates with 24 insects per treatment. The positive control in the as-
say was wild-type Cry3Bbl with > 85% mortality expected at a dose
of 1mg/ml (1000ppm). To streamline the screen, the protein concentra-
tion of variants tested was not normalized yet included a dose of at least
1mg/ml (1000ppm) per variant sample in diet overlays to enable rela-
tive activity comparisons vs. the controls. Negative controls included
buffer-only diet overlays and resultant material from an empty cloning
vector tested in parallel with the new variants during protein expres-
sion. Statistically significant activity was determined as pesticidal pro-
teins causing greater mortality to WCR larvae relative to the negative
controls according to a one-sided Wilcoxon Rank Sum test (p < 0.05).
As our goal was to overcome resistance in WCR rather than improve
activity against susceptible WCR, experiments and analyses to directly
assess performance of variants relative to wild type Cry3Bb1 (i.e. LCsq
bioassays) were not conducted in either colony.

3. Results
3.1. Targets for phage display

Four different targets for phage display were produced in this study,
including BBMV from Cry3Bbl-susceptible and Cry3Bbl-resistant in-
sects, WCR APN and CAD. BBMV preparations (Fig. S1) were assessed
by monitoring leucine-aminopeptidase activity. This activity increased
3.2 to 4.3-fold in BBMV derived from s-WCR, and 4.9-fold in BBMV
from r-WCR relative to midgut homogenates, indicating suitable enrich-
ment of this reagent to proceed with biopanning against phage display
libraries. Expression of recombinant targets WCR APN and CAD enabled
purification of proteins used for biopanning (Fig. S2).

3.2. Phage display and peptide identification

Three rounds of biopanning were completed for each of the four
phage display targets against two commercially available libraries,
Ph.D.™.C7C and Ph.D.™-12. A combination of Sanger sequencing
and deep sequencing was used to characterize phage pools selected
from rounds 2 and 3 of each biopanning experiment. Candidate phage
display-derived binder sequences identified by Sanger sequencing and
selected for Tier-1 engineering on the basis of combined selection cri-
teria (ELISA, stability, enrichment, target) are provided in Tables S2
and S3. All peptide sequences identified by MiSeq are provided in
File S2. Computational analyses were conducted on Sanger-sequenced
phage peptides to generate data regarding their potential suitability for
Cry3Bb1 engineering. Twelve of 15 peptides selected from Ph.D.™-C7C
and 15/26 peptides from Ph.D.™.-12 against BBMV were predicted to be
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hydrophilic in nature according to their GRAVY score (Table 1). Peptides
from the second and third rounds of WCR APN biopanning included
11/15 and 13/28 peptides predicted to be stable from the Ph.D.™-C7C
and Ph.D.™.12 libraries, respectively (Table 1).

3.3. Validation assays

3.3.1. Evaluation of peptide binding

ELISA was used as a screen to assess binding of a subset of pep-
tides on isolated phage clones to selected targets. Binding to s-WCR
BBMYV was confirmed for 15/15 peptides selected from the Ph.D.™-C7C
screen and 24/29 of those from the Ph.D.™-12 library screen (Fig. S3).
Binding to r-WCR BBMV was confirmed for all selected phage clones
assayed including 19 Ph.D.™-C7C-derived and 29 Ph.D.™-12-derived
peptides. Binding to s-WCR BBMV was confirmed for all 30 Ph.D.™.-
C7C-derived peptides and 33 Ph.D.™.-12-derived peptides that were se-
lected for binding to WCR CAD (Fig. S4). A total of 7/15 peptides from
the Ph.D.™.C7C screen against APN bound to recombinant WCR APN
in the ELISA (Fig. S4). Of the Ph.D.™-12-derived peptides, 23/29 bound
recombinant APN and 28/29 bound s-WCR BBMV (Fig. S4, Table S4).

3.3.2. Identification of peptide binding partners

Selected peptides were synthesized with biotin and Bpa modifica-
tions at the N- and C-termini, respectively for use in UV-crosslinking
experiments to identify candidate binding targets from Cry3Bb1 s-WCR
BBMV. Western blot analysis was used to confirm if selected peptides
21 (NFWSAAYPLGTL), 56 (CQPFTTYRC), 87 (HDGYWWHSMTMW) and
223 (CPLAYPHTC) (Table 2) along with peptide 19 (CLREESGQC;
Ph.D.™.C7C, APN target) UV-crosslinked to BBMV proteins Table 2.
provides the criteria used for selection of peptides 21, 56, 87 and
223. Peptide 19 was used for comparison of binding with peptide 21
(Ph.D.™.12, APN target). Unique protein bands were evident in UV
crosslinked lanes (Fig. S5). Both UV and non-UV lanes were cut into four
equal sized sections (Fig. S5) and used for LC-MS/MS analyses. Between
4 and 8 unique cell surface proteins were identified as binding partners
for each of the peptides when tested with s-WCR BBMV (Table 3).

Several of the gut surface binding proteins, including aquaporin,
ABC transporters (including multidrug resistance-associated protein 1),
aminopeptidase N-like, transferrin-like isoform 1, bound to multiple
peptides. The binding partners of peptide 87, which was selected for
binding to r-WCR BBMV, were determined in both s-WCR and r-WCR
BBMYV with a total of 8 and 13 binding proteins identified, respectively
(Table 3). While the multidrug resistance associated proteins, transferrin
and cadherin appeared in both of these screens, five peptide 87 binding
proteins identified in the UV lane for r-WCR BBMV were absent from
both the UV or non-UV control lane for s-WCR BBMV (Table 3). Simi-
larly, several s-WCR BBMV proteins with the highest SequestHT scores
(including plasma membrane calcium-transporting ATPase 2 isoform X3
and aminopepidase N-like) were not enriched in UV-crosslinked samples
with r-WCR BBMV.

3.3.3. Peptide-mCherry pulldown assays

A small-scale screen was conducted to understand the relative
strength of binding and binding specificity of selected peptide-mCherry
fusions to s-WCR BBMV. Pull-down competition assays were performed
with peptides 21, 56, 87 and 223. The Ph.D.™-C7C-derived peptide-
mCherry fusion proteins (peptides 56 and 223) bound specifically to
s-WCR BBMYV, and binding decreased in competition with an increas-
ing amount of the same peptide labelled with biotin (Fig. S6). In con-
trast, the Ph.D.™.12-derived peptide-mCherry fusion proteins (peptides
21 and 87) showed relatively lower levels of binding than Ph.D.™.-
C7C peptides and did not show specific binding. ImageJ quantification
of band intensity to estimate the relative amount of peptide-mCherry
associated with s-WCR BBMV confirmed reduced binding of peptide-
mCherry in the presence of peptide-biotin, with clear displacement of
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Table 1

Candidate gut binding peptides screened against BBMV in ELISA. Peptides selected for binding to s- or -WCR-derived BBMV are arranged in order of decreasing
binding to s-WCR BBMV in ELISA. Gravy scores and instability indices are shown. Hydrophobic peptides and peptides predicted to be stable are indicated in italics.
Proteins with a positive GRAVY score are hydrophobic, and proteins with an instability index of <40 are predicted to be stable. Tier 1 peptides selected for Cry3Bb1

modification are shown in bold. Phage names are indicated as identifiers for storage and recovery purposes.

OD ratio Phage Peptide Gravy Instability OD ratio Phage Peptide Sequence Gravy Instability
ELISA Name Sequence Score Index _ELISA Name Score Index
7.34 117_28 QLSKLLR -0.19 23.96 14.99 rr12_59 PHDDVLWLHPS -0.59 56.73
7.06 1r7_14 EHRRRIR -2.89 161.46 14.88 1112 62 VLHGHSADPAPK -0.55 25.55
6.50 ss7_R316 QSHPGPF -1.19 94.74 14.47 1r12_54 HSLRHDWKYNSV -1.47 41.27
6.34 ss7_R234 HLEPTKQ -1.80 69.91 14.32 rr12 80 SPHTERAHSVAT -0.93 48.48
6.33 1r7_4 GPLFGWN -0.03 43.83 14.27 rrl2 87 -1.00 10.78
HDGYWWHSMTMW
6.07 117_41 SLGHSVV 1.00 8.57 14.26 1112 91 HSLRHDWKYNSV -1.47 41.27
6.06 ss7_R373 PGILSWG 0.60 9.14 14.24 1r12.79 DSMFLAHLLTPG 0.64 18.14
5.94 117_3 TRTYHNF -1.59 38.56 9.99 ss12. 5 TLSLPGFTFVPT 0.91 51.55
5.83 117_10 GPVMPHA 0.16 98.86 8.21 ss12.12 IDYTMPLSFSGF 0.56 38.71
5.55 117_25 EPSSYKH -2.16 91.11 8.03 rr12_ 84 HVNYHTLTLTFV 0.46 23.45
5.47 117_46 WHDKSHQ -2.71 30.27 7.95 ss12_34 LSDSKERIRFQ -1.26 26.60
5.40 ss7_R232 FNNASSK -1.13 36.09 7.72 1112 52 LMNSAPWPLGVA 0.71 22.82
4.90 ss7_R223 PLAYPHT -0.40 15.43 6.84 ss12 4 GPVYIEFTTWMP 0.23 99.38
4.73 ss7_R214 TNTLRNQ -1.80 9.34 6.83 ss12. 6 FILRIMCVGVFV 2.54 27.91
4.66 117_24 DRFRLPQ -1.57 52.83 6.60 112 81 NIRWELTMAHLH -0.31 96.73
5.90 ss12_24 TQSYPNPTSPTL -1.08 84.00
5.20 ss12.17 SPHTERAHS -1.83 61.30
5.07 ss12.22 STPPYTHLHAGF -0.43 18.14
4.41 ss12.15 RSILVIIIILRR 1.67 141.67
4.40 111285 NIRWELTMAHLH -0.31 96.73
3.33 ss12_39 LAHSNHVLPLSQ 0.07 34.19
3.31 1112 86 HSLRHDWKYNSV -1.47 41.27
3.12 ss12_46 TWWWTTTQVLTA 0.01 -28.45
2.84 ss12_42 TNHWDDALLTES -0.91 26.34
2.67 1112 82 HSLRHDWKYNSV -1.47 41.27
2.28 ss12_43 IVDSVGCVAA 1.85 -11.29
Table 2

Criteria for selection of four Tier 1 peptides for Cry3Bb1 modification. Phage names indicated as identifiers for storage and recovery purposes. R:

round of panning analyzed by MiSeq.

Phage Name: APN_21 rr12_87 APN_56 ss7_R223
Peptide: 21 87 56 223
Sequence NFWSAAYPLGTL HDGYWWHSMTMW CQPFTTYRC CPLAYPHTC
Library: Ph.D.™.12 Ph.D.™-12 Ph.D.™.-C7C Ph.D.™-C7C
ELISA score: Plate coating >2: APN, BBMV >14: BBMV >3: BBMV; 1.9: APN >5 BBMV
Instability index Stable Stable Stable Stable

MiSeq abundance note 3 most abundant: APN R3

Abundant: r-WCR BBMV R3

Abundant: APN R3 Abundant: CAD R2 and s-/r-

WCR BBMV R2-R3

MiSeq Enrichment Rounds 125X: APN 1.4X, 13 X: s-/r-WCR BBMV, 2.5X: APN 4X: r-WCR BBMV
2-3 respectively
Trypsin sensitive No No Potentially No

peptide-mCherry bound to BBMV by 1000 mM of peptide biotin (Fig.
S6).

3.4. Cry3Bb1 engineering

3.4.1. Tier 1 Cry3Bb1 variants

Four peptides were chosen as top candidates for the first round (Tier
1) of protein engineering of Cry3Bb1 based on their combined data from
ELISA, stability and enrichment in Miseq analyses of phage pools and
target selection (Table 2). These included two peptides each from the
Ph.D.™.C7C and Ph.D.™.-12 libraries that were inserted into six dif-
ferent regions on the Cry3Bbl scaffold (Fig. 2) using a tiling approach
(File S1). A total of 144 Cry3Bbl variants were designed featuring Tier
1 peptide insertions, and 140 variants (97%) were successfully cloned
and produced (Fig. S7; File S1).

3.4.2. Tier 2 Cry3Bb1 variants

Activity scores relative to position effects of Tier 1 peptide inser-
tions and bioassay results (see 3.5.2) were used to guide Tier 2 peptide
insertions in the Cry3Bb1 scaffold. A second round of 183 variants were

designed based on the outcome of the first round, where sites were prior-
itized to insert a wider variety of peptide binder sequences for screening.
The C-terminus (Ph.D.™-C7C and Ph.D.™-12 peptides) and insertion
into positions 394-402 (Ph.D.™-C7C -specific), 494-502 (Ph.D.™-C7C
-specific), and 559-570 (Ph.D.™-12 -specific) were selected for further
engineering (note that these position locations include a 10 amino acid
flexible linker-His tag addition at the N-terminus relative to the wild
type Cry3Bbl sequence). A total of 73 peptides (37 Ph.D.™.C7C; 36
Ph.D.™.12) were selected from biopanning experiments based on com-
bined criteria from ELISA and/or MiSeq analyses (File S1) and used to
construct 183 Cry3Bb1 variant designs in Tier 2. Of these, 144 were suc-
cessfully cloned (79%), produced, and tested in the Cry3Bb1 susceptible
WCR diet bioassay; 39 variants (21%) failed during the cloning process
and were not remediated.

3.5. Characterization of Cry3Bb1 variants

3.5.1. Stability of Cry3Bb1 variants
Trypsin and gut juice digests were conducted for 5 tier 1 variants
(#15, 16, 93, 110, and 138) to provide a snapshot of Cry3Bb1 stability
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Table 3

Gut membrane binding partners of selected peptides. Proteins that were unique to the UV-exposed lane, or > 2 fold peptide spectrum match (PSM) in UV
compared to non-UV samples (indicated by *) are shown. The presence of each protein in fractions F1 to F4 as indicated in Fig. S5 is also shown. Assays were
conducted with BBMV from susceptible WCR (s-WCR) unless otherwise indicated. For binding partners of peptide 87, the five proteins in italics were present in
BBMV derived from resistant WCR (r-WCR) but not in those from s-WCR.

Protein [Diabrotica virgifera virgiferal Unique Peptides PSMs MW (Kda) SequestHT Present in Coverage
Peptides score Fractions %

Peptide 223 (Ph.D.™-C7C, s- WCR BBMV target)

Plasma membrane calcium-transporting 13 13 15 134.6 39.52 F1 14
ATPase 2 isoform
Multidrug resistance-associated protein 1 4 4 4 106 11.6 F1 6
isoform X1
CD63 antigen-like isoform X2 2 2 2 25.5 8.42 F4 13
Aquaporin AQPAe.a-like 2 2 3 28.6 8.33 F4 9
Transferrin-like isoform X1 2 2 2 79.9 6.22 F3 4
Peptide 56 (Ph.D."™-C7C, APN target)
Probable multidrug resistance-associated 4 5 7 149.1 13.97 F1 5
protein lethal (2)03659
ATP-binding cassette sub-family D member 3 3 3 3 73.8 6.15 F1, F2 4
ABC transporter G family member 23 2 2 3 85.4 6.75 F2 4
Neprilysin-2 isoform X1 2 2 2 88.8 6.05 F1 3
Aquaporin AQPAe.a-like 2 2 3 28.6 8.22 F4 9
Aminopeptidase N-like 10 10 11 105.6 31.47 F1 12
Aminopeptidase N-like* 4 4 5 105.6 15.5 F1 5
Peptide 87 (Ph.D.™.-12, r-WCR BBMV target); s-WCR BBMV
plasma membrane calcium-transporting 11 16 17 134.6 46.17 F1 18
ATPase 2 isoform X3
aminopeptidase N-like 12 12 14 105.6 40.05 F1 14
transferrin-like isoform X1 5 5 5 79.9 12.26 F1, F2, F3 8
CD63 antigen-like isoform X2 4 4 4 25.5 11.95 F4 21
neprilysin-2 isoform X1 4 4 4 88.8 11.51 F1 7
multidrug resistance-associated protein 1 3 4 4 106 10.68 F1 5
isoform X1
probable multidrug resistance-associated 2 2 2 155.5 5.99 F1 2
protein lethal(2)03659
cadherin-23-like 3 3 3 191.2 5.69 F1 2
Peptide 87 (Ph.D.™-12, r-WCR BBMYV target); r-WCR BBMV
cadherin-23-like 6 6 6 191.2 20.29 F1 5
probable multidrug resistance-associated 3 5 6 153 15.87 F1 4
protein lethal(2)03659 isoform X1
multidrug resistance-associated protein 1-like 4 4 5 45.7 14.84 F1 9
monocarboxylate transporter 3 isoform X1 4 4 4 86.9 11.88 F1, F2 7
ATP-binding cassette sub-family D member 3 6 6 6 73.8 10.92 F2 9
plexin domain-containing protein 2 2 2 2 62.1 8.89 F2 9
ATP-binding cassette sub-family G member 3 3 3 76.5 8.63 F1, F2, F3 5
4-like
protein THEM6-like isoform X1 2 2 3 25.3 7.98 F1, F2, F4 12
copper-transporting ATPase 1 isoform X1 4 4 4 139.1 7.93 F1 4
NPC intracellular cholesterol transporter 1 3 3 3 92.6 7.58 F1 4
homolog 1b-like
glutamate receptor ionotropic, kainate 4-like 2 2 2 57.6 6.78 F1, F2 6
nose resistant to fluoxetine protein 6-like 2 2 2 76.5 6.19 F1 4
transferrin-like isoform X1 11 11 12 79.9 32.91 F2,F3 17
transferrin-like isoform X1* 5 5 5 79.9 15.17 F2, F3 11
Peptide 21 (Ph.D.™-12, APN target)
aminopeptidase N-like 3 3 5 105.6 8.99 F1 3
alpha-amylase 2 7 9 53.2 25.07 F2 19
receptor-like protein 9a 3 3 3 113.4 7.49 F2 4
aquaporin AQPAe.a-like 2 2 4 28.6 10.21 F4 9
Peptide 19 (Ph.D.”™-C7C, APN target)
probable multidrug resistance-associated 4 5 7 149.1 13.97 F1 5
protein lethal(2)03659
ATP-binding cassette sub-family D member 3 3 3 3 73.8 6.15 F1, F2 4
ABC transporter G family member 23 2 2 3 85.4 6.75 F2 4
neprilysin-2 isoform X1 2 2 2 88.8 6.05 F1 3
aquaporin AQPAe.a-like 2 2 3 28.6 8.22 F4 9
aminopeptidase N-like 10 10 11 105.6 31.47 F1 12
aminopeptidase N-like* 4 4 5 105.6 15.5 F1 5
under conditions simulating the gut environment in WCR larvae (Fig. TYRC). Pull down assays were conducted for Cry3Bb1 variants against

$8). The stability of 3 (16, 110, 138) out of five variants was compa- s-WCR BBMV. Relative to the wild type CryBbl protein, variants 15
rable to that of wild type Cry3Bbl in overnight assays, whereas 2 vari- and 16 (File S1) showed enhanced binding to BBMV in both replicates
ants (15, 93) were completely digested during the treatment (both di- while variant 138 had increased binding in the second replicate only
gested variants contained the potentially trypsin prone peptide CQPFT- (Fig. 3).
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Figure 3. Relative binding of native and variant Cry3Bb1 to s-WCR BBMV. Rel-
ative intensities of Cry3Bb1 bands in this representative western blot-pull down
assay was quantified with FlourChem M FM0591 imaging software. Binding to
BBMV was increased for a subset of variants relative to native Cry3Bb1. Variant
138 also showed increased binding in a single replicate (not shown).

3.5.2. Tier 1 variant bioassays

The 140 Tier 1 variants were tested in an artificial diet bioassay
screen to assess the impact of peptide modification on Cry3Bbl activity
in WCR larvae (File S1). The screen was designed to initially assess in-
secticidal activity in the Cry3Bbl susceptible colony and then follow
up with top hits then assayed against the resistant colony. Of these
Tier 1 variants, 22 (16% of those tested) caused significant mortality
comprised of 12 and 10 insertions of Ph.D.™-C7C and Ph.D.™-12 pep-
tides, respectively. All C-terminal insertions were at least moderately
active (50-75% mortality), and 6 of these variants were highly active (>
75% mortality). Seven variants with low (statistically significant, but
with less than 50% mortality) and moderate (50-75% mortality) activ-
ity scores were observed in insertions to the DII “bonus-loop”, DII loop 3
and DIII strand/turn. No active variants were observed for insertions in
DII loops 1 or 2. In DII loop 3, active variants were produced with either
Ph.D.™.C7C or Ph.D.™.12 peptide insertions. Activity in the s-WCR
colony correlated with results from the selected variants screened in the
above digestion assays; variants 16, 110 and 138 that were relatively
stable were also active, while the unstable variants 15 and 93 did not
cause statistically significant mortality in the bioassay. Variant 15 nearly
missed the cutoff for significance in the bioassay, and 3 other tier 1 vari-
ants containing this peptide were active (2 with DII loop 3 insertions
and one variant with a C-terminal addition), which indicated that sta-
bility and activity may be position specific regarding peptide placement
in the scaffold. Sixteen of the most active Tier 1 variants were tested
in the Cry3Bbl-resistant WCR colony diet bioassay, but none caused
statistically significant mortality in the screen, and thus were deemed
ineffective in overcoming resistance.

3.5.3. Tier 2 variant bioassays

The 144 Tier 2 variants that were successfully produced were tested
in the Cry3Bbl susceptible WCR diet bioassay. A total of 90 variants
(63% of those tested) caused statistically significant mortality in the
Cry3Bbl1 susceptible WCR diet bioassay screen. Consistent with results
from Tier-1 variant testing, the pool of C-terminal peptide insertions
from both libraries contained several variants with high activity in the
susceptible WCR colony (File S1). The DII bonus loop insertions of
Ph.D.™.C7C peptides had the highest proportion of active variants de-
signed and tested, and also included multiple highly active variants (>
75% mortality), whereas the DIII Strand/Turn insertions of Ph.D.™-12
peptides had the lowest proportion of active variants. No statistically
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significant mortality was observed for the 90 active Tier-2 variants in
the Cry3Bb1-resistant WCR colony screen.

4. Discussion

Development of resistance in WCR against commercially-deployed
Bt pesticidal proteins expressed in transgenic corn is an ongoing chal-
lenge for the agricultural industry (Gassmann 2021), and new ap-
proaches are needed for continued use of transgenic plant biotech-
nology for crop protection (Yin et al. 2020; Bowen et al. 2020). We
employed peptide-mediated engineering of Bt-derived pesticidal pro-
teins, which has proven effective in generating novel insecticidal pro-
teins (Chougule et al. 2013; Mishra et al. 2021; Shao et al. 2016;
Vilchez 2020) to test a receptor-retargeting approach to restore insectici-
dal activity against Cry3Bb1-resistant WCR. This approach was designed
to extend the longevity and efficacy of Cry3Bb1, which has a history of
safe use and broad deployment for managing WCR damage in corn.

4.1. Identification of sites suitable for peptide modification of Cry3Bb1

This screen included 77 peptides used to engineer and success-
fully produce 284 new Cry3Bbl variants. While none of these vari-
ants displayed activity against the Cry3Bb1-resistant WCR colony, sev-
eral groups of variants retained insecticidal activity against Cry3Bbl-
susceptible WCR. This demonstrated that Cry3Bbl can be engineered
using 7-12-mer amino acid peptide insertions from phage libraries that
result in new protein variants with high insecticidal activity and poten-
tial for delivering new receptor-binding interactions depending on the
peptide content and insertion site.

Sites in the Cry3Bb1 scaffold selected for engineering peptide inser-
tions or replacements were guided by knowledge of receptor binding
interfaces of three domain Cry proteins and thus deemed as having po-
tential for receptor retargeting. For example, DII loops mediate recep-
tor interactions required for insecticidal activity and the DIII strand in
CrylA mediates APN binding (Pacheco et al. 2009; Zhang, Hua, and
Adang 2017). Results from the Tier-1 peptide modified experiments
(four peptides; six insertion regions) provided a framework for a more
sequence-diverse but site-targeted engineering effort in Tier-2 (73 pep-
tides, four insertion regions), based on suitability of positions for en-
gineering relative to insecticidal activity observed. Indeed, more active
variants were generated in Tier-2 relative to Tier-1 engineering, demon-
strating progress in our understanding of Cry3Bb1 scaffold amenability
for peptide insertions. The top performing variants that had significant
activity against the Cry3Bbl-susceptible colony had peptides attached
to the C-terminus or inserted into one of three different loops (D394-
L403, C491-1501, S557-N568). Of these, the C terminus and DII bonus
loop were the best positions for peptide addition regarding production
of biologically active variants. It is possible that peptide insertions in
active variants did not impact binding to the native receptor nor influ-
ence properties critical for a response, while being unable to initiate
new receptor interactions needed for effective retargeting. In contrast,
insertions into DII loops 1 and 2 resulted in significant losses of insecti-
cidal activity. The latter may reflect changes in critical binding regions
needed to interact with the native Cry3Bb1 receptor or influencing fea-
tures needed for downstream events leading to insecticidal activity.

Learning cycles from such gain/loss of activity studies based on posi-
tion effect of peptide replacements may prove key for future engineering
strategies. For example, peptides identified from library screens against
specific targets described herein, or additional targets, could be engi-
neered into the known amenable engineering positions and theoretically
improve both retargeting against resistant WCR populations while main-
taining Cry3Bb1 activity against susceptible WCR populations through
the native receptor(s). Increased binding to BBMV demonstrated for
variants #15 and 16 represented a promising finding, although as noted
previously (Chougule et al. 2013), enhanced binding does not guarantee
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increased insecticidal properties, as was shown here where the stability
of these variants was compromised.

In addition to position effect, binder sequence composition is another
key component required for successful retargeting. Diverse peptide se-
quences were engineered into the Cry3Bb1 scaffold from both libraries
tested; however, none were able to bring new activity against Cry3Bb1-
resistant WCR. However, evidence from the ELISA and BBMV-binding
assays supported the phage display selection process for revealing bind-
ing entities from each library to different targets. From a structural
standpoint, the Ph.D.™.-C7C and Ph.D.™.-12 libraries differ not only
in peptide length but also with the former being more rigid due to the
Cys-Cys linkage relative to the more flexible 12-mer peptides. Insertion
positions for the peptides included flexible loop segments of Cry3Bbl
to improve the probability that binding surfaces could be maintained
relative to the context observed in phage particles. Structural compar-
isons of peptide-receptor interactions in the context of the phage and
the protein scaffold and how this impacts binding and affinity would
require empirical work beyond the scope of the current screen. One po-
tential solution to minimize issues associated with changing flanking
regions of selected peptide binders (e.g. from phage to pesticidal pro-
tein) is to create diverse libraries in regions of interest (e.g. domain II
loops) within the entire protein scaffold displayed on the phage surface
(Kasman et al. 1998).

4.2. Stability of Cry3Bb1 variants

At the outset of this work, the possibility that amino acid replace-
ments of such length could lead to entirely unstable, inactive proteins
was not excluded. However, this was not the case, as all variants ap-
peared to maintain proper expression profiles but with varying levels of
relative stability, and with activity ranging from 0-100% mortality in
Cry3Bb-suscpetible WCR diet bioassays. Any constructs for which pep-
tide insertion into the Cry3Bb1 scaffold resulted in alterations in struc-
ture, stability in the WCR gut, or binding capability were eliminated
from further analysis as activity against Cry3Bb1-susceptible WCR was
lost. Indeed, three of five variants had comparable stability to Cry3Bb1
in overnight protease digestions, while two were completely digested,
suggesting that variant stability is an attribute that should be monitored
closely to refine future engineering and screening processes.

4.3. Peptide binding partners on the surface of the WCR gut epithelium

Candidate gut binding partners for the four Tier-1 peptides resulting
from BBMV, or APN screens, along with peptide 19 selected for binding
to APN were identified. For peptides selected for binding to recombinant
APN, binding to WCR aminopeptidase N-like was confirmed. However,
while the greatest coverage and SequestHT score for the Ph.D.™-C7C-
derived peptide 19 was aminopeptidase N-like, the highest scores for the
Ph.D.™.12-derived peptide 21 was alpha-amylase, even though both
peptides were selected for binding to recombinant WCR APN. This re-
sult may reflect increased binding specificity of the shorter, constrained,
Ph.D.™.C7C-derived peptides. Interestingly, the peptide-mCherry com-
petition assays showed that peptides 223 and 56 (both derived from
Ph.D.™.C7C) bind specifically (Fig. S6), while peptides 21 and 87 (de-
rived from Ph.D.™-12) did not. Given the relative lengths of these pep-
tides (7 versus 12 amino acids), the lack of structure of the longer pep-
tide may provide for additional binding partners relative to the cysteine-
constrained loop of Ph.D.™-C7C-derived peptides. However, further
analysis of binding strength and consideration of relative protein abun-
dance on the surface of midgut microvilli would be needed to elucidate
the primary gut binding partner in each case.

The identification of multiple binding partners for each peptide high-
lights the potential for even a short 7 amino acid peptide loop to bind to
multiple proteins, with a few amino acids sufficient for protein-protein
interaction. In addition, weak non-specific interactions with BBMV pro-
teins may be detected by UV-crosslinking. The peptide binding partners
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included proteins expected to be abundant on the surface of the gut
epithelium and previously implicated in Bt pesticidal protein mode of
action, such as aminopeptidase N-like and cadherin (Zhang, Hua, and
Adang 2017; Guo et al. 2020). Several of the binding proteins such as
aquaporin, a channel protein that allows water to move rapidly across
cell membranes, are not known as receptors for bacterial pesticidal pro-
teins, but are implicated in some instances in pesticidal protein mode of
action (Endo et al. 2017).

For peptide 87, which was selected for binding to r-WCR BBMV, five
of the binding partners in r-WCR BBMV were unique, and not detected
in s-WCR BBMV (Table 3). In addition, proteins bound frequently by
peptide 87 in s-WCR BBMV were not enriched on UV crosslinking with
r-WCR BBMV. It is unclear whether these results have any significance
in relation to the mechanism of Cry3Bb1 resistance.

4.4. Lack of insecticidal activity against Cry3Bb1 resistant WCR

Pesticidal protein retargeting to alternative, abundant gut sur-
face receptor proteins has been demonstrated in other insects
(Chougule et al. 2013), but was not successful in overcoming Cry3Bb1l
resistance in WCR with the engineered variants tested herein. Consider-
ations for this result include 1) the nature and orientation of binder
peptide-receptor interactions in vivo, 2) potential for non-productive
binding (in the case where binding partners are not functional Bt recep-
tors, insufficiently abundant to drive a response in midgut cells, or bind-
ing is not strong enough to trigger required conformational changes),
3) irreversible binding to a non- receptor, or 4) events subsequent to
binding required for pore formation. While aminopeptidase activity in-
dicative of appropriate folding was demonstrated for the recombinant
APN produced in Sf21 cells (derived from a lepidopteran insect), there
may be differences in post-translational modifications or inaccessible
surfaces when compared to WCR APN. Future studies may benefit from
screening against a wider range of recombinant gut surface proteins se-
lected based on comprehensive proteomic examination of WCR midgut
cells, and potentially including ABC transporter proteins (see 4.5). How-
ever, given the prior demonstration of the utility of gut binding peptides
selected to target alternative gut surface proteins using comparable ap-
proaches (Mishra et al. 2021) and the testing of 93 peptide-modified
Cry3Bbl variants, it is possible that alteration of Cry3Bbl binding is
not the basis for resistance in WCR (see 4.5).

4.5. Role of ABC transporters in Cry3 resistance

The binding partners of peptide 87 include several ABC transporter
proteins. Some of the ABC transporters function as putative receptors
for Bt pesticidal proteins in insects (Heckel 2012; Tay et al. 2015;
Wu et al. 2019; Atsumi et al. 2012), and alterations in ABCB1 is involved
in Cry3A resistance in Coleoptera (Niu et al. 2020; Pauchet et al. 2016).
Mechanisms of ABCB1-mediated resistance include down-regulation of
the transcript (Guo et al. 2015), mutation of the coding sequence,
frameshifting and production of alternative transcripts (Niu et al. 2020;
Pauchet et al. 2016; Heckel 2021). Based on mapping of Cry3Bb1 resis-
tance genes (Flagel et al. 2015; Willse, Flagel, and Head 2021), it seems
likely that ABCB2 may function similarly in WCR Cry3Bb1 resistance.

If WCR ABCB2 or a related protein functions solely as a receptor
for Cry3Bb1 and if expression was altered in r-WCR such that Cry3Bb1
binding was reduced or blocked, we would expect to restore activity
by use of peptide 87 or other peptides that bind other gut surface pro-
teins such as APN or cadherin. This expectation is based on the suc-
cessful application of gut binding peptides to enhance the activity of
pesticidal proteins (including Cryl1Ab) via binding to novel gut surface
proteins (Chougule et al. 2013; Shao et al. 2016). If, however, WCR
ABCB2 is required as an essential, dynamic component in Cry3Bbl-
mediated pore formation downstream of binding as previously postu-
lated (Heckel 2021), loss of that functionality would not be restored
by binding to alternative gut surface proteins. ABC transporters could
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therefore function 1) as three-domain Cry protein receptors, 2) in pore
formation, or 3) both as receptor and in pore formation.

The lack of activity of any of the 93 Cry3Bb1 variants tested against r-
WCR suggests that either ABCB2 or another component involved down-
stream of binding is required for Cry3Bb1 activity against r-WCR, and
if ABCB2 functions as a receptor that selected peptides did not bind to
ABCB2. It follows therefore that 1) selection of peptides against recom-
binant ABCB2 might overcome this barrier if the protein is expressed
even at a low level and if ABCB2 functions as a receptor, 2) downreg-
ulation of ABCB2 in Cry3Bb1 resistant WCR is worthy of investigation
given that the coding sequence is the same as that in susceptible WCR,
and 3) that ABCB2 is likely to be required for Cry3Bb1 insertion as pre-
viously proposed (Heckel 2021; Heckel 2012). The evolution of CrylA
proteins to target ABCC transporters, Cry2A proteins to target ABCA
transporters, and Cry3 to target ABCB transporters indicates a central
function for different ABC transporter proteins for these three-domain
proteins (Heckel 2020).

It is notable that no ABC transporters in the B family were detected
as peptide binding partners in BBMV derived from Cry3Bb1-resistant
or —susceptible WCR (Table 3). Members of the C family were detected
(multidrug resistance-associated protein 1-like and 4-like, probable mul-
tidrug resistance-associated protein lethal(2)03659) along with ABC
transporters in the D family (ATP binding cassette subfamily D mem-
ber 3) and G family (ABC transporter G family member 23, ATP binding
cassette subfamily G member 4-like). The identification of these six dis-
tinct ABC transporters as peptide binding partners likely reflects their
abundance on the surface of the WCR gut epithelium.

5. Conclusion

As microbe-derived pesticidal proteins deployed in planta for sup-
pression of pest insect populations are compromised due to emergent
resistance in field populations (Gassmann 2021), identification of novel
modes of action and commercially-viable pesticidal proteins is becoming
increasingly challenging. Sourcing efforts have expanded outside of Bt
to include pesticidal proteins derived from multiple microbial species
and plants (BPPRC.org; (Crickmore et al. 2020). Protein engineering
provides an expanded approach to only sourcing and mining of nat-
urally occurring pesticidal proteins, and has the potential to improve
a protein scaffold’s inherent stability, binding characteristics and po-
tency, modify the activity spectrum, or create pesticidal properties de
novo (Mishra et al. 2021). Success toward these aims relies on increased
insight into rational protein design, pesticidal protein-receptor interac-
tions, stability and processing within the insect gut lumen, and pore
forming capabilities. This study has increased our knowledge regarding
each of these aspects for the Cry3Bb1 scaffold. Further, the WCR gut-
binding peptides identified here may prove useful for the engineering
of different pesticidal protein scaffolds in efforts to improve activity or
expand target spectrum to include WCR. Taken together, these data pro-
vided insight and resources for future engineering efforts and toward
elucidation of the underlying mechanism of activity and resistance to
Cry3Bb1 in WCR.

Availability of data

Complete amino acid sequences for the two receptor proteins (WCR
CAD and WCR APN) expressed for this study are provided in Supple-
mentary Table 1. Full details of peptide modified Cry3Bbl constructs
including bioassay data are provided in Supplementary File 1. Details
of peptides identified during rounds 2 and 3 of each phage display screen
including peptide sequence and MiSeq read count are provided in Sup-
plementary File 2.
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