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SUMMARY

Bacillus thuringiensis (Bt) strains naturally produce pesticidal proteins as nanocrystalline inclusions that are
extraordinarily stable in aqueous environments, but which dissolve selectively at specific pH conditions.
These proteins have been used in agriculture for >50 years and are critical to global food security. The ma-
jority of previously determined Bt Cry protein structures lack the extended C-terminal “crystallization
domain,” which is thought to stabilize crystal packing and control selective solubility in insect targets, often
via manipulation of disulfide bridges. It has also recently been shown to influence toxicity and target speci-
ficity. Here, we use serial femtosecond crystallography (SFX) to determine high-resolution full-length native
structures of Cry1Ca18 (1.65 A) and Cry8Ba2 (2.27 A) in their natural nanocrystalline state. Differences in
cysteine content (19 versus 4 residues) reveal distinct in vivo crystal-stabilization strategies. Understanding
Bt toxin domain architecture and natural crystal formation is essential for improving biopesticide design and
advancing agricultural genetic engineering.

INTRODUCTION

Bacillus thuringiensis (Bt) is an entomopathogenic bacterium,
strains of which can produce a variety of protein toxins during
sporulation and sequester them in the form of crystal inclusions.
Bt-produced insecticidal proteins demonstrate specificity to
different insect orders including, Coleoptera, Hymenoptera,
Diptera, and Lepidoptera, while demonstrating human, veterinary,

and environmental safety.’ This has allowed the substitution of
broad-spectrum chemical insecticides with specific Bt toxins in
insect control programs for over 50 years.* The exact mecha-
nisms behind Bt protein(s) toxicity remain unclear, and increasing
understanding is critical to counteract emerging field resistance
and for the development of new Bt proteins.

Bt crystal proteins have recently been recategorized and
named according to the structural class to which they belong.®
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The largest family of these proteins is the Cry family, a group with
three structural domains in the activated proteins. Cry proteins
are produced as protoxins either of approximately 65 or
130 kDa, with the latter exhibiting an extended C-terminus, often
referred to as the “crystallization domain” (although in fact this
region consists of 4 structural domains, DIV-DVII). The mode
of action of Cry proteins, which has largely been studied in lepi-
dopteran insects, begins with dissolution of the crystalline inclu-
sions in the alkaline midgut environment. Solubilized proteins are
subsequently cleaved by midgut proteinases to produce the
active form. For the 130 kDa long-form Cry proteins, activation
includes the proteolytic cleavage of the extended C-terminus,
to produce a 60-70 kDa proteinase-stable toxin core. The acti-
vated protein then binds to gut-cell target receptors, undergoes
oligomerization leading to pore-formation, cell lysis, and larval
death.”® The precise role of the C-terminal “crystallization
domain” is unclear, with many earlier studies suggesting it is
dispensable for toxicity, yet important for crystal formation, sta-
bility, and selective solubility in the appropriate region of the in-
sect gut.®'® However, an increasing number of studies show
the C-terminus may be able to play an active role in the mode
of action,”'™'* with toxin activation shown, in different studies,
both to enhance and reduce the species selectivity.'> '8

Deducing the in vivo structure is essential for understanding
the structure function relationship—especially for the extended
C-terminal domain. Determining the structure of naturally pro-
duced Bt proteins in vivo requires the use of world-leading tech-
nology, due to the small size of the nanocrystals (approx. 500 nm
long), and the difficulty associated with recrystallizing solubilized
protoxins preventing their use in conventional crystallog-
raphy.'®?° Previously, two full-length 3D-Cry structures have
been identified. First Cry1Ac, where 14 out of a total 16 cysteine
residues were mutated to alleviate aggregation during in vitro
recrystallization, resulting in a non-native structure (Cry1Ac-
A14C, 2.78 A)_m More recently, the first in vivo native low-reso-
lution (3.60 ,&) structure of Cry1Aa was determined, allowing
characterization of packing and disulfide bond formation in the
natural crystal.?

At present, there are no published structures for any Cry1C or
Cry8B proteins in either a full-length or activated form. Both pro-
teins represent important tools for insect control, with Cry1C
proteins demonstrating activity against a range of lepidopteran
pests as well as some Diptera, and Cry8B proteins demon-
strating activity against several coleopteran species (Cotinis
spp, Cyclocephala borealis, and Anthonomus grandis).® Cry1C
proteins are actively used in pest control to protect fruiting veg-
etables, as part of the approved Bt aizawai strain (ABTS-1857).
To probe the structural differences behind this target specificity
and gain insight into the role of the C-terminus in natural crystals,
we applied serial femtosecond crystallography (SFX) at the Euro-
pean X-ray Free-Electron Laser (EuXFEL) facility to natural crys-
tals, containing either Cry1Ca18 (cysteine rich, 19 in total), or
Cry8Ba2 (low cysteine content, 4 in total). We also varied the
pH to mimic the alkaline environment found in target insect spe-
cies to investigate early structural events leading to dissolution.
We present two novel structures of Cry1Ca18 at pH 7 (1.80 A,
PDB: 9H99) and pH 9 (1.65 A, PDB: 9QXQ), and two novel and
distinct Cry8Ba2 structures from the same crystal sample at
pH 7 (2.27 A, PDB: 9H9A and 9H9B). The Cry8Ba2 structures
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include two regions that are not resolved in any of the previously
derived full-length structures or in the Cry1Ca18 structure pre-
sented here. This work has enabled investigation of the network
of molecular interactions present in long-form Cry proteins, and
how native crystal packing can support stability and function.

RESULTS

Structures of Cry1Ca18 and Cry8Ba2 show a conserved
domain architecture

Diffraction data (Table 1) were collected from Cry8Ba2 and
Cry1Ca18 nanocrystals that had been previously visualized by
transmission electron microscopy (Figure S1). In common with
other Bt long-form 3D-Cry protoxins, the structures of both
Cry1Ca18 and Cry8Ba2 contain the characteristic architecture,
comprising seven distinct domains (DI-DVII), with domain 1-3
(DI-DllI) forming the toxin core and domains 4-7 (DIV-DVII) the
extended C-terminal half that is removed upon protoxin activa-
tion (Figures 1A-1D). Interestingly, within the Cry8Ba2 dataset,
two distinct populations of crystals were identified and could
be resolved separately. The first crystal form was found to exhibit
an extended (Ext) c-axis (the axis which runs down the length of
the unit cell, the smallest repeating portion of the crystal lattice)
and is hence referred to as Cry8Ba2-Ext (PDB: 9H9A). The sec-
ond crystal form was found to exhibit a more compact (Com)
c-axis and is hence referred to as Cry8Ba2-Com (PDB: 9H9B;
Figure 1C).

Notably, the first approx. 30 residues of DI were not observed
in any of the Cry8Ba2 or Cry1Ca18 structures and are also ab-
sent from the previously published Cry1Ac structures, indicating
that this region may be inherently disordered. Domain | is asso-
ciated with pore formation and is generally a seven a-helix
bundle. In both Cry1Ca18 and Cry8Ba2, a2 is split into a2a and
a2b, a structural characteristic present in the majority of resolved
Cry proteins, including the closely related Cry1Ac-A14C (PDB:
4W8J) and activated Cry8Eal (PDB: 3EB7) structures.
Cry8Ba2 Dl also reveals the presence of an extended N-terminal
region that does not appear in the chymotrypsin activated
Cry8Ea1 structure, likely due to it being cleaved during proteo-
lytic processing. The placement of the Cry8Ba2 extended N-ter-
minal region represents one of the key differences between the
two Cry8Ba2 crystal forms (Figure 1D). In Cry8Ba2-Com,
the compact-cell model, the N-terminal region is tucked into
the rest of the molecule, while in Cry8Ba2-Ext, the extended-
cell model, the N-terminal region is projected out by a hinge
opening motion around region Ala50 to Ser60. These differences
result in an extension on average of ~8 A per Cry8Ba2-Ext
monomer, or ~33 Ain a unit cell c-axis.

Core toxin DII?® and DIII**?° are known to influence Cry toxin
specificity, in particular, several exposed loops in DIl have been
shown to have important roles in target selectivity.”>**® Since no
other Cry1C or Cry8B proteins are currently available, we
compared the DIl loops of our structures with those of closely
related structures Cry1Ac-A14C (PDB: 4W8J) and Cry8Ea1
(PDB: 3EB?7), respectively (Figure S2). The sequence and length
of these loops was distinct in these comparisons, which would
be consistent with the potential to bind different targets. This
may be a factor underlying observations that Cry1Ac or
Cry1Ca resistant insects may not show cross-resistance.””
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Table 1. Data collection and refinement statistics for Cry8Ba2 and Cry1Ca18

Data collection

PDB ID 9H9B 9H9A 9H99 2QxQ

Beamline SPB/SFX at European XFEL SPB/SFX at European XFEL SPB/SFX at European XFEL SPB/SFX at European XFEL

X-ray energy (keV) 9.3 9.3 9.3 9.3

Wavelength (A) 1.33 1.33 1.33 1.33

Images collected 9,977,877 9,977,877 1,875,129 3,225,045

Number of hits 73,131 73,131 147,768 802,849

Number of indexed 33,552 30,123 111,631 458,966

Crystal data (numbers in brackets refer to outer resolution shell)

Crystal form Cry8Ba2-Com Cry8Ba2-Ext Cry1Ca18 pH7 Cry1Ca18 pH9

a,b,c @A) 93.32, 93.32, 275.51 92.23, 92.23, 308.23 88.16, 88.16, 266.43 88.8, 88.8, 267.82
90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Space group P 4,242 P 4,22 P 4,2,2 P 4,2,2

Resolution (,7-\) 28.11-2.27 28.17-2.27 36.19-1.80 26.91-1.65

Outer shell 2.27-2.32 2.27-2.32 1.82-1.80 1.69-1.65

R-split (%) 13.72 (212.47) 14.45 (196.70) 7.00 (40.03) 4.88 (203.8)

cc* 0.996 (0.519) 0.996 (0.499) 0.999 (0.94) 0.999 (0.55)

1/6(]) 6.41 (0.65) 6.11 (0.69) 13.75 (2.77) 23.21 (0.44)

Completeness (%) 99.96 (99.38) 99.97 (99.59) 99.98 (100.0) 99.42 (92.51)

Multiplicity 242.89 (11.0) 210.01 (11.6) 207.97 (59.6) 1379.3 (93.5)

Unique reflections 57,348 (3,705) 62,717 (4,081) 98,288 (6,425) 122,231(8,223)

Wilson B-factor (/:\2) 37.7 37.0 19.0 17.8

Refinement statistics

Refined atoms 9,360 9,353 9,318 9,526

Protein atoms 9,185 9,176 8,507 8,809

Non-protein atoms 0 0 2 2

Water molecules 175 177 813 718

R-work reflections 57,279 59,478 93,379 128,618

R-free reflections 2,896 3,164 4,841 6,387

R-work/R-free (%) 18.0/22.6 18.0/22.4 18.9/22.9 17.8/20.6

rms deviations (humbers in brackets)

Bond lengths (A) 0.0060 (0.012) 0.0063 (0.012) 0.010 (0.012) 0.010 (0.012)

Bond angles (°) 1.577 (1.827) 1.643 (1.827) 1.743 (1.824) 1.745 (1.826)

Coordinate error (A)a 0.201 0.189 0.097 0.089

Mean B value (A?) 56.0 55.2 18.835 25.5

Ramachandran Statistics (PDB Validation)

Favored/allowed/Outliers 1,068/50/16 1,084/40/9 1,024/24/1 1,056/22/2

% 94/4/1 96/4/1 98/2/0 98/2/0

3Coordinate estimated standard uncertainty in (A), calculated based on maximum likelihood statistics.

As observed with Cry1Ac-A14C and Cry1Ac structures, the
extended C-terminal domain, or “crystallization” domain of
Cry8Ba2 and Cry1Cail8 is composed of four domains (DIV-
DVII). Comparing the Cry1Ca18 structure to the previously pub-
lished full-length Cry1 structures, shows a higher degree of
structural conservation in the crystallization prodomain
compared to the active core (Table S1). For example,
Cry1Ca18 and Cry1Ac display an all-atom RMSD of 2.7 A, while
alignment of the prodomains (DIV-DVII) produced an all-atom
RMSD of 1.3 A, and alignment of the activated core (DI-DII)
produced an all-atom RMSD of 3.4 A. Comparing between

subfamilies (Cry1 vs. Cry8), shows no consistent pattern of
higher structural conservation between prodomains (e.g.,
Cry8Ba2 and Cry1Ac share higher structural similarity within
the core domains; Table S1). Individual Bt strains sometimes
produce multiple variants of Cry1 proteins and conservation of
DIV-DVII among Cry1 family proteins may facilitate the formation
of heterologous Cry1 co-crystals in such strains.

Although the number of cysteine residues is considerably
different between the Cry1Ca18 and Cry8Ba2 sequences (see
section below), there is one conserved intramolecular disulfide
bond present between DIV and DV in the structures
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A |, Activecore Prodomain , B

Domain (D) | aa-Cry1Ca18 | aa - Cry8Ba2
| (Cyan) 35 - 300 31-261

Il (Orange) 301 -517 262 - 494
Il (Green) 518 - 658 495 - 618
IV (Pink) 659 - 734 619 - 706
V (Yellow) 735-911 707 - 877
VI (Blue) 912 - 1017 878 - 985
VIl (Red) 1018 - 1169 986 - 1189

C Cry8Ba2-Ext

Cry1Ca18
DI DIV
DV
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3 | R o
1y -8
é} G -
"""" N
o o 3\ Dvil
DIl '"2"
4 et}
Cry8Ba2-Com

Figure 1. Comparison of Cry1Ca18 and Cry8Ba2 domain architecture

(A) Cry1Ca18 and (C) Cry8Ba2 share seven conserved domains (DI-DVII), as detailed in table.

(B) DI-DIII are present in the active core toxin, and DIV-DVII form the prodomain.

The boxed regions in (C) highlight three regions with notable structural differences between Cry1Ca18 and Cry8Ba2, which are highlighted in (F).

(D) The two Cry8Ba2 variants (Ext = extended, Com = compact).

(E) Cry1Ca18 and Cry8Ba2 share one conserved intramolecular disulfide bond, linking DIV and DV. Electron density difference maps (Fo - Fc, 0.6 e/AS) visualize
the disulfide bond.

(F) Notable structural differences include (F1) the resolution of a helix in DV (aa 864-859) in Cry8Ba2, which is not resolved in Cry1Ca18, (F2) the resolution of a
flexible loop in DVII of Cry8Ba2 (aa 1107-1128), which is not present in Cry1Ca18 and (F3) the presence of a hairpin in DV of Cry8Ba2 (aa 773-780), which is not
present in Cry1Ca18.

(Figure 1E). One key difference between the two Cry variants was  or the Cry1Ac-A14C structure (Figure 1F3). The Cry8Ba struc-
identified in Cry8Ba2 DV, where residues 773-REIDTETY-780 tures have also revealed prodomain sections that are missing
form a short B-hairpin, with no equivalent seen in the Cry1Ca18 in the electron density maps of both Cry1Cai18, and the
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Figure 2. Putative metal binding sites conserved in Cry1 structures

(A) Cry1Ca18 contains two putative metal binding sites, present between domain VI and domain VI (site 1, cyan) and within DVII (site 2, orange).

(B) Site one represents a putative zinc binding site, coordinated by four surrounding amino acids (D941, H945, E970, and H1012). Zinc is represented by a gray
sphere, with the coordination distances (A) to the surrounding amino acids shown.

(C) Comparison of site one with other Cry1 structures. The putative zinc site is conserved in the previously elucidated Cry1Aa (PDB: 8W7N, green) but not in
Cry1Ac-A14C (PDB: 4W8J, cyan) where the E963 side chain is pointed away from the site.

(D) Site two represents a putative calcium binding site (calcium represented by a green sphere), coordinated by three surrounding amino acids (D990, S1014, and
D1180) and one water molecule (red sphere).

(E) Comparison of site two with other Cry1 structures. The putative calcium site is conserved in the previously published full-length Cry1Aa and Cry1Ac structures.
(F) Directly preceding H1012 of the putative zinc site is a non-proline cis peptide bond (A, yellow). Electron density difference maps (Fo - Fc, 0.6 e/Ag) visualize the

improved fit of the cis conformation compared to the trans conformation (red = negative electron density, green = positive electron density).

previously published Cry1Ac-A14C and Cry1Ac. In one of these
regions, residues 864-859 in DV form a single helix that inter-
rupts an extended loop region (Figure 1F1). In a second region,
weak density was present between Cry8Ba2 residues 1107-
1128 in DVII but a model could be constructed nonetheless as
a loop that projects out perpendicular to the structure
(Figure 1F2).

Cry1Ca18 has two putative metal ion binding sites
whereas Cry8Ba2 has none
Further analysis of the electron density map indicated two puta-
tive metal ion binding sites in Cry1Ca18, as indicated by regions
of positive electron density between coordinated side chains
(Figure 2A). No equivalent putative metal ion binding sites were
observed in the Cry8Ba2 structures, and Cry8Ba2 does not
share the conserved putative binding residues present in
Cry1Ac, Cry1Aa, and Cry1Ca. The first site is between DVI and
DVII, occurring between D941, H945, E970, and H1012, where
protein side chain atoms are within 2.0 A from the identified
metal site (Figure 2B). An equivalent pocket was previously iden-
tified, and noted by the depositors, in the full-length Cry1Aa
structure (PDB: 8W7N; D932, H936, E961, and H1003). Howev-
er, in the mutant Cry1Ac-A14C model (PDB: 4W8J), while the
conserved residues are present (D934, H938, E963, and
N1004), E963 adopts a conformation taking the side chain
away from potential binding distance to the putative metal site
(Figure 2C). Also, N1004 is located on a beta-hairpin folded to
take the side chain further away from the would-be metal site,
rendering it unoccupied.

The second Cry1Ca18 putative ion binding site was observed
within DVII, coordinated by D990, S1014, and D1180 (Figure 2D).

Five protein atoms and a water make up the coordination set
around the site, with contact distances ranging from 2.2 Ato
2.4 A. An equivalent putative binding site was noted by the
depositing authors of Cry1Ac-A14C structure (PDB: 4W8J;
D983, S1007, and D1169; Figure 2E). The binding site was not
noted by the Cry1Aa (PDB: 8W7N) depositors, although the
structure shares the conserved residues (Cry1Aa-D981,
S$1005, and D1171) and there is unoccupied positive density in
the electron density maps, indicating the presence of an ion
and conservation of this metal site between Cry1Ac, Cry1Aa,
and Cry1Ca18. To hypothesize what ions are bound in these lo-
cations, we used “CheckMyMetal” (CMM)—a metal-binding site
validation server that implements a systematic inspection of the
entire binding environment to rank metals in order of confi-
dence.”® CMM indicated the most probable ions associated
with these two sites are zinc and calcium, respectively
(Tables S2 and S3). Absorption spectra showed the sample
does contain Zn and Ca (Figure S3), supporting the interpretation
of the structure determination. Other elements observed in the
spectra could still be present in the sample bulk, but are not
bound to the structure in an ordered or discernable manner.
Initial structural refinement had regions of poor density fit
around residues proceeding H1012 of the putative zinc binding
site. Refinement with a cis-peptide bond between residues
N1010 and N1011 reduced surrounding negative electron den-
sity (Figures 2A and 2F). A non-proline cis peptide is a rare occur-
rence in protein structure (approx. 0.03%°). Our high-quality
dataset and structural refinement gives us confidence this is a
genuine occurrence. Non-proline cis peptides are most often
observed in carbohydrate binding, where evidence indicates
they can be stabilized by metal coordination sites.*° The metal
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binding sites, and the cis peptide may be a strategy used by the
Bacillus to stabilize the toxin fold for a biological function that is,
at present, unknown. It is notable that a pocket of similar dimen-
sions to the putative Zn metal binding site of Cry1Ca18 is present
in the two Cry8Ba2 structures but the no cis-peptide bonds are
present and the distinct residues lining the Cry8Aa2 pocket pro-
vide no sidechains in orientations able to chelate a metal ion.

In vivo crystal packing shows different stabilization
strategies between Cry1Ca18 and Cry8Ba2

It is suggested that forming a natural crystal ensures both protein
stability in the open environment and a controlled release of viru-
lence factors in the target insect. Structure elucidation from
natural crystals allows us an insight into the nature of in vivo
packing, and how this may facilitate dissolution under the spe-
cific conditions of the insect midgut lumen.® To provide some
context to crystal packing, we ascertained the pH solubility of
both proteins across a range of pH points (pH 3, 5, 7, 8, 8.5, 9,
9.5, 10, and 11) and observed Cry1Ca18 to solubilize at pH 11,
and Cry8Ba2 to solubilize at pH 9, 9.5, 10, and 11 (Figure S4).

Cry1Ca18in vivo crystal packing utilizes intermolecular
disulfide bonds

The crystal lattice is held together via a network of disulfide
bridges, salt bridges, and hydrogen bonds (Table S4). Each mono-
mer has nine interfaces with other monomers totalling 8,648.8 A2
with a solvation free energy gain of —62.7 kcal/mol—as predicted
by PISA®" The largest interface with the highest affinity, and
largest number of hydrogen bonds (48) and salt bridges (18), is
that between a dimer (3,995 A2)—where the crystallization domain
of one monomer cups the toxin core of the other monomer, sup-
porting the hypothesis that the C-terminal regions are involved in
crystallization and stability (Figure 3A). Cry1Ca18 contains 19
cysteine residues, 13 of which are visible in the structure
(Figure 3B). In addition to the one intramolecular disulfide bond be-
tween C662 and C809 (between DIV and DV; Figures 1D and 3B),
there are two intermolecular disulfide bonds between prodomain
regions (Figure 3C), at interface 2 (C803 of one monomer with
C1070 of another monomer, linking domains V and VII), and inter-
face 3 (C1032 of one monomer with C829 of another monomer,
linking domains VIl and V). Of the seven remaining visible cysteine
residues, C844, C997, and C1052 are accessible but have no
obvious option for an interaction, C206, C430, and C668 are
shielded from other cysteines by the surrounding monomer.
C737 has a significant amount of additional density extending
from the sulfur atom, indicative of a disulfide linkage. Givenits loca-
tion, it is plausible it could interact with C1136 in the unresolved
disordered region of DVI. Indeed, Cry1Ca18 AlphaFold modeling
positions C1136 in an unstructured region with the sulfur atom
2.6A away from the sulfur atom of C737 (Figure S5).

The crystal lattice is formed by successive molecules lined up
head-to-tail rectilinearly, parallel to the 4-fold screw (44) axis in
two strands. Each strand is formed by the “crystallization do-
mains,” DIV to DVII, of each molecule lining up along the 4-fold
axis, while the toxin core is offset away from the 44 axes. The
two strands run in opposite directions by 2-fold screw symmetry
(24) normal to the 4-fold screw axis (Figure 3D). The core points
sideways from the main strand and interdigitates with the neigh-
boring strand, making the lattice mechanically robust.
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Controlled dissolution of crystals under the conditions of the
target insect midgut is hypothesized to ensure a potent and tar-
geted toxin delivery. To understand the process of crystal disso-
lution at a biologically relevant pH more clearly, we looked at the
crystal structure under alkaline conditions—representative of
midgut conditions in some lepidopteran and dipteran target in-
sects (typically pH 8-12, but can vary®?). A pH solubilization range
indicated Cry1Ca18 solubilized at pH 11 (Figure S4). We tried mix-
ing Cry1Ca18 crystals with a pH 10 or pH 11 buffer, but solubiliza-
tion occurred too quickly and blocked the injection nozzle. There-
fore, native crystals of Cry1Ca18 were mixed with a pH 9 buffer in
the path to the beamline for approximately 40 s prior to diffraction
data collection. Comparison of the overall structures at pH 7 (PDB:
9H99) and pH 9 (PDB: 9QXQ) shows an increased unit cell volume
(approx. 2%), with a highly similar structure (all-atom RMSD of
1.031 A), with the major difference being a reduction in total crystal
interface area of 295 A? and a loss of 10 hydrogen bonds
(Table S5). There was no alteration in disulfide bonds. These
changes may reflect some of the earliest structural changes
observed on increasing pH pre-solubilization, and natural muta-
tion of these residues might considerably affect crystal integrity
and, therefore, potency in the insect gut.

In vivo crystal packing in Cry8Ba2 is mediated by non-
covalent interactions

Both Cry8Ba2 crystal forms share a generally conserved confor-
mation with Cry1Ca18 (Figure 4A). PISA interface analysis iden-
tified 10 interfaces in the Cry8Ba2-Com crystal (Table S6) and 8
interfaces in the Cry8Ba2-Ext crystal (Table S7). Total interface
areas are 8,288.1 AZ in Cry8Ba2-Com and 7,584.3 AZ in
Cry8Ba2-Ext, with the biggest interface—as with Cry1Ca18—
present at the head-to-tail dimer interface (Figure 4B). From
the indexing rates (Com:30123 and Ext:33552), we see the two
populations are present in an almost 50/50 split. The biological
relevance of two distinct populations of Cry8Ba2 crystals will
require further investigation but given the weaker dimer interface
and lower number of crystal contacts, we hypothesize that
Cry8Ba2-Ext may represent the more readily solubilized and
activated crystal form out of the two.

As expected, the Cry8Ba2 crystal lattice is held together by a
network of salt bridges and hydrogen bonds. Unlike Cry1Cai18
and Cry1Aa (PDB: 8W7N), which have 19 and 17 cysteine resi-
dues, respectively, Cry8Ba2 only contains four cysteine residues.
Aside from the conserved disulfide bond (Figure 1D), unpaired
C246 in Dl is structurally conserved with Cry1Ca18 C206, while
unpaired C560 in DIll is not. Furthermore, there are no intermolec-
ular disulfide bonds within the Cry8Baz2 crystal lattice (Figure 4C).
In addition to the lack of intermolecular disulfide bridges,
compared to Cry1Cal8 there are also significantly fewer salt
bridges (21 in Cry8-Ext, 34 in Cry8-Com, and 44 in Cry1Ca18),
and a substantial reduction in the total interface protein affinity
(A'G in Cry8Ba —19 kcal/mol and in Cry1Ca18 —62 kcal/mol).

As shown in Figure 1F2, Cry8Ba2 model building revealed an
extended loop (residues 1105-1129) in DVII. When visualized in
context of the crystal lattice, this region appears to act as a
cross-strand peg—potentially stabilizing the packing of neigh-
boring molecules (Figure 4D). The weak electron density around
this peg may suggest a degree of flexibility. The loop would be
easier to insert into the neighboring strand if it is flexible, while
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Figure 3. Cry1Ca18 crystal packing is stabilized by intramolecular and intermolecular disulfide bonds

(A) Cry1Ca18 packs as a head-to-tail dimer, stabilized by a network of hydrogen bonds and salt bridges (red).

(B) Thirteen cysteine residues are visible in the electron density map (orange spheres), boxed region shows intramolecular disulfide bond.

(C) Two of the 13 cysteine residues are occupied in intermolecular disulfide bonds between DIV and DVII (C1) and DVII and DV and (C2), electron density dif-

ference maps (Fo - Fc, 0.5 e/AS).

(D) 2D-projection looking down the diagonal between the a/b axis. The lattice is formed by successive molecules lined up head-to-tail rectilinearly. Each strand is
formed by the prodomains of each molecule lining up along the 4-fold axis, while the toxin core is offset away from the 44 axes. The two strands run in opposite
directions to one another and are visualized as colored monomers: strand 1 (alternating orange and pink) and strand 2 (alternating cyan and dark blue).

(E) 2D-projection looking down the c-axis.

a rigid loop may cause the docking to fail. Shape complemen-
tarity (sc) analysis suggested a reasonably complementary
shape, with a sc value of 0.41 in Cry8Ba2-Com and 0.49 in
Cry8Ba2-Ext (well packed protein-protein interfaces range ap-
prox. = 0.55-0.75). PISA analysis indicated multiple hydrogen
bonds and salt bridges between the loop and neighboring mono-
mers in both the Cry8Ba2-Com and Cry8Ba2-Ext variants
(Table S8). Collectively, this suggests that this flexible interface
may aid in Cry8Ba2 crystal packing and stability.

As indicated above in Figure 4E, structural characterization of
the Cry8Ba2 crystals show pH sensitive intermolecular interac-
tions, including salt bridges and hydrogen bonds. Several of
these interactions include titratable residues, such as histidine,
lysine, aspartic acid, glutamic acid, and tyrosine. To compare
with Cry1Ca18, we attempted to look at the effect of an alkaline
pH 9 buffer on the crystal lattice.®® However, under the same
mixing conditions, we were not able to resolve the structure.
This is consistent with Cry8Ba2 solubilizing at pH > 9
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Cry8Ba2-Com

Figure 4. Cry8Ba2 crystal packing is not stabilized through disulfide bonds

The Cry8Ba2-Ext variant is depicted unless stated otherwise.

(A) 2D-projection looking down the diagonal between the a/b axes. Cry8Ba2 shares a conserved packing formation with Cry1Ca18 (see Figures 3D and 3E).

(B) 2D-projection looking down the c-axis.

(C) Cry8Ba2 packs as a head-to-tail dimer, stabilized by a network of hydrogen bonds and salt bridges (red).

(D) Four cysteine residues are visible in the electron density map (orange spheres).

(E) An interface between three monomers in the Cry8Ba2-Ext structure shows the DVII putative loop (residues 1105-1129) stabilization of crystal packing.
(F) A closeup of the putative stabilization loop interface shown in (E), in both the Cry8Ba2-Ext interface (1), and Cry8Ba2-Com (2) interface.

(Figure S4), reduced total interface protein affinity, reduced pro-
tein affinity (A'G), fewer disulfide bonds, and fewer salt bridges
compared to Cry1Cal18. A summary of the similarities and differ-
ences of Cry1Ca18 and Cry8Baz2 is presented in Table S9.

Cysteine residues show limited conservation between
Cry families

Given the distinct methods that may stabilize the natural crystals
in this study: the structural peg feature in the Cry8Ba2 lattice or
the presence of intermolecular disulfide bonds in the Cry1Cai18
lattice, we analyzed the distribution of cysteine residues across
the Cry family (Data S1). Cysteine residues are found in almost
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all Cry proteins, except for Cry70 proteins that contain none.
For other Cry variants, numbers can range up to 32 cysteines
seen in Cry32Kal. Predictably, long-form Cry proteins (those
of ~120-140 kDa containing a “crystallization domain” such as
Cry1Ca18) have more cysteines than short-form proteins such
as Cry2 and Cry3—the exception to this are some proteins in
the Cry8 group, including Cry8Ba2.

A common feature of cysteine localization is pairs of residues
in close succession, e.g., CxC, CxxC, and CxxxC. Such motifs
are reminiscent of previously proposed metal-binding sites in
metallochaperones® and in the case of Cry proteins, these
may be involved in the coordination of metal ions to aid the
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packing of the crystal superstructure during assembly or may
have a role in the function of these regions in target insects.

Using AlphaFold predicted models, we looked for patterns in
cysteine residue location and found that, within Cry subfamilies,
cysteine residues are typically well structurally conserved. A
subset of these residues is shown in Table S10, which lists the
degree of conservation across long-form (>1,100 residues) pro-
toxins and indicates known/predicted linkages in Cry1Aa (PDB:
8W7N), Cry1Cal18, and Cry8Aa2. The highest conservation is
seen for the residue equivalent to Cry1Ca18 C809 (92%), which
is most often paired to form a disulfide bond with C622 (85%
conserved)—as we demonstrate in our Cry1Ca18 and Cry8Ba2
structures. Cry subfamily members lacking these residues
(and, therefore, the disulfide bridge) include Cry5A, Cry5B,
Cry12A, Cry14A, Cry21A, Cry48A, and Cry67A. We note that
most of these families contain nematocidal proteins (while
Cry48A and Cry67A proteins have not been assayed against
nematode targets) although whether this observation is signifi-
cant, remains to be tested.

When considering the position of cysteine residues in
AlphaFold models of Cry structures, cysteines within the “crys-
tallization domain” are predominantly surface accessible/
exposed. This positioning could allow for intermolecular disul-
fides to form, acting as a stabilizing feature in the crystal.
Modeling and sequence alignments highlight several regions
where cysteine occurrence tends to be higher; (region 1)
cysteine residues are frequently found in the N-terminal ~27 res-
idue pro-region (two in Cry1Ca18), which is disordered in our
structures. (region 2) A subset of Cry proteins have sequences
extending beyond the C-termini seen in Cry1C and Cry8B, which
are predicted to fold to form an extra domain (e.g., residues
M1274 to V1522 in Cry32Ka1), and these extensions may be
cysteine-rich (8 in the above region of Cry31Ka1l) (region 3).
The loop extending from DV that may contain the well-conserved
residue equivalent to Cry1Ca18 C809 (see above), is variable in
length. This loop often appears to be a cysteine-rich region
(five in Cry1Cail8, V785-H835 loop; one in Cry8Ba2, V825-
E868 loop; ten in Cry32Ka1l, V877-V980 loop). Previous work
has demonstrated that mutants in Cry7Bal residues C697,
C834, C840, and C854, in the equivalent region, all result in a
reduction in the pH necessary for crystal solubilization.' C697
and C840 are predicted to form an intramolecular disulfide
bond equivalent to the C662-C809 bond in Cry1Ca18. (region
4) The region in DVII that contributes the peg feature in
Cry8Ba2 (F1099-11133) with no cysteine residues, in contrast,
displays a number of cysteines in Cry1Cai8 (region from
F1067-V1153), including C1136, which forms an intramolecular
disulfide with C737, and C1070, which forms an intermolecular
disulfide with C803 in a neighboring monomer. The latter two re-
gions would appear to be important across the Cry family for sta-
bilizing crystals while the roles of the cysteine in the other regions
has not been investigated.

Some Cry proteins, such as the Cry10, Cry30, and Cry41 sub-
families, are expressed as split-form proteins, with the 3-domain
toxin core encoded by one coding sequence (CDS) followed by a
second CDS encoding a protein with high sequence identity to
domains IV-VII. Occurrence of cysteine residues in these cases
ranges from 10 residues in the Cry10Aa3 CDSs (2 cysteines in
toxin and 8 cysteines in the DIV-DVII CDS), 16 in Cry30Ba1
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(4 cysteines in toxin and 12 cysteines in the DIV-DVII CDS), to
21 residues in Cry41Aal (7 cysteines in toxin and 14 cysteines
in the DIV-DVII CDS). This indicates a range in the number of cys-
teines similar to many long-form Cry proteins. It has been shown
that DIV-DVII CDS proteins are present in crystals of Cry41Aa1°®
although the nature of packing in these crystals is currently
not known.

DISCUSSION

Cry proteins are environmentally friendly microbial insecticides
that have been effectively utilized in agriculture for over 50 years.
Understanding these proteins’ structure and mechanisms of ac-
tion is key for the continued identification and development of Bt
biopesticides. Here, we publish structures of Cry1C and Cry8B
variants. These are non-mutant structures of long-form Cry pro-
teins in their natural nanocrystalline form, as grown in vivo by Bt.
Cry1Ca and Cry8Ba family members demonstrate activity
against lepidopteran and dipteran (Cry1Ca), and coleopteran
(Cry8Ba) pests. Although as many specificity experiments use
strains which contain a mixture of Cry proteins, the only target
specifically reported for Cry1Ca18 is Aedes aegypti*® (although
Cry1Ca15, with which it shares 100% identity, is active against
Spodoptera exigua®’), and there is no reported specificity data
for Cry8Ba2. As proteins with potential for insect control, the
work presented here provides structural insights for future pro-
tein engineering for enhancing insecticidal efficacy of these
and other Cry proteins.

The intrinsic properties of Bt crystals that assist with toxicity,
namely the stability in aqueous environments followed by selec-
tive solubility in the insect midgut, are controlled by the protein
structure and crystallization properties. In long-form Cry pro-
teins, the C-terminal “crystallization domain” represents
approximately half the size of the protein.*® They are so-called
as previous work has indicated that a C-terminal domain was
essential for crystallization of the associated Cry protein in
Bt.*° Conserved space group and unit cell parameters between
the derived Cry1Ca18 and Cry8Ba2 structures presented here
(along with previously published Cry1Ac-A14C, Cry1Ac, and Bt
crystals studied using powder X-ray diffraction) hints at an evolu-
tionary conservation of this packing to stabilize crystallization in
proteins with a “crystallization domain.”"? It is interesting to note
that the structures of natural crystals of short-form Cry proteins
adopt G222, (Cry3Aa),*” 1222 (Cry11Aa), or P2,2,2 (Cry11Ba).*’
Furthermore, previous analysis of the toxin portions (DI-DIIl) of
Cry proteins has indicated that although sequence identity
between Bt Cry toxins is quite low at primary rank (e.g., 36% be-
tween Cry1Ac7 and Cry8Ea1), the structural similarity is reason-
ably high (e.g., 2.31 A all-atom RMSD between Cry1Aa7 PDB:
4ARX and Cry8Ea PDB: 3EB7).“ It is possible that structural
conservation between prodomains is a mechanism to enable
the packaging of diverse Cry toxin cores into a single co-crystal
to ensure synchronous co-exposure of an insect target to multi-
ple Cry variants.

Specifically, cysteine rich amino acid sequences that are largely
conserved across certain subfamilies (e.g., Cry1) have been pro-
posed as elements that stabilize the crystal, via the formation of
intermolecular disulfide cross-links, and facilitate solubilization in
the alkaline midgut via disulfide bond dissociation.*® Altering
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solubility properties through mutation of cysteine bonds is a poten-
tial route for insecticidal toxin engineering, with a lack of solubility
shown to contribute to a lack of toxicity.'>'” For example, previ-
ous work has shown a single cysteine substitution in Cry7Ba1i al-
lowed for crystal dissolution at a lower pH and conferred toxicity
against Plutella xylostella larvae." However, making a protein
more soluble does not always confer greater toxicity, demon-
strated by previous work showing the activation of Cry8Ha1 dis-
ables its toxicity against Holotrichia oblita adults, reduces toxicity
against Holotrichia parallela adults, but gains toxicity against Cola-
phellus bowringi larvae.'®

We have considered the possibility that the number of disulfide
bonds may be related to the pH of the host gut and affect target
specificity, since such bonds are known to be more labile under
alkaline conditions and many nematodes and beetles have
acidic guts, but the overall correlation is not strong. Indeed,
Cry1Cai18 was only fully solubilized in vitro at pH 11: in target in-
sect guts, pH may act in concert with additional factors, e.g.,
proteolysis, surfactants, reducing conditions, to facilitate crystal
solubilization. Although six cysteine residues were not observ-
able in the Cry1Cal18 map, we report two intermolecular disulfide
bonds. These intermolecular links are not present between the
dimer, suggesting that the dissociation of disulfide bonds in
the midgut would first release the protein in a dimeric form,
consistent with the observation that intermolecular disulfide
bonds are less stable than intramolecular ones.** This may
also provide an explanation for the fact that at solubilizing pH,
Cry1Cai8 clogged injection nozzles (possibly through dissocia-
tion of the lattice with disulfide cross-links still intact), whereas
Cry8Ba2 caused no blockage, consistent with the lack of inter-
molecular disulfide bonds. Most cysteine residues are posi-
tioned within flexible loop regions, making it plausible that
more than one version of the disulfide network may exist, depen-
dent on the crystal environment. Indeed, analysis of the Cry fam-
ily showed cysteine residues are common in disordered re-
gions—hinting at their requirement for contact points in crystal
packing. In contrast to the idea that disulfide bridges are a ne-
cessity for crystal formation and stability, previous work demon-
strated that Cry1Ac-A14C can crystalize in Bt, and these crystals
are still toxic to target pests. However, the same study also made
a Cry1Ac-A16C mutant, including mutation of the two most
N-terminal cysteines (@amino acids 10 and 15), which are present
in the disordered region and not visible in the structure. This re-
sulted in the crystals dissolving at the end of sporulation—indi-
cating either/both of these additional two residues are critical
to crystal integrity.?’ Furthermore, the long-term stability of the
Cry1Ac-A14C crystals in the environment was not tested. The
fact that the absence of intermolecular disulfide bridges can be
compatible with Cry crystal formation, is further demonstrated
by Cry8Ba2, which has four cysteines, of which, the only two pre-
sent in the “crystallization domain” form the conserved intramo-
lecular disulfide bond between DIV and DV. This suggests that
other characteristics of the Cry8Ba2 “crystallization domain”
perform similar roles in crystal packing. The presence of the
structural “peg” in DVII offers a different solution to the packing
stability conundrum.

Another notable feature of the Cry1Cal8 structure was the
presence of two putative metal binding sites. The putative zinc
site was conserved in the previously deduced full-length
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Cry1Aa (PDB: 8W7N) structure, and the putative calcium site
was conserved in the Cry1Ac-A14C (PDB: 48WJ). Metal ion
binding sites can perform a variety of functions, including protein
folding and assembly, structural stability, and the regulation of
unfolding and conformational changes.”*™’ The existence of
shared metal ion binding sites in the Cry1 group members in
the C-terminal “crystallization domain” hints at a conserved
role in crystal packing, stability, or controlled conformation
change upon dissolution. These putative conserved sites are
not present in the Cry8Ba2 structure and may help explain differ-
ences in pH solubility and target selectivity.

Several studies have indicated that metal ions alter Cry protein
production, for example, Mg?* and Ca?* has been shown to in-
crease Cry4 and Cry11 production by Bt israelensis HD500,
and Cu®* can increase crystal protein production of Cry1Ac in
BtX023.%° Many studies have shown metal ions also affect activ-
ity. For example, ion chelators reduce Cry41Aa-induced HepG2
cytotoxicity, and Cry1Aa, Cry1Ac, and Cry1Ea pore formation in
insect BBMVs,*%°" while increased Ca2* enhances the toxicity of
Cry1C in Spodoptera frugiperda cells and Cry31Aal in HelLa
cells.®>°® The mechanisms behind the role(s) of metal ions in
Cry toxin activity may be diverse. For example, Cry41Aa resis-
tance in HepG2 cells, in the presence of EGTA, appears to occur
through the chelation of plasma membrane-associated cations
preventing a stable interaction of Cry41Aa with the plasma mem-
brane.®° This alteration of cation concentrations could affect the
structure of the plasma-membrane bound receptors, as indi-
cated in previous studies showing EDTA addition causes a large
conformational change in a cadherin Cry1 receptor,®® and
removal of Ca®" mediates the proteolytic cleavage of the
Cry1A BT-R1 cadherin receptor.”®

In close proximity to both Cry1Ca18 putative metal sites, and
next to residue H1012, which forms part of the putative zinc bind-
ing site, we show the presence of a non-proline cis peptide. Only
a small proportion of peptide bonds occurs in the energetically
less favored cis confirmation (approx. 5.2%), and even fewer be-
tween two non-proline residues (approx. 0.03%).2°° Although
they are found more frequently in high resolution structures, sug-
gesting they may be more abundant but undetected at lower res-
olution.*® Non-proline cis bonds are found more frequently near
ligand/binding sites and dimerization interfaces.””*° The
N1010-cis-N1011 peptide bond is located in DVII, a lectin-like
domain with structural homology to carbohydrate binding pro-
teins.?! Non-proline cis bonds have been noted as more frequent
in carbohydrate binding proteins,*® such as concanavalin A—
where binding activity can be turned on/off through subsequent
Zn?* and Ca®* binding inducing isomerization of an Ala-cis-Ala
bond.®® Legume lectins often contain a conserved cis-peptide
bond where the formation is driven by divalent cation binding
(often Ca%* and Mn?*), and functions to dispose side chain atoms
for ligand recognition.®'~*® However, the biological function here
may be other than carbohydrate recognition. As with the putative
metal binding sites, the cis peptide bond is not present in either
of the Cry8Ba2 conformations, highlighting differences between
the structures that may affect in vivo activity.

Proteolytic activation of long-form Cry toxins involves the
removal of the “crystallization domain” and a short region at
the N-terminus of the proteins. The N-terminal regions of both
Cry1Ca18 and Cry8Ba2 are disordered and not visible in the
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structures; mirroring observations for other Cry protoxins.*?*

Proteolytic processing of Cry1Ca removes the first 27 amino
acids of the N-terminus (along with the C-terminal domains VI-
VI1).5* Removal of the N-terminal peptide from Cry proteins is
believed to be required to activate the toxin, and this has been
shown using Cry41Aa in cell line models.®® Deletion of the region
encoding these 27 residues in Cry1Ca, results in no detectable
expression in E. coli®* and their deletion, along with the region
encoding domains VI-VII, appeared to result in toxicity to the
host cell, although the protein appears to have folded
correctly.?® In the Cry2Aa structure (115P), the N-terminal resi-
dues are visible and appear to interact with parts of DIl and adja-
cent regions of DIIl, and it was proposed that the N-terminus may
mask an epitope in this part of the protein that is essential for the
binding to its receptor.?® The lack of defined density for the
N-terminal section in our structures suggests that, within these
natural crystals, there is no defined interaction equivalent to
that in Cry2Aa with DIl and DiIII.

While a significant proportion of the literature suggests the
C-terminus is dispensable in terms of toxicity, in addition to
altering the protein solubility, several studies demonstrate the
C-terminus can also play a functional role in receptor binding.
The C-terminal region of Cry1Ab can provide additional binding
sites for alkaline phosphatase and aminopeptidase receptors
and provides higher binding affinity to the target midgut.'”
Furthermore, intact Cry1Ac protoxin can be cytotoxic to the
Choristoneura fumiferana midgut cell line (CF-203)'" and pro-
vides increased binding affinity and increased potency in several
resistant strains of Lepidoptera.''**" Interestingly, most, if not
all, Cry proteins currently used commercially in bioengineered
plants, utilize only the core region (DI-DIll). With an increasing
amount of research indicating that the extended C-domain can
affect toxicity, the structures elucidated here will be key to future
studies focused on understanding the structure-function rela-
tionship of the protoxin and may be beneficial in protein engi-
neering to develop more effective insecticides and manage
resistance evolution.
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tein DataBank under accession numbers 9H9A, 9HIB, 9QXQ, and 9H99 and
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EuXFEL can be made available upon a reasonable request. The sequences
for Cry1Ca18 and Cry8Aa2 have been deposited with the accession numbers
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any original code, any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Bacillus thuringiensis strain Na210  This paper N/A

encoding Cry8Ba2

Bacillus thuringiensis strain 4D7 This paper N/A

(pHT1Ca) expressing recombinant

Cry1Cai8

Deposited data

Cry8Ba2 — compact variant This paper PDB: 9H9B

Cry8Ba2 — extended variant This paper PDB: 9H9A

Cry1Cail8 - pH7 This paper PDB: 9H99

Cry1Cai18 - pH9 This paper PDB: 9QXQ

Cry1Cai8 GenBank®® Accession number: GenBank:
Mz355710

Cry8Ba2 GenBank®® Accession number: GenBank:
PQ691233

Cry sequences for cysteine Bacterial Pesticidal Protein Resource Center (BPPRC)®

comparison

https://www.bpprc-db.org/home/

Software and algorithms
CrystFEL version 0.10.1

Centre for Free-Electron Laser Science (CFEL) & Deutsches
Elektronen-Synchrontron (DESY)®®

https://www.desy.de/~twhite/crystfel/

CCP4i2 Collaborative Computational Project No. 47° https://www.ccp4.ac.uk/

AlphaFold3 AlphaFold Server”’ https://alphafoldserver.com/welcome
CheckMyMetal CheckMyMetal metal binding site validation server®® https://cmm.minorlab.org/

PyMOL 3.1 Schrédinger’? https://www.pymol.org/

MUSCLE algorithm Unipro UGENE version 517° https://ugene.net/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains used in this study include the B. thuringiensis strain Na210, encoding the cry8Ba2 gene (accession number Gen-
Bank: MZ355710) and the 4D7 (pHT1Ca) strain expressing recombinant cry7Ca18 gene (accession number: GenBank: PQ691233).

METHOD DETAILS

Purification and sample preparation of Cry8Ba2 and Cry1Ca18 protein crystals

Cry8Ba2 and Cry1Ca18 protein crystals were purified as previously described.”” Briefly, the B. thuringiensis strain Na210, encoding
the cry8Ba2 gene (accession number GenBank: MZ355710) or the 4D7 (pHT1Ca) strain expressing recombinant cry7Ca18 gene
(accession number GenBank: PQ691233)*° were grown in 400 mL Embrapa medium’® containing 5 pg/mL erythromycin (for
Cry1Ca18) at 30°C with shaking (200 rpm) until sporulation reached >90%, as judged by phase contrast microscopy. Sporulated cul-
tures were harvested, and the natural crystal proteins were isolated using stepped sucrose gradients as previously described.”*"®
Crystals were washed with deionized water (ddH,O) and filtered through a series of nylon mesh filters (Sysmex, Celltrics) with
decreasing pore sizes, ranging from 100 um down to 5 um. The crystal suspension was then centrifuged at 200 x g for one minute,
and the supernatant containing the nanocrystals underwent additional filtration and washing. The prepared crystal suspension was
transferred to high-pressure sample reservoirs for injection into the XFEL beam.

Transmission electron microscopy

Purified crystal batches were characterised using transmission electron microscopy (JEM 2100-Plus, JEOL) in the XBI lab of Euro-
pean XFEL as previously described.”*”” Briefly, Holey carbon copper grids (Quantifoil R1.2/1.3) were glow-discharged with a
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GloQube Plus system (Quorum Technologies) immediately prior to sample preparation. A 2 pL aliquot of the crystal suspension was
deposited on each grid, allowed to sit for roughly 30 seconds, and then blotted with Whatman No. 1 filter paper. For negative staining,
the grids were first touched to a droplet of 2% (w/v) uranyl acetate and blotted without delay. They were then transferred to a fresh
droplet of the same stain, incubated for about 20 seconds, blotted again, and left to dry on filter paper. Imaging was performed on a
TEM operated at 200 kV, using an Emsis Xarosa camera in both imaging mode and selected-area electron diffraction mode.

XFEL data collection

Sample delivery and data collection were performed as described previously.”* For data collection at pH 9.0, a 0.1 M sodium car-
bonate buffer (pH 9.0) was used. This buffer was also transferred to high-pressure sample reservoirs for injection and mixed with the
Cry1Ca18 crystals via a microfluidic mixer upstream of the XFEL beam. The mixing occurred approximately 40 s before exposure to
the X-rays. Megahertz serial femtosecond crystallography’®’° diffraction data were collected at the SPB/SFX instrument®® of the
European XFEL facility (Hamburg, Germany), employing fast liquid-jet injection®" with a 3D-printed®* double-flow focusing nozzle
(DFFN).2° The machine was set to send 202 pulses per train (with 0.5 MHz repetition rate) to the beamline and diffraction produced
by each pulse was captured with AGIPD. A photon energy of 9.3 keV with an average pulse energy of 4 mJ was delivered to the in-
strument, focused to a spot size of ~300 nm in diameter using the Nanoscale-focusing Kirkpatrick—-Baez (KB) optics. Considering the
beamline transmission, this provided an intensity of approximately 6x10'2 photons/pmz/pulse at the sample. The online crystal
diffraction hit rate was monitored using the OnDA program,®* and raw data processing largely followed the methods outlined by Wie-
dorn et al.”®

Structure determination

Measured diffraction patterns were indexed using CrystFEL®® using the indexing method XGandalf and the -multi option.®> Merging
and scaling were performed using the Partialator program from CrystFEL. For Cry1Ca18 at pH 9 CrystFEL Version 0.10.1 was used
for indexing and version 0.11.1-175-gff3dc4b8 was used for post refinement, scaling and merging (xsphere, —push-res=3, 3 rounds).
For Cry1Ca18 pH7 CrystFEL Version 0.10.1 was used for indexing, post refinement, scaling and merging (xsphere —push-res=1, 3
rounds), for both Cry8Ba2 datasets CrystFEL 0.9.1 was used (unity, —push-res=1, 3 rounds). Structure solution was subsequently
performed using the CCP4i2 package. The number of molecules in the asymmetric unit were estimated using Matthews’ analysis.
Two distinct populations of Cry8Ba2 crystals were identified during data processing with CrystFEL, both of which exhibited tetrag-
onal symmetry and could be indexed in space group P4,2,2 (Table S1). The first crystal form (PDB: 9H9B) was found to exhibit a
shorter more compact c-axis (a=b=93.32 A, c=275.51 /3\), and is hence referred to as Cry8Ba2-Com. The final refined model had
Rwork/Riree Of 0.188/0.252 at 2.27 A. The second crystal form (PDB: 9H9A) was found to exhibit a longer more extended c-axis
(a=b=92.23 A, c=308.23 A), and is hence referred to as Cry8Ba2-Ext. The final refined model had Rym/Rfree Of 0.188/0.235 at
2.27 A. The following steps were performed with the CCP4 integrative software for macromolecular crystallography.’® Structure so-
lution of Cry8Ba2-Com was performed in PHASER®® using B. thuringiensis Cry8Ea1 (PDB: 3EB7) and B. thuringiensis Cry1Ac-A14C
(PDB: 4W8J), broken into the component domains, as starting models. The initial model was incomplete and, therefore, subjected to
several rounds of automated model building in Buccaneer.®” This was followed by iterative refinement and manual model rebuilding
cycles in Refmac5°® and Coot®® respectively until the model reached convergence. Phasing of the Cry8Ba2-Ext model was also per-
formed in PHASER using the Cry8Ba2-Com structure, solved as part of this study. The model was subjected to iterative cycles of
refinement and manual model building cycles in Refmac5 and Coot respectively. Cry1Ca18 appeared in only one crystalline form,
also in P4,2,2, a=b=88.82 A, c=267.85 A, and its structure was solved using the same strategy as above (Table S1).

X-ray fluorescence spectra of Cry1Ca18

Microcrystalline sample was loaded into thin nylon loops normally used for single crystal X-ray diffraction. Best results were achieved
with repeated aliquoting of the sample slurry onto the loop, then drying it in a warm air stream to reduce water content. The loop was
placed in the vacuum chamber on beamline 123 at Diamond Light Source, where scanning fluorescence spectra were recorded upon
illumination of the sample with a fixed energy X-ray beam. Two energies were chosen, 11keV and 7keV, on either side of the Zn ab-
sorption edge. Ca absorbs at both energies, but the signal is weaker at the higher energy, the same as the inherent S in the protein.
Other elements in the sample mount, e.g. Ti and Si, also produce peaks and can be discounted.

Sequence and model analysis of Cry protein cysteine content

Sequences for all Cry proteins, grouped by subfamily (Cry1, Cry2, Cry3 etc.) were obtained from the BPPRC database. Identical se-
quences were filtered out and, in large subfamilies (eg Cry1), a subsample of sequences was selected for analysis (Data S1). Overall,
approximately half the Cry sequences available in the current BPPRC database were analysed. For these proteins, cysteine content
was noted along with the ‘form’ of Cry protein: those with a ‘crystallisation domain’ denoted as Long (>~1100 residues), those
without as Short (~600-800 residues), those intermediate as Medium (800 < x < 1100 residues), and those with separate CDS for
the toxin core and ‘crystallisation domains’ as Split. Alignments of the whole Cry family, each individual Cry group (Cry1, Cry2
etc.), Long forms, and Split forms were generated using the MUSCLE algorithm in Unipro UGENE version 51 on an Apple Macbook
Air 2020 M1, to determine conserved cysteine residues. To determine localisation of cysteine residues across the structural family,
models for the holotype of each class (totalling 58 models) were generated using AlphaFold3 via the AlphaFold server. The server was
used in default mode, inputting sequences, and running predictions. Models were visually inspected and compared to experimental
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structures to assess the quality of predictions e.g. correct number of domains and similar domain architecture compared to pub-
lished structures. Split form proteins were predicted by inputting the two separate CDS as individual amino acid sequences. Model
superposition was performed in PyMOL 3.1 using the inbuilt align function, outlier removal function enabled. Structural alignments
and comparisons were made of the toxin cores and crystallisation domains independently to avoid problematic positioning of do-
mains relative to each other.

Cry protein pH digest analysis

For both Cry1 and Cry8, 1.5 mL of crystal suspension were pelleted, resuspended in 1.5 mL dH,0. Pelleting and resuspension were
repeated, before crystals were resuspended in a final 1.5 mL volume of dH,0O. Aliquots (100 pL) were then pelleted and resuspended
in 100 pL of a range of buffers, varying in pH. Buffers used were citrate pH 3.0, acetate pH 5.0, MilliQ water, HEPES pH 7.0, Tris-Base
pH 8.0, Tris-Base pH 8.5, CAPS pH 9.0, CAPS pH 9.5, CHES pH 10.0, and CHES pH 11.0. Samples were incubated in the presence of
2 ul of protease inhibitor (1 cOmplete Protease Inhibitor Cocktail (EDTA-Free) tablet (Roche) dissolved in 300 pL MilliQ water). All
buffers were prepared at 50 mM concentration, with ionic strength maintained at 50 mM by addition of sodium chloride. Samples
were incubated at 27°C, with agitation, overnight before being quenched by the addition of an equivalent volume of 250 mM
HEPES pH 7.0. Samples were centrifuged at 15,000 x g for 10 minutes, and the supernatant analysed on 4-20% gradient SDS-
PAGE under reducing conditions (5% (v/v) p-mercaptoethanol). A solubilisation control was prepared by mixing crystals with SDS
buffer. To detect protein bands, gels were stained with Coomassie Blue R-250 Brilliant Blue.

QUANTIFICATION AND STATISTICAL ANALYSIS

Crystallography data collection and refinement statistics are summarized in Table 1.
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