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ABSTRACT OF THE DISSERTATION 
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Nature self-assembles protein structures for various functions, including: storage, protection, and 

fortification. These self-assemblies range from filaments to full three-dimensional crystals and 

are pervasive across the tree of life. They include the granules present in immune system cells, 

the packing of hormones in the pancreas, the storage of proteins in plants, carboxysomes, 

viruses, and cell-grown crystals in microbes. To accomplish this, a better understanding of how 

certain organisms are able to naturally self-assemble macromolecules and how to recreate these 

in living cells must be achieved. Bacillus thuringiensis subsp. israelenesis’ (Bti) crystalline 
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inclusions are of exceptional interest, since they naturally package a single protein into a 

crystalline inclusion through a life cycle process called sporulation. Compared to classical 

macromolecular crystallography that takes a plethora of variables to exhaustion can still yield no 

crystals.  The laborious process could be prevented; however, by better understanding Bt and 

these crystalline inclusions’ cellular self-assembly process. Cry11Ba is a protein packed into 

these crystalline (Cry) inclusions and found to be one of the most toxic pesticidal proteins. These 

crystals are then ingested by their host and switch from their packaged toxin crystal to their 

inactive protoxin at the high pH within their gut. My interests have been in elucidating the 

macromolecular structure from in vivo produced crystals, further understanding the ambiguous 

mode of action to gain better perspective for other δ-endotoxins, and probing the self-assembly 

of the crystalline inclusions in vivo throughout the sporulation process. I have studied Cry11Ba 

with structural analysis, solubility & toxicity assays, mutational studies, and imaging capabilities 

developed in cryo-EM to successfully in solve a de novo structure via in vivo crystalline 

inclusions, charting the pH sensitivity of the crystals, identifying key residues for stability and 

toxicity, analyzed the monomeric and multimeric particles in alkaline environments to 

understand Cry11Ba’s mode of action, and visualized previously unobserved sporulation stages 

for Bti. 
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1.1 Background and Significance 

While structure determination techniques have continued to advance and solve more 

complex structures, there are still processes that have not been able to be completely studied.  

One gap in knowledge is the self-assembly process of proteins and cellular structures within a 

native or in vivo environment.  Previously, these data would have been unobtainable, but with the 

advancements made in structural biology for resolution and determining ultrastructures, these 

processes can now be studied in-depth in vivo. 

1.2 Macromolecular Protein Self-Assembly 

Nature self-assembles proteins for various functions, including storage, protection, and 

fortification. These self-assemblies range from filaments to three-dimensional crystals and are 

pervasive across the tree of life.  Even with all of these discoveries of different inclusion bodies, 

protein self-assembly within a cell is still a poorly understood concept.1 The general self-

assembly of biological macromolecules has been understood energetically as spontaneous upon 

synthesis of the polypeptide chain with entropy of the environment or system driving the protein 

folding process.2,3  There are different types of self-assemblies, either static, where the molecules 

are in close enough contact to form a structure, or dynamic, where the molecules are colliding 

rapidly and as a result form different structures.  With both static and dynamic assemblies, the 

molecules can then undergo co-assembly.4  Co-assembly is the process of two different species 

assembling at the same time either hierarchically, where one interaction occurs and acts as a 

building block for another interaction, or directed, when molecules are affected by the 

environment to localize and induce close-field interactions.  The packing, directionality, 

selectivity, attraction, and connectivity of the molecules’ contacts can all drastically affect these 

mechanisms.5–7  While mechanically this does address the question of why these biological 
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macromolecules do fold, it does not address the active selection for particular protein folds from 

secondary to quaternary structure.   

Cyrus Levinthal began to discuss this topic and came to Levinthal’s paradox, where the 

degrees of freedom a polypeptide chain possesses will consider an immense, potentially infinite, 

amount of possible protein structures in its search for selecting the best minimum energy 

configuration.8  Proteins; however, fold spontaneously and rapidly, which led Christian Anfinsen 

to suggest that there is a “pathway” to the correct, low-energy, native protein state.  Currently, 

the widely accepted rationale for protein fold selection is Anfinsen’s dogma’s “Thermodynamic 

Hypothesis,” where as previously mentioned the driving force is energetic where a polypeptide 

chain will select the lowest energetic state until it reaches stability and is unable to overcome 

another barrier into a new local free energy minimum.9  With both of these hypotheses revolving 

around how the primary structure can give way to the tertiary structure at the rapid, spontaneous 

speed, Ken Dill came to a “folding funnel hypothesis,” which begins to address these questions 

with a funnel-like energy landscape plot,10 where the native state will reach a low energy 

configuration for its native state, with multiple local minima configurations along the way during 

its molten globular form.11–14 This further followed Anfinsen’s dogma and addressed Levinthal’s 

paradox where the folding of each secondary structure of the molten globular protein would 

reach a new local minima intermediate state and proceed down a kinetic path to a native fold.12     

This has prompted further discussion with Alan Fersht’s Φ-value analysis as a way to 

quantitatively characterize protein folding by mutating a certain residue and seeing its effects on 

the protein’s folding ability/barrier.15  The Φ-value addresses the two major hypotheses of 

protein folding: three-step mechanism or framework model.  The three-step mechanism 

considers that short range, residues close in sequence, fold their secondary structures first, while 
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the framework model suggests that the secondary and tertiary structures form simultaneously, 

with long range interactions forming first.16,17  To probe these, the transition states of proteins 

undergoing folding Φ-values were calculated via algorithmic models or trapped transition states 

to begin elucidating the folding path it follows, while the sampling component is still unclear to 

confirm either hypothesis.18 

1.3 Protein Crystallization Self-Assembly 

 In order to determine the structures of these macromolecules and understand how they 

fold and function, protein crystallization became one of the top structural biology techniques.  

This technique makes aqueous proteins solid by exploiting the packaging of macromolecules into 

ordered crystal lattices that utilize X-rays to produce diffraction patterns that are unique to the 

protein of interest and determine the position of the residues at atomic resolution.19  In order to 

have the aqueous, soluble native proteins  become amenable to crystallization, the protein is 

placed in a mixture containing protein, buffer, and precipitant, which through vapor diffusion 

increase the protein concentration to the super-saturation threshold (Fig. 1.1a,b).19,20  By the 

protein slowly reaching super-saturation, it begins to nucleate a crystalline lattice, this continues 

to pack within the precipitation range and form mature macromolecular crystal.  The precipitant 

is the key component of the mixture that will vary different factors, including: pH, temperature, 

chemical additives, and concentrations, to favor the macromolecular crystallization mechanics.19  

While many crystallization techniques have been developed and variables manipulated to cause 

crystallization, the exact crystallization parameters for each protein vary and have never been 

quite understood why they worked over others.  For this reason, protein crystallography has 

maintained a technique barrier of trial-and-error with many protein studies never producing 

protein crystals or ones of sufficient quality to determine a high-resolution structure.   While a 
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wide array of structure determination values ensure that the data is not biased or over-fit when 

building/solving the structure, other issues may arise from the crystal itself.19  One issue is 

whether the crystallized structures are true representations of the native proteins within the 

environment due to the manipulations that proteins undergo in order to be crystallized.  This is a 

valid point-of-view that many protein crystallographers have addressed with crystal artifacting, 

which include the multimer state due to crystal packing and symmetry and contaminated 

crystallization due to the protein of interest’s purification process.21  As with any technique, there 

are many pros and cons, but more than 50 years after the solving of the first protein structures, 

X-ray crystallography has remained a strong pillar of structural biology and provided countless 

insight into proteins’ structures for more informed experiments to probe functionality and 

structurally-targeted drug design.22,23 

1.4 in vitro and in vivo Macromolecular Self-Assembly 

Though there have been several in vitro studies to determine values for protein folding, 

there have been few to study in vivo folding and able to compare them.  The inability to compare 

the two is mostly due to the lack of techniques to efficiently collect quantitative or qualitative 

data to determine a mechanism in both environments.  To combat this, there have been a number 

of techniques developed and optimized to investigate these complex cellular environments, ie. 

interferometric PhotoActivated Localization Microscopy (iPALM), STochastic Optical 

Reconstruction Microscopy (STORM), Fluorescence Resonance Energy Transfer (FRET), and 

3D-modeling, which will be immense aids to transition from in vitro to in vivo studies.  Due to 

their high-sensitivity levels, these techniques have been utilized to study in vivo protein 

interactions along with how the environments affect the protein expression levels.24  For 

example, alkaline pHs, more than pH 7.9, were found to decrease the presence of certain 
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nutrients and prevent the ability of certain intramolecular interactions to occur for proteins to 

properly fold.25   

Delving deeper into macromolecular self-assembly is the ability of certain cells to form 

crystalline inclusions.  Biomineralization is the formation of crystals in biological systems and 

can range in size from diatomic to macromolecular molecules.26,27  This process is not only 

affected by the cellular environment, but also the presence of chaperoning proteins in the crystal 

assembly process.   While most organisms that form these crystalline inclusions are fungus and 

bacteria cells from genus Candida, Pseudomonas, and Schizosaccharomyces, that can form 

diatomic crystals in vivo,26 animal cells have also been discovered to form crystals within 

different tissues.  One example is the discovery of rod-like cytoplasmic inclusions called Reinke 

crystals within Leydig cells and have only been observed in adult humans and wild bush rats 

with unknown function.28–30  

One species of high interest is the Bacillus genus as they have evolved to package 

insecticidal toxin proteins into a crystal as a survival mechanism when their soil environment 

indicates a low nutrient stress.26  It is suspected, but not well understood which of the approaches 

the Bacillus cells utilizes to form their crystalline inclusions that form during stressed growth 

cycles.  This is of interest, since classical crystallography techniques take a wide range of 

variables into consideration, eg. pH, salts, concentration, etc., when trying to form 

macromolecular crystals; however, these cells can undergo this self-assembly process naturally.  

Many questions arise about this self-assembly, such as do these cells producing the ideal 

environment, are the proteins constructed in a way to induce this alone or are there other 

structures involved within the cell to aid in this inclusion formation by way of a macromolecular 

scaffold, that are not clearly understood since this aspect of the cells has been understudied. 
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1.5 Bacillus thuringiensis’ Production of in vivo Toxin Crystals via Sporulation 

Bacillus thuringiensis (Bt) is a soil-dwelling, rod-shaped bacteria that are sensitive to the 

nutrient levels in their environment.31   They were first discovered in a silkworm colony in Japan 

in what was first called “diseased,” but was a result of this colony ingesting the Bt32–35 with more 

research being conducted in Germany upon its discovery there.36  Upon their discovery, they 

were first believed to responsible through a parasitic relationship within the host, ie. silkworms, 

but was truly a relationship through the lysis and hibernated death of the Bt that will then harm 

their vector their targeted pesticidal proteins. They can vary in dimensions with sizes ranging 0.5 

to 2.5 µm thick by 1.2 to 10 µm long.  These bacteria have been observed to undergo two growth 

phases, vegetative and sporulation.37,38  Vegetative cells are cells with a plentiful amount of 

nutrients available and thus are constantly undergoing binary fission; however, when the 

resources are depleted in the area, Bt will signal to itself that it must conserve nutrients and the 

cells will undergo a process of sporulation. The cell then begins to split the DNA for normal 

binary fission with a membrane invagination that forms a coat around one side with the DNA.  

The other half of the DNA is then degraded, and a spore coat is formed around the membrane-

isolated DNA.  This spore coat provides protection of the DNA from the environment and can 

signal to the cell to leave the dormant state when conditions are favorable for growth.  The spore 

coat continues to mature until the cell naturally lyses and releases the protected DNA.  During 

sporulation, Bt maintain the rod-shape while containing an endospore (non-activated, dormant) 

and a toxin crystal39,40 (Fig. 1.2a-c). 

      Bt strains are of interest due to their ability to natively produce functional proteins that 

crystallize as a product of the sporulation phase.  These toxin crystals contain dormant delta-

endotoxins (cytolytic and crystal proteins) and are utilized to reduce insect-transmitted diseases, 
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eg. mosquitoes41, via these endotoxin’s natural insecticidal properties.  The insecticidal 

properties are specific to different insects depending on the subspecies of Bt.  These Bt-produced 

delta-endotoxins are either crystalline (Cry) or cytolytic (Cyt) parasporins.42  The Cyt proteins 

display cytolytic or hemolytic activity upon interacting the membrane lipids and causing the 

host’s cells to burst displaying these toxin properties broadly during in vitro studies and during 

the larva stage from in vivo studies.  Cry proteins become active toxins once they are ingested by 

the insect and bind to the posterior gut where they form a pore within the stomach's midgut and 

preventing the insect from digesting nutrients.37  While both proteins have toxic (insecticidal) 

properties, Cry and Cyt proteins share limited sequence homology, which has been shown 

previously to have different activation pathways.43  While not confirmed, these toxin activation 

pathways could be related to the proteins’ structure from their natural crystalline assembly since 

the Cyt and Cry proteins can pack differently.  These proteins are of interest since they naturally 

self-assemble as crystals and could be a candidate to study in vivo self-assembly and the 

possibility of another crystallography technique in the future. 

1.6 X-ray Free Electron Lasers and Serial Femtosecond Crystallography Make 

Breakthroughs from Crystal Size Limitations 

An X-ray Free Electron Laser (XFEL) utilizes electrons that are pushed through an 

accelerator to a state where they produce hard (high energy) X-rays.  The electrons are then 

skirted off, leaving the hard X-rays to hit the crystal and produce diffraction.  With high-quality 

focusing optics different foci sizes available, allowing the beam to be focused for nanocrystal 

diffraction.44  Since X-rays harm and destroy the crystals normally, Serial Femtosecond 

Crystallography (SFX) uses a pump injector to produce a stream of crystals that capitalize on the 

“diffraction-before-destruction” method where they will be hit by the X-rays, diffract, and then 



9 
 

be destroyed by radiation damage.45  All of the diffraction patterns are collected and processed to 

produce a data set that can then be used for structure determination.  Partiality models with and 

without refinement exist of crystalline Cry and Cyt toxin proteins due to the small size of the 

cell-grown crystals, until recent successes in X-ray crystallography. The structural study of 

Cry3A displayed a proof of concept for determining the structure from in vivo (Bt) produced 

crystals and was determined by XFEL crystallography.46  Cry3A’s structure; however, was 

previously known and thus not a novel structure.47,48  These in vivo produced crystals have been 

pursued further, including Trypanosoma brucei cathepsin B grown in insect cells49 and the 

BinA/B subunits50, which took the proof-of-concept study of Cry3A and solved de novo 

structures via XFEL studies.  Cry11A/B toxins were first discovered together during a toxicity 

study to characterize new toxin proteins/crystals in Bt susp. israelensis (Bti)51, but can also be 

produced in Bt susp. jegathesan and subsp. medellin.  They are two individual toxins, thus 

different isoforms, that function as a binary toxin; however, Cry11B was 10-fold more toxic 

alone than its counterpart, Cry11A.  Toxicity levels have been observed to have a 50% lethal 

concentration [LC50] = 1.7 ng/mL51 against fourth-instar Culex quinquefasciatus the highest 

mosquitocidal protein produced by Bti.  Cry11Ba is around 72 kDa and target mosquitoes of 

Aedes aegypti and Aedes albopictus, both of which are vectors for Zika and Dengue viruses.43  

Biochemically, little is known about these proteins and the mechanism by which they crystallize 

in vivo or activate upon dissolution in the gut.  While an unusual process, Bt have evolved to 

develop these crystals over thousands of years to target the specific insects, but have been able to 

prevent the pest’s from evolving a resistance against the toxin.52 
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1.7 Electron Microscopy and Ultrastructures in Cellular Biology 

         As the field of cellular biology discovers more intricate details about how cells work, the 

technology and techniques available become the limiting factor in obtaining new data and 

results.  With its variety of usages, light microscopy is one of the most utilized techniques for 

cell studies.  Histochemical staining of cross-sections or fluorescence detection of tagged species 

are examples of different characterization studies that can be performed.  The main obstacle that 

arises from light microscopy is limited resolution due to it being dependent on the wavelength of 

light passing through.  With the current advancements being made in the microscopy field, these 

obstacles are being overcome.  Both scanning and transmission electron microscopy, SEM and 

TEM respectively, have provided the ability to overcome this obstacle with higher resolution 

images that allow cellular structures to be distinguished and identified.  SEM has been useful in 

imaging extracellular structural features, while TEM penetrate the cell to view features, like the 

nucleus and its interaction with DNA, specific organelles, and various pathways, in the 

intracellular space.  The limitations of TEM are dependent upon sample thickness, where higher 

energy electron sources can penetrate thick samples further, but samples that are too thick, must 

undergo additional modification, ie. Focused Ion Beam (FIB) milling, to combat the thickness 

limitation and thin the sample to allow the passthrough of electrons.53–55  Tomography continues 

to propel the field forward by being able to image through solid samples and produce a cross-

section representation.53  There are two imaging methods for tomography, TEM and scanning 

transmission electron microscopy (STEM), that pass electrons through the sample and provide 

information of these regions as well.  One of STEM’s biggest advantages is producing clearer 

images for thick specimens composing these cross-sections with a large amount of information 

and for this reason have been discussed and conducted within biological samples.  STEM also 
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utilizes dynamic focus, which allows for the scanning beam to focus flexibly to increase defocus 

in biological and cell samples that display distinct levels of variability.56  This is an exceptionally 

powerful technique in identifying new interactions and differentiating minute morphological 

differences within the cell.  While a relatively new and evolving technique for biological field, 

tomography provides a unique opportunity to determine more in vivo ultrastructures, which will 

aid in a deeper understanding about cells’ architecture, assembly, and cellular structures’ 

functions. 

         With the recent developments in structure determination, cryo-electron tomography 

(cryo-ET) can study cellular interactions and solve these complicated protein assemblies, eg. 

crystals, within the cell.  This technique also provides resolution at a crucial range, eg. 1-10 µm, 

which is at the limitation limits for many techniques.57  Cryo-ET is the process of freezing a 

(biological) sample within vitrified ice which freezes so rapidly that it preserves the native 

(cellular) structures and tilted within the microscope to capture images at different angles.  This 

tilt-series of images can be reconstructed to view the sample computationally and produce a 3D 

tomogram.  By studying these structures, more information can be obtained about determining 

stabilized crystalline conditions and the metabolic and chemical environment that facilitates self-

assembly.58 
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1.8 Figures

Figure 1.1 Graphical display of protein crystallization mechanics in solution. 20 (a) The 

different solution zones and states of the protein dependent upon concentration.  The lower 

concentration passes the solubility line to reach a metastable solution which is the ideal region 

for crystallization.  Going past the degradation line will cause the solution’s protein aggregate 

and precipitate out of solution due to high concentration.  (b) A graphical display showing how 

individual protein monomers interact in differing concentration solutions.  The ideal regions are 

the heterogeneous and spontaneous homogeneous nucleation concentration regions. 
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Figure 1.2 Overview of sporulation stages of Bacillus thuringiensis subsp. israelensis. (a) At 

the beginning of sporulation, the Bti cells make a dense mesh for the nucleoid of the parasporal 

body. (b) As the parasporal body continues to form, asymmetric division and development of the 

crystalline inclusion and endospore occurs on opposite poles of the cells. (c) As the crystalline 

inclusion and endospore reach maturation, the parasporal body membrane begins to detach from 

the cell membrane before clear definition of crystal and endospore and natural lysis occurs.  
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This chapter is based on the published article “De novo determination of mosquitocidal Cry11Aa 

and Cry11Ba structures from naturally-occurring nanocrystals.” 1 

2.1 Summary 

In this article, the structures of Cry11Aa and Cry11Ba are presented via de novo phasing 

along with biochemical assays conducted to probe the interactions that were postulated to 

stabilize and/or promote the crystalline lattice that these naturally form during sporulation.  

These interactions were previously undetermined for Cry11Aa and Cry11Ba, even though the 

previously studied crystalline (Cry) and cytolytic (Cyt) pesticidal proteins found have displayed 

1 of 2 structural homologies, most likely due to the residues driving crystal formation being 

unique for each pesticidal protein.  The other challenge that was posed with these crystals was 

their size.  Since the crystalline inclusions produced during sporulation are 5 µm or less, this 

pushes the limit of canonical X-ray crystallography techniques and increases the difficulty due to 

the aforementioned size affecting the protein monomer to crystal ratio.  For example, peptide 

crystals of this size have been solved, but this is due to the size of the peptide monomers being 

very small and thus robust throughout the crystal.  For these crystals of the same size, there 

should be significantly less with a protein monomer 10-100 times the number of residues in the 

peptide monomer.  Despite many attempts at determining the Cry11Aa and Cry11Ba structures 

prior, this time proved fruitful as heavy atom soaking with caged-terbium compound (Tb-Xo4) 

allowed sufficient phasing data for single-wavelength anomalous dispersion (SAD) of Cry11Aa 

and then lead to a molecular replacement (MR) structure for Cry11Ba.  Furthermore, solving the 

structure of these proteins from their crystalline inclusion state was of the utmost importance to 

gain more insight into what is naturally packaged into the crystals and reduce any perturbations 

that can occur when utilizing X-ray crystallography, ie. crystal packing interaction artifacts and 
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interactions with buffers that can enhance or prevent interactions for multimerization.  From their 

structures, point mutations targeting the sites of inter- and intra-faces were selected and 

displayed sufficient ability to change the crystal morphology and stability in a gradation for both 

factors.  While the visible changes to the crystalline inclusions were often significant, the 

solubility assays elucidated that the crystal stability had been altered and furthermore shifted the 

pH trigger for both Cry11Aa and Cry11Ba.  By observing changes from these predicted sites of 

importance, the differences in protein scaffolding of the Cry11Aa and Cry11Ba crystals could be 

seen and Cry11Aa was found to have a weaker tetramer-tetramer interface interaction, while 

Cry11Ba has a stronger tetramer-tetramer interaction.  Cry11Ba’s stronger interaction causes two 

subunits within the asymmetric unit and could be what increases Cry11Ba’s toxicity 7-fold 

increase than Cry11Aa against A. aegypti and A. stephensi and 37-fold increase against C. 

pipiens.  With these results, crystalline inclusion morphology, protein packing, and stability have 

been further illuminated and will allow more informed studies on the crystalline inclusion 

formation in vivo during sporulation with further understanding the mode of activation for these 

pesticidal toxin proteins. 

(1) Tetreau, G.; Sawaya, M. R.; De Zitter, E.; Andreeva, E. A.; Banneville, A.-S.; 

Schibrowsky, N. A.; Coquelle, N.; Brewster, A. S.; Grünbein, M. L.; Kovacs, G. N.; 

Hunter, M. S.; Kloos, M.; Sierra, R. G.; Schiro, G.; Qiao, P.; Stricker, M.; Bideshi, D.; 

Young, I. D.; Zala, N.; Engilberge, S.; Gorel, A.; Signor, L.; Teulon, J.-M.; Hilpert, M.; 

Foucar, L.; Bielecki, J.; Bean, R.; de Wijn, R.; Sato, T.; Kirkwood, H.; Letrun, R.; Batyuk, 

A.; Snigireva, I.; Fenel, D.; Schubert, R.; Canfield, E. J.; Alba, M. M.; Laporte, F.; 

Després, L.; Bacia, M.; Roux, A.; Chapelle, C.; Riobé, F.; Maury, O.; Ling, W. L.; Boutet, 

S.; Mancuso, A.; Gutsche, I.; Girard, E.; Barends, T. R. M.; Pellequer, J.-L.; Park, H.-W.; 

Laganowsky, A. D.; Rodriguez, J.; Burghammer, M.; Shoeman, R. L.; Doak, R. B.; Weik, 

M.; Sauter, N. K.; Federici, B.; Cascio, D.; Schlichting, I.; Colletier, J.-P. De Novo 

Determination of Mosquitocidal Cry11Aa and Cry11Ba Structures from Naturally-

Occurring Nanocrystals. Nat Commun 2022, 13 (1), 4376. https://doi.org/10.1038/s41467-

022-31746-x. 
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3.1 Background and Significance  

From previous experiments, the Cry11Ba structure at pH 6.5 was successfully solved de 

novo from in vivo produced crystalline inclusions by X-ray Free Electron Laser (XFEL) 

crystallography (Chapter 2).1  Unlike its fellow crystalline (Cry) and cytolytic (Cyt) parasporins, 

the Cry11Aa and Cry11Ba have a unique crystal packing, especially with the longer loops within 

their second domains which mainly consist of beta-sheets, and an unstructured C-terminus.  Even 

with these structural similarities between these two isoforms, Cry11Ba exhibits greater toxicity 

levels against the major mosquito vectors.  With the structure, a variety of programs provided 

structural insights about Cry11Ba.  This provided the opportunity to select sites for mutations 

where they would target the largest interfaces or intrafaces, since these are typically responsible 

for strong crystal packing.  To better understand the crystal stability, toxicity, and their 

relationship to one another, Cry11Ba was probed with select point mutations at tyrosine to 

elucidate whether these factors are independent or dependent of one another.  These were also 

compared and mapped to various mutations from different δ-endotoxins2 to see which regions 

are responsible for increased/decreased toxicity and determine sequence conservation (Video 

3.1). 

3.2 Introduction 

With the de novo structures of Cry11Aa and Cry11Ba solved, analyzing the structures for 

potential mutations became the focus to better characterize the poorly understood δ-endotoxins 

function.  There are a variety of programs that can aid in determining the best sites for mutations.  

For this study, the target was to disrupt the stability of crystals since they dissolved in the 

alkaline gut of their target host.  While there are large swathes of inter- and intra- faces, there are 

programs that can calculate what the surface area of each interface is and what residues 
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contribute most to these areas.  For this study, Cry11Ba sites of stability were determined 

utilizing the Protein Data Bank in Europe’s Proteins, Interfaces, Structures, and Assemblies 

(PDBePISA) tool, where a protein structure’s interfaces in their crystal environment are 

analyzed, calculated, and quaternary structure can be predicted for a protein.  This allows for a 

plethora of parameters, not only the size of crystal interfaces, to be determined, including 

energetics maintaining quaternary structure, and what the crystal contacts are for the structure.  

This was especially useful for the Cry11Ba structures since these were in vivo produced.  Since 

these are a natural product of sporulation, they are unaltered or modified to force crystallization 

unlike most proteins for canonical crystallization.  From these programs, Cry11Ba WT’s 

conserved globular 3-domain structural homology was found within these Bt protoxins, but are 

affected by various crystal packing secondary structural moieties.  A variety of programs were 

utilized to compare and visualize these mutations, including Dali, STACCATO, and ConSurf.  

Dali is a protein structure comparison server, which compares the proteins’ 3D structures within 

the PDB.3  This was ideal utilized for this family of proteins, since they do not appear to have 

any sequence homology, but have exceptionally high structural homology.  The Dali program 

can undergo three types of database searches: “heuristic PDB,” which compares one query 

structure against all of that in the PDB; “exhaustive PDB25,” comparing one query structure 

against a representative PDB subset; and “hierarchical AF-DB,” this compares one query 

structure against a species subset of AlphaFold.  These structures can then be compared 

“pairwise,” comparing one query structure against those specified, or “all against all,” returning a 

structural similarity for a set of specified structures. Next, the STructural sequence Alignment, 

Correspondence and Conservation Analysis Tool, STOCCATO, that took the PDB sequences 

provided by the Dali analysis and is a multiple sequence alignment (MSA) tool that combines the 
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use of three-dimensional structure alignment probabilities and standard amino acid substitution 

probabilities.4  This improves typical alignments by computing more accurate multiple-sequence 

alignments, analyzing protein conformational changes, and computation of amino acid structure 

sequence conservation.  After obtaining an accurate multiple sequence alignment from 

STOCCATO, the final step was to visualize this alignment to show conservation of sequence, 

since the δ-endotoxins do have little to no observable sequence conservation.  For this process, 

ConSurf was utilized, which is a bioinformatics tool for estimating evolutionary conservation of 

amino/nucleic acid positions in a protein/DNA/RNA molecule.5–7  By doing so, the conservation 

of the amino acid sequence will be colored for more (maroon) or less (deep teal) conservation7 

mapped to the surface of the protein of interest’s structure.  By pairing each of these techniques, 

the δ-endotoxins high sequence variation can begin to be understood and find small stretches 

amongst all of the structurally homologous toxins that may be responsible for toxicity and/or 

elucidate sequence toxicity or specificity.  

3.3 Results and Discussion 

From PDBePISA8,9, I discovered that native (WT) Cry11Ba did conserve the more 

globular 3-domain structural homology found within the majority of the Bt protoxins.10  I 

observed Cry11Ba’s largest interface is between the ɑ-helical bundle domains (named Domain 

1) of two different Cry11Ba chains, the next was Cry11Ba’s β-sheet domain (named Domain 2), 

that had the strongest interactions due to the antiparallel secondary structure between two 

different Cry11Ba chains’ β-strands (Fig. 3.1).  From this analysis, there were additional 

locations interior to the Cry11Ba domains’ largest interfaces (interface #1 and interface #4), 

where some residues were key to interacting with the surrounding residues to stabilize and 

reduce their flexibility (Appendix B).  While there were multiple residues observed in both of 
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the aforementioned categories for mutation candidates (Table 3.1), I finally selected Tyr residues 

(Y241, Y273, Y350, Y453) at the most “load-bearing” locations, ie. areas with the highest 

Buried Surface Area (BSA) (Fig. 3.2).  Since Tyr has a pKa = 10.1-10.8, these were the top 

candidates to be deprotonated at the pH within the target hosts, ie. larval mosquitoes in the Aedes 

genus, of the Bti pesticidal toxins, which have had luminal pHs measured between 10.5-11.5.11  

Due to this, my mutation selections and designs focused on Tyr to Phe, since this should 

replicate the deprotonation that would occur within the luminal midgut of the larval mosquitoes.  

By losing this hydrogen-bonding site on the phenyl ring, the stabilizing interactions at key inter- 

and intra-faces should disperse and result in a reduction in stability.  Furthermore, this would 

allow the pH trigger to shift due to diminished buffering capacity and increase solubilization at 

lower alkaline solutions.  Though this would simulate the effects of destabilizing Cry11Ba, albeit 

the missing proteases and other chaperone proteins also theorized to be involved in this 

process,12,13 this would provide insightful information of which sites are the most potent in 

increasing solubility, destabilizing Cry11Ba, and observe its effects on toxicity. 

 The initial constructs were developed by Brian Federici, Dennis Bideshi, Hyun-Woo 

Park, and Sarah-Jane Rudd at University of California, Riverside and California Baptist 

University by utilizing primer-induced mutations at the selected point mutation sites and then 

changed the DNA to encode for that new residue for both the forward and reverse primers with 

overhangs to help improve incorporation into the plasmid.  This is then grown in E. coli and 

from there the plasmid undergoes a transfer to B. thuringiensis with a shuttle vector, where the 

initial vector is designed to propagate in two different host species by having origins of 

replication for the two different organisms.8  When this was first attempted, Dennis Bideshi, 

Hyun-Woo Park, and Sarah-Jane Rudd were able to successfully express all of the mutant 
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constructs after manipulation in E. coli and then insertion back into B. thuringiensis via (E.coli-

Bt) shuttle vector pHT3101.14   Each of the mutant constructs were cultured in a similar manner 

as the WT Cry11Ba (Chapter 2).1 The purification of the crystalline inclusions followed the same 

protocol as the WT Cry11Ba crystals (Chapter 2)1, where a sucrose gradient of varied 

percentages, 30-65%, were layered by hand within thin-walled UltraClear centrifugal tubes and 

linearized overnight.  Cry11Ba lysate was then layered on top of the linearized sucrose gradient 

to completely fill the tubes, since the centrifugal tubes rely upon pressure displacement within 

the tubes to prevent the tubes from collapsing inward during the high-speed centrifugation.  

These are carefully balanced, within +/-0.005 of one another, to prevent any imbalance that 

would increase the pressure resistance within the ultracentrifugal chamber.  After centrifuging, 

each mutation had distinct bands at varying sucrose percentages.  These include the three main 

components to be separated within the lysate: cell membranes, spores, and the Cry11Ba crystals.  

With the sucrose gradients, bands were consistent amongst their mutants, but greatly differed 

from one another and the native gradients (Fig. 3.3). These were then further characterized by 

different analysis techniques including: SDS-PAGE (Fig. 3.4), powder diffraction, confocal 

microscopy, phase-contrast microscopy, and electron microscopy to determine purity and crystal 

morphology.  While the initial morphological differences were less observable due to all the 

mutants retaining the native cubic bipyramidal shape, they did display a broad range of smaller 

sizes compared to native Cry11Ba crystals (Fig. 3.3).  With these smaller crystals, 0.7 µm, 

observed more often than larger, 1.5 µm, which is a result of the mutants being selected to 

reduce stability and disrupt the crystal lattice contacts/interactions.    

Utilizing pre-calculated XFEL data, the Y350F Cry11Ba at pH 6.5 structure was solved.  

For the mutant structure, the data quality was reduced when compared to the WT Cry11Ba at pH 
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6.5 (Chapter 2, Table 1&2).1  Upon solving the structure and utilizing WT Cry11Ba as a 

molecular replacement model, I went to mutate the Tyr350 in the 3D model structure to Phe and 

noticed positive density when the Phe was mutated (Fig. 3.5a,b).  To remove any bias, the 

structure was reprocessed and solved with a Phe at position 350 from the beginning of 

refinement; however, the positive density around the para-position of the Phe aromatic ring was 

still present and was only satisfied once the Phe was mutated to Tyr with the hydroxyl group 

occupying the density.  Upon discovering this during the Y350F Cry11Ba structure refinement, 

we further probed what the status of this mutant was, since the PCR results had confirmed that 

the mutations were up taken by the plasmid and shuttle vector.  One possibility was that the 

mixing injector on the XFEL for serial femtosecond crystallography had residual WT Cry11Ba 

crystals present and this then contributed to its signal collected in the data.  This was avoided 

though by the XFEL facilitators thoroughly rinsing the mixing injector before introducing new 

samples, which despite the preventative efforts may still been present.  To confirm that the Bti 

cells crystalline inclusions were in fact producing solely mutant crystalline inclusions, I utilized 

Gel Extraction Liquid Chromatography Tandem Mass Spectrometry (GeLC-MS/MS) to 

determine the final purified Cry11Ba crystal mutation state from both the stock and diluted 

sample for the XFEL data collection.  From the preliminary results, I observed within the Y350F 

Cry11Ba purified fraction, both WT and Y350F peptide fragments within the spectra (Fig. 3.6).   

To further probe and confirm this, I utilized vaporization iodination labeling (VIL), which will 

selectively iodinate the meta-position on the aromatic ring when -OH is present and confirmed 

the status of the other mutants as well, where each mutant showed the +142 amu shift within that 

peptide fragment (Fig. 3.7), consistent with an iodination event on the alleged Phe or confirmed 

Tyr aromatic ring (Fig. 3.5c,d).  From these studies, I was able to confirm that each of the 
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mutants were contaminated with the WT Cry11Ba species.  Due to how mass spectrometry 

functions, obtaining an accurate ratio of WT:Y350F was not possible to understand the 

magnitude of the mutant signal causing density within the structure or being masked during other 

biochemical assays.  This was thus similar for all the mutants.  From preliminary trials of the 

solubility assays, I observed an effect of uptake into solution at a lower pH than the WT for each 

mutant, but these were not as extreme as I believed the mutants should be.  Due to the GeLC-

MS/MS, we discovered that each of the purified mutant crystals were contaminated with WT 

Cry11Ba from different preparations utilizing the initial mutant colonies provided.  The previous 

solubility data was still promising as shifts toward less alkaline pHs were observed when 

conducting solubility assays and the purifications displayed different sucrose gradient fraction 

fingerprints than the WT.  The expected results for Y241F, Y273F, Y350F, and Y453F were to 

be further enhanced without the WT crystal’s contributing signal masking/competing for the 

mutant.  

After ruling out the possibility of the contamination of WT Cry11Ba crystals from the 

injector, we further investigated how to mitigate and eliminate these recurring in the next 

expression.  While researching different mutation/expression approaches to prevent wildtype 

crystals from being expressed, Dennis Bideshi, Hyun-Woo Park, Sarah-Jane Rudd, and I decided 

to slightly alter the mutagenesis step in the construct’s creation.  The expression or shuttle vector 

used as these vary in how they are expressed and their efficiency.  For example, an integrated 

shuttle vector is more effective for maintaining low spontaneous mutation frequency within the 

system, but takes time to establish a workable cell line and low DNA copy numbers. While 

potentially caused by the shuttle vector system being utilized to mutate the Cry11B expression 

vector, it is not common to have a “leaky” vector of the WT or never been reported previously to 
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be a common occurrence.  From this discovery, new mutations were made in GeneBlocks 

(gBlocks), which are gene fragments of double-stranded DNA between 125-3000 bps), and a 

unique gBlock was designed for each mutant.  These were then shuttle-vectored back into 

Bacillus thuringiensis by Dennis Bideshi, Hyun-Woo Park, and Sarah-Jane Rudd and sequenced 

via PCR at the DNA level and confirmed the mutants’ sequences and were then cultured, 

expressed, and purified for protein sequencing via GeLC-MS/MS.  When I reconducted the 

GeLC-MS/MS, I was able to confirm the mutant constructs contained no WT contamination 

utilizing the same protocol as before displaying the contamination (Fig. 3.8).  Upon confirming 

these with peptide sequence coverage containing each of the mutants respectively and an average 

of 75% sequence coverage for each mutant construct.  Characterization profiles for each mutant 

were collected utilizing powder diffractions, OD600, phase contrast microscopy, electron 

microscopy, and purification extraction percentages.  Additionally, these purified mutant crystals 

were used in solubility assays with pHs ranging 7 - 13.5.  The concentration of the supernatant 

was measured by absorbance and turbidity was measured of the remaining pellet. I proceeded to 

reconduct the solubility assays and observed a more drastic shift, ~0.7 pH units, to a lower pH 

for each of the point mutations of Cry11Ba.  Since these Cry and Cyt paratoxins display low 

sequence homology, yet are highly effective toxins, this was further analyzed.  While working on 

these new expressions, I conducted further analysis utilizing Dali, STOCCATO, and ConSurf to 

study and visualize the conservation across 15 Cry and Cyt proteins that displayed high structural 

homology (Figs. 3.9-11 & Video 3.2).  Amongst these only 1 residue, Tyr195, was completely 

conserved and will be added as a mutation to the panel of constructs with the expectation of 

higher effects on toxicity than stability, since it is not at a key inter- or intra- face and may be 
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contained within a regulatory region for toxicity due to the complete/high conservation (Fig. 

3.11).   

From the solubility studies, a distinct shift of pH sensitivity from the previously 

conducted assays with pH 11.5 - 11.6 for the initial contaminated mutants to pH ~11.3 for the 

new mutants.  This distinct shift was statistically significant from Cry11Ba wt (Table 2a) and is 

indicative that the mutations selected at those key intra- and inter- faces to target these large BSA 

sites to increase flexibility and/or reduce stability became more pH sensitive to their alkaline 

environment causing them to dissolve at a lower pH.  From the assays, I can state that each of 

these sites is important for protein stability in the crystal state due to removing these hydrogen-

bonds resulting in a decrease in stability and increase in pH sensitivity from pH 11.6 to 11.3 

(Fig. 3.12; Appendix A, Supp Fig. 13).  A future study designing a construct with multiple 

mutations to see if these effects are compounding and exponentially increase pH sensitivity and 

decrease stability.  Another observation was at more neutral pHs, the solubility was increased for 

a few of the mutants and uptake was occurring at pHs that had minimal uptake for the WT 

Cry11Ba.  This would be indicative that not only were these mutations more pH sensitivity, but 

that the crystal integrity/stability was affected in a significant enough way to allow for this 

uptake.  According to a two-factor ANOVA, we were able to determine that these values for 

Y350F and Y241F were statistically significant with 90% and 95% confidence respectively 

(Table 3.2b) for the neutral or slightly alkaline pH (pH 7-9.5) values making multiple mutant 

constructs even more interesting for future studies.  Given these results, making a new chimera 

combining interface or a mixture of intra- and inter-face mutations would be of interest to see if 

these effects are compounding and exponential in increasing pH sensitivity and decrease 

stability. 
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 Lastly, the Cry11Ba mutants were evaluated for their biotoxicity to determine if the 

effects observed for pH sensitivity translated to toxin functionality.  Each of the purified mutant 

crystals were lyophilized in nanopure H2O and then evaluated for biotoxicity against Culex 

quinquefasciatus, the southern house mosquito.  This was the first take instead of Aedes aegypti, 

the true target of Cry11Ba, as it is one of the most pervasive species worldwide, except the 

northern region of the temperate zone, and a host of various pathogens, including West Nile 

Virus.  C. quinquefasciatus is similar to A. aegypti in their resting positions on water, but A. 

aegypti are carriers of fewer, albeit more deadly, pathogens, including Zika and Dengue viruses, 

and able to exist in every region of the world.  Having a better understanding as to how these 

toxins function will aid in designing more effective synthetic toxins and help combat the growing 

resistance to pesticides within different vector species2 (Video 3.2).  The other important aspect 

is the age of the vectors being experimented on, as most of the pesticidal protein target larvae, 

since this is the life stage of most vectors that will be in the soil and will ingest these pesticidal 

proteins.  During this larval stage, there are typically 4-6 levels of instars, which is the 

developmental stage of an arthropod between molts, before adulthood which varies depending on 

species.  For Culicidae, where mosquitoes are categorized under Diptera, have 4 instars before 

entering the pupae stage and finally molt into their well-known adult mosquito form.   The 

biotoxicity assays were conducted by Dennis Bideshi and Sarah-Jane Rudd, who exposed 4th 

instar C. quinquefasciatus larvae to different concentrations of the lyophilized crystals for 48 hrs 

where mortality was recorded.  From this experiment’s data, Hyun-Woo Park analyzed and 

calculated the LC50 and LC95 values (Table 3.3), except Y273F, were less toxic than the native 

Cry11Ba produced.  The Y273F mutant is a targeted Tyr at an intraface between Domains 1 and 

2 within the same chain indicates not only pH sensitivity, but also involvement in toxicity to the 
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target.  This mutation is buried within the protein and is a short helix with higher hydrophobicity 

than its surrounding hydrophilic residues, thus by removing the hydroxyl group from the Tyr, not 

only was the pH sensitivity increased, the change in hydropathy in this region could have 

allowed for more flexibility and switched to a more active state for the toxin.  While the target 

vector species of Cry11Ba is not C. quinquefasciatus, this is indicative of the pervasiveness of 

these toxins in fine tuning their systems to their target vectors, despite being in the same 

Familiae Culicidae. While the other mutants displayed decreased toxicity, ie. higher LC95 values, 

this is still indicative that the Y241F, Y350F, and Y453F are each involved in the activity of the 

toxin, but not how I initially perceived they would.  Displaying a change in pH sensitivity 

indicates that the stability effects do not necessarily correlate to higher toxicity but could still 

affect the mode of action of the toxin.  Each of these less toxic mutations were affecting interface 

interactions and stabilizing the large BSAs observed via the PISA analysis, thus these residues 

would be more solvent exposed as the crystals interacted with the alkaline pH and able to interact 

with the receptors within the gut of the mosquitos.  Without the hydroxyl group present, the 

Cry11Ba mutants’ ability to shift from the crystalline toxin to protoxin may have been inhibited 

or lost binding effectiveness to the receptors to cause the pore-forming function of the δ-

endotoxins.  To further probe these effects, chimeras of the Cry11Ba mutants should be designed 

to see if the pH sensitivity and toxicity effects can be synergistic and mutate to more polar or 

charged residues to target the mode of action’s biochemistry. 
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3.4 Figures

 

Figure 3.1 PDBePISA analysis of Cry11Ba interfaces.  This displayed the various interfaces 

that were predicted via the partiality models that were initially obtained from multiple X-ray 

crystallography attempts with and without heavy metal soaking.  From this analysis, the 

Cry11Ba sequence was threaded on the highly conserved δ-endotoxin 3 domain globular 

structure and matched the discovered residues with the PISA identified interfaces.  This specified 

the different chains and calculated the surface area for each interface.  The most stable residues 

were also highlighted when further expanding the interface data and were able to select Tyr 

residues at key interface points and whether they were responsible for stabilizing interactions.  

Each interface was further studied to identify other potential residues for different mutations that 

were not related to pH sensitivity. 
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Figure 3.2 Cry11Ba selected mutations at PISA predicted interfaces and intrafaces.  Each 

of the interfaces and intrafaces identified by PISA, contained Tyr residues near stabilizing 

residues.  Each of these was selected for stability effects, along with possible toxicity effects.  

This included mutations at interfaces (a) Y350F and (b) Y453F and intrafaces (c) Y241F and (d) 

Y273F with the mutation sites marked as white spheres.  The asymmetric unit containing a 

Cry11Ba dimer were colored as different chains (red and cyan/green) with different dimers being 

the another set colored together (magenta and yellow).   
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Figure 3.3 Comparison of Cry11Ba WT and mutants separated by sucrose gradient.  Upon 

ultracentrifugation of the (a) WT and (b-e) mutant Cry11Ba, they are separated within the 

discontinuous 35-65% sucrose gradient.  Each mutation displayed a “fingerprint” sucrose 

gradient, which differ from the native gradient.  The separate bands were fractionated manually 

and contained either cell membranes, crystals (yellow arrows), endospores, or Bti cells.  The 

crystal fractions were analyzed via phase contrast confocal and electron microscopy to confirm 

morphology with many smaller crystals and varying sizes produced by the mutations than the 

uniform native crystal fraction.  
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Figure 3.4 Purified Cry11Ba mutation constructs crystal fractions on SDS-PAGE.  After 

separating the crystal fractions from the sucrose gradient, these were analyzed by SDS-PAGE to 

confirm the full-length proteins were present (~72 kDa).  High-order multimers and possible 

degradation products were also observed above and below the monomer band, which would be 

expected as the crystalline form quaternary structure would contain multimers and the 

dissolution could induce degradation.   
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Figure 3.5 Structural refinement of Cry11Ba Y350F structure with Phe and Tyr.  (a,b) The 

first Y350F Cry11Ba structure was refined using Buster to improve the structural statistics.  The 

initial structures contained positive density above the F350, that had their initial sequnce mutated 

to remove any potential bias for the density above the phenyl ring in both Cry11Ba chains.  (c,d) 

This was then mutated back to Y350 after 3 rounds of Buster refinement, which then satisfied the 

positive density with the addition of the hydroxyl group in that region.  This was the first 

indication that the mutant constructs may contain WT Cry11Ba despite PCR sequencing of the 

primers and mutated vectors. 
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Figure 3.6 GeLC-MS/MS of Y350F Cry11Ba purified crystals sequence identification.  The 

mass spectroscopy sequence idenfication (green) for Y350F Cry11Ba of WT, Y350F, and Y241F 

peptide regions focused upon (blue box).  The Y350F mutation was detected by mass 

spectroscopy (positve control).  Y241F Cry11Ba (negative control) was not detected, which 

should not have been as they were not within the same vector.  WT Cry11Ba was detected within 

the Y350F Cry11Ba confirming that the native sequence was also present within the mutation. 
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Figure 3.7 Mass spectroscopy MS2 spectras after vaporization iodonation labelling for 

Y350F Cry11Ba.  After the vaporization iodonation labelling, the QEITFNDK peptide was 

identified by mass spectorscopy and displayed correct ionization peaks for the m/z= 523.25 amu.  

If WT Cry11Ba with Y350 was not present, then the iodonation labelling would have failed and 

no spectra or peaks would be associated with the QEITyNDK peptide sequence.  The 

QEITyNDK with y being modified by -I atom, the shifted m/z=665.14 amu peak was identified 

along with the 523.25 amu peak.  The difference of 141.89 amu is equivalent to the iodide and 

hydroxyl groups both being present on the Y350 phenyl ring. 
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Figure 3.8 GeLC-MS/MS of Y273F Cry11Ba purified crystals sequence identification.  The 

mass spectroscopy sequence idenfication (green) for Y273F Cry11Ba of WT and Y273F peptide 

regions focused upon (blue box).  The Y273F mutation was detected by mass spectroscopy.  WT 

Cry11Ba was not detected within the Y273F Cry11Ba confirming that the native sequence was 

not present within the mutation.  This was confirmed for each of the Cry11Ba mutations upon 

recreation with GeneBlocks to produce the new Cry11Ba mutations. 
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Figure 3.9 Dali analysis of Cry11Ba against heuristic PDB search.  Utilizing the Dali analysis 

server that samples from the PDB at various levels, where other proteins will be identified and 

ranked based on their similarity to the supplied (WT Cry11Ba) structure.  The highest Z-score  

structures were other insecticidal δ-endotoxin proteins that share a highly similar 3 domain 

globular protein fold.  Below these was a significant drop in Z-score, indicating lower structural 

similarity.  These first 13 candidates were selected for further comparsion and analysis for 

functional and structural analysis. 
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Figure 3.10 STOCCATO multiple sequence alignment of Cry11Ba and Cry11Aa against 13 

δ-endotoxins.  From the selected top Z-score candiates from Dali, these sequences were 

processed through STOCCATO for a multiple sequence alignment.  This is aligning the 

sequences based upon their structure and accounts for any deletions or insertions into the 

individual protein’s sequence.  Domain 1 (blue), Domain 2 (green), and Domain 3 (red) have a 

significant amount of secondary structure with the most significant differences between WT 

Cry11Ba being the more central parts within Domain 2, with 2 large amino acid insertions. 
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Figure 3.11  ConSurf multiple sequence alignment of Cry11Ba Domain 1 against 14 δ-

endotoxins with conservation surface mapping.  (a) The aligned sequences of Cry11Ba and 

the other selected candidates were then colored according the their conservation level with high 

(maroon) to low (dark teal) levels.  These conservation levels also took into account the residue 

class as nonpolar, polar, and charged.  (b) The same conservation mapping levels were colored 

on the Cry11Ba structure, which displayed more conservation towards the central part within the 

alpha-helical bundle in Domain 1.  This also identified Tyr195 as the single completed conserved 

residue with His160 and Leu161 being highly conserved. 



65 
 

 

Figure 3.12 Solubility assay comparing old and new mutant constructs of Cry11Ba.  The 

old and new mutatnt preparations displayed varying levels of dissolution (mg/mL) indicating a 

shift in pH sensitivity.  The old Y273F (light blue) and Y453F (light yellow) indicated a notable 

uptake into solution at pH 11.7, which were contaminated with WT Cry11Ba.  The new Y273F 

(dark yellow) and Y453F (dark blue) that were confirmed by mass spectroscopy, displayed a 

gradual increase in uptake with the largest increase between pH 11.3-11.5.  The initial levels for 

Y273F were higher than the original and each of the mutants, indicative of a decrease in stability 

of the crystal.  
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3.5 Videos 

 

Video 3.1 δ -endotoxin mutations mapped with different levels of toxicity.  A variety of 

mutations have been conducted upon Cry and Cyt proteins to probe their toxicity levels.  These 

levels consisted of higher toxicity (green), lower toxicity (red), equal toxicity (yellow), mixed 

toxicity (blue), and toxicity not reported (yellow).  The majority of mutations that increased 

toxicity were in Domain 2 within the beta-sheet and towards the central part of the protein, were 

most conservation occurred.  Domain 3 had the greatest variability in mutations and their effect 

on toxicity. 
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Video 3.2 ConSurf conservation surface map of Cry11Ba and Cry11Aa against 13 δ-

endotoxins.  The ConSurf conservation mapping levels colored on all 3 domains of the WT 

Cry11Ba structure, which displayed more conservation (maroon) towards the central part of the 

overal protein in Domains 1, 2, and 3.  There is higher variablity (deep teal) at the edges of the 

B-sheets and strands of Domains 2 and 3.   
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3.6 Tables 

Mut. Interaction Reasoning Cause Effect/Impact Location Symmetry 

Y241F Intramolecular 

(at an interface) 

H-bonded 

between 

domains, 

same chain, 

D590 

Loss of H-

bond 

More flexible, 

higher entropy 

barrier to 

crystallization 

Between 

Helical and 

C-term B-

sheet 

domains  

None 

Y273F Intramolecular H-bonded 

between 

domains, 

same chain, 

R518 

Loss of H-

bond 

More flexible, 

higher entropy 

barrier to 

crystallization 

Between 

interrupted 

helix and 

loop  

None 

Y350F Intramolecular 

(at an interface) 

H-bond to 

neighboring 

strand, 

P352 

carbonyl 

Loss of H-

bond  

Change of 

backbone 

conformation 

with 

neighboring 

strand near 

interface 

(supporting 

conformation 

compatible with 

interface) 

H-bond 

sheet-sheet  

Two-fold 

symmetry 

Y453F Intermolecular H-bond to 

neighboring 

strand, 

T318 

Carbonyl  

Loss of H-

bond 

Maintain the 

interface 

contact, but 

reduce of the 

strength of the 

interaction  

H-bond 

loop-loop 

(450 - 460, 

Chain A) 

(315 - 325, 

Chain B)  

Two-fold 

symmetry 

Table 3.1 Cry11Ba mutation selection and rationale.  The selection process for Cry11Ba 

mutations.  These are the factors contributing to the mutations and the hypothesized result when 

inducing that mutation. 
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a 
Y241F Y273F Y350F Y453F 

F 16.79195 10.21232 22.2864 10.57612 

P-Value 0.000411 0.003881 8.44E-05 0.003385 

F Table Value (0.01) 7.823 7.823 7.823 7.823 

 

b 
Y241F Y273F Y350F Y453F 

F 49.10665 4.790597 7.565861 0.031991 

P-Value 0.005968 0.116391 0.070706 0.869445 

F Table Value (0.1) 5.53832 5.53832 5.53832 5.53832 

F Table Value (0.05) 10.128 10.128 10.128 10.128 

Table 3.2 Cry11Ba mutants vs WT pH ANOVA.  The statistically significant values and 

analysis for (a) the pH trigger/uptake shift and (b) initial stability/pH floor uptake shift.  Each 

value had the mutations’ shift was statistically significant with 99% confidence level for the pH 

trigger shift and 95% confidence level for the pH floor uptake shift. 

 

 

 

 

 

 

 

 

 

 

 



70 
 

 

Table 3.3 Cry11Ba WT and mutation biotoxicity assay against Culex quinquefasciatus.  

Each Cry11Ba mutation and WT was tested for toxicity against C. quinquefasciatus.  They were 

fed to 4th-instars and displayed various levels of LC50 and LC95 levels.  The majority of 

mortality is observed within 24 hrs, with initial death observed at 2-3 hrs, thus a 12 hr time point 

was collected.  This displayed increased toxicity of Y273F initially, but upon reaching 48 hrs, 

both Y273F and Y350F displayed high toxicity and Y241F and Y453F maintaining toxicity 

levels equalt to WT. 
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Chapter 4 

 

 

 

 

 

Electron microscopy of Cry11Ba crystalline inclusions at biologically relevant alkaline pH 
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4.1 Results and Discussion 

The crystalline (Cry) and cytolytic (Cyt) paratoxins are unique in their ability to 

crystallize and dissolve into pro- and active toxin, which we are interested in understanding the 

mode of action of these Cry11Ba crystalline inclusions further by means of cryo-tomography to 

detect the changes occurring in the protein states. The first approach was inducing the alkaline 

state upon the Cry11Ba native crystals and injecting them utilizing the micro-injector on the 

XFEL to capture these changes over time.  The data collected at the alkaline conditions was 

sufficient for another structure determination of Cry11Ba at pH 10.4, but did have reduced 

refinement statistics compared to the native structure at neutral pH (Chapter 2, Table 1).1  By 

utilizing an Fobs-Fobs difference density maps, which subtract the electron densities from one 

another in order to determine change in one direction or another between two structures, 

differences were expected to have correlation in locations with either positive or negative 

densities to indicate changes within the structure that were affected by the pH change.  These 

changes were predicted to be between domains to indicate a change from the crystal to protoxin 

or active toxin state.  Upon conducting this calculation, the differences were detected within the 

structure; however, these differences were not as extensive as we originally predicted, and thus 

further analysis was necessary utilizing a different technique.  

Utilizing pre-calculated XFEL data, an additional structure was solved alongside the 

wildtype (WT) Cry11Ba at neutral pH (6.5), an alkaline pH (10.4) Cry11Ba structure. The higher 

pH structure was to simulate the alkaline pH levels that the crystals would be subjected to within 

the Aedes aegypti posterior gut upon ingestion and binding.  Differences were observed between 

the WT Cry11Ba pH 6.5 and pH 10.4, notably that the crystal appeared to be condensing at the 

alkaline pH compared to the neutral pH structure, which was observed by utilizing a distance 
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difference plot (ddPlot) (Figs. 4.1,4.2).  This would indicate that upon being introduced to the 

alkaline environment in the A. aegypti’s gut, the protein domains would retract and begin to 

increase the distance from one another and thus lose their interaction points with other chains, 

thus reducing stability and causing the crystal to fall apart and dissolve.  During XFEL data 

collection, we noticed a significant reduction in the data quality and in order to combat this, we 

increased the glycerol percentage to help hold the crystals within the suspension and improve the 

data of the smaller crystals that were resulting from the WT Cry11Ba being exposed to the 

alkaline pH over the long data collection time period (ie. a few hours).1  This could have 

conflated the observed separating distances between the domains and chains for the Cry11Ba 

crystal contacts as the increased glycerol, 30% to 40%, dehydrates the system and thus would 

result in constricting the domains from one another.   

 With these structures leading to more questions than answers, another structural 

technique was selected to try and study the changes occurring within Cry11Ba at alkaline pH.  

The biggest challenge to overcome with studying the Cry11Ba conformational changes is that 

this protein is packaged into a crystal.  As previously discussed, these toxins are unique in that 

their packaging mechanism is crystalline.  These crystals, while typically well-ordered in their 

crystal lattice, do experience the barrier that they are much too small for typical X-ray 

crystallography structure determination. However, they can be imaged at high magnification by 

electron microscopy to obtain high-resolution information.  By negatively staining the Cry11Ba 

crystals with uranyl acetate, the lattice of the crystal was observed, and weak peaks were 

observable by taking the Fourier transform (FT) of the transmission electron micrographs 

(TEM).  The conformational changes that were being induced at the alkaline pH could be 

changing the crystal lattice as well, resulting in different diffraction patterns.  This could be more 
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easily observed by cryo-electron tomography (cryo-ET), which takes images at different tilt 

angles of the sample stage and from here can be reconstructed into a stack of images resulting in 

a 3D structure.2–6  cryo-ET’s imaging power fills the imaging gap within the aforementioned 

range and would allow the possible elucidation of the pH-induced crystal lattice changes.  In 

order to capture the changes, a time course on the crystals was conducted to see how quickly the 

crystals were dissolving into the solution and by how much.  After conducting the typical 

solubility assay and shortening it to different time frames, it was found that most of the crystal 

pellet dissolution occurred within 10 minutes.  With the majority of crystal dissolution occurring 

within the initial 10 minutes, time points of 1, 5, and 10 minutes were selected to capture the 

change that was expected to be occurring within the crystal lattice.  After observing that crystals 

were more dissolved/damaged at 10 minutes than 1 minute via TEM images, optimization in 

terms of concentration, distribution, and freezing conditions were determined.  These datasets 

would produce tilt series that, when the Fourier transform was performed, display a diffraction 

pattern movie (Fig. 4.3a,b).  The procedure of grid preparation was modified for incorporate 

vitrification, aka freezing, of the grids, by utilizing 2:1 Cu Quantifoil grids to decrease 

background, removing negatively stain to preserve biological structure, and fiducials were added 

to aid in the tracking of the grid as data was collected for the cryo-ET tilt series.  A total of 65 tilt 

series were collected on a 300 kEV Titan-KRIOS equipped with a Volta phase plate.  This phase 

plate aids in enhancing image contrast and can collect in-focus data, which means an increase in 

the signal-to-noise ratio.  Tilt series were collected and processed using the previously designed 

workflows through iMOD and etomo. 7  There were little to no changes observed in the 

reconstructed stacks of the crystal lattice to indicate a change from the alkaline pH environment 

(Video 4.1) and the FTs of these tilt series showed diffraction peaks out to 3.0 Ǻ, which was 
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below the resolution (2.3 - 2.9 Ǻ) of our previously solved structures of Cry11Ba by XFEL 

studies (Chapter 2).1 

 Even though the expected changes were not observed within the cryo-ET datasets, other 

interesting characteristics of these samples were observed.  Small particles were observed to be 

coming off of the crystal.  This was believed to be the crystal’s reaction to the alkaline solution 

environment, as the Cry11Ba crystals would slowly dissolve and transition from Cry11Ba solid 

to soluble state.  To further investigate this, Cry11Ba crystals underwent the same optimized 

conditions for cryo-ET, but were not vitrified and were analyzed via negative stain TEM.  In 

order to amplify the Cry11Ba nano-structures, heavier staining than previous screening 

conditions was conducted and the Cry11Ba particles were observed (Fig. 4.4a-d).  Upon initial 

imaging of the supernatants on F/C grids that had been glow discharged and negatively stained, 

small particulates were observed more clearly, with a few species were recurring throughout the 

analysis, including spheres (Fig. 4.4e), a trefoil (Fig. 4.4f), and a barrel (Fig. 4.4g).  By further 

probing, the early points of protein dissolution did display the greatest or equal amounts of 

protein via normalized samples on an SDS-PAGE gel.  These samples also displayed high 

molecular weights above the 192 kDa standard band, which is indicative of a multimer (ie. trimer 

or tetramer) above the monomer band at 82 kDa (Fig. 4.5).  These higher molecular weight 

bands were not crystals within the samples, as the supernatant was separated from the pellet and 

was then filtered to remove any residual crystals remaining.  The mode of action for the Cry and 

Cyt proteins has been known as pore-forming within the target vector’s gut membrane; however, 

the structure of this active toxin state has not been observed or determined due to the difficulty of 

obtaining active toxins in their theorized quaternary structure.8  Single particle EM would allow 

the natively produced toxins, in this case Cry11Ba, to be studied in a similar alkaline 
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environment to the host organisms, only absent of cofactors and membrane receptors that may 

bind these protoxins.  After observing these recurring particles, negatively stained EM samples 

were optimized to obtain the right concentration to allow for these particle species to be 

prominent on the grid without overcrowding the background, which would reduce the contrast 

and decrease the signal-to-noise ratio.  After data collection of single TEMs, data processing was 

first conducted with REgularized LIkelihood OptimizatioN (RELION), which allows for 

refinement of macromolecular structures by single-particle analysis of EM samples.  RELION, 

unlike other programs that require user-expertise of a program’s paraments, utilizes a Bayesian 

approach to infer parameters of a statistical model from the data and recategorizes similarly 

shaped particles into unique groups/classes.9  From here, these classes are selected for analysis to 

reconstruct 3D models of the data which, in turn, is dependent upon high resolution EM data and 

the number of particles at high magnification.  These particles also need to be in random 

orientations in order to sample all angles of the protein and provide a full image of the particle of 

interest to produce a 3D volume model.  After finishing the preprocessing of the TEMs, the 

particles of interest were selected “by-hand” (manually) and with strong contrast.  This type of 

manual selection does ensure a more stringent selection of particles, but does limit the highest 

possible resolution as there are a limited number of particles that are selected for analysis.  After 

combining data collections, the 2D class analysis consistently produced similarly shaped classes, 

including the initially described trefoil and barrels with 987 particles (Fig. 4.6).  The trefoil 2D 

classes were more heavily populated and included multiple views of these particles of interest, 

with estimated resolutions ranging from 15.43 - 20.25 Å.  By selecting and combining these 2D 

classes, an initial 3D model was produced at 8.1 Å.  While from the 2D classes, the Cry11Ba 

monomers appear to interact at a central point, the 3D density volume shows these to have one 
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continuous tube of density in the shape of the trefoil (Fig. 4.7a,b).  After trying a few poses of 

the Cry11Ba monomers, there was not high enough resolution in the density to determine the 

correct pose of a single Cry11Ba chain(Fig. 4.8a-c).  This is most likely due to the lack of 

particles in the pool, which is limiting the resolution from going higher than 8.1 Å.  To overcome 

this, cryo-EM Single Particle Abi-Initio Reconstruction and Classification (cryoSPARC) was 

selected as the other single particle analysis software that was designed to refine multiple high-

resolution 3D structures with little to no user input from single-particle images.10  One of the 

features of cryoSPARC is the ability to select from a TEM and use this as a training set for auto 

(template) particle picking by the program, thus significantly reducing the work of the user with 

a trade-off of a less stringent particle selection process.10  More classes were added as a results 

and binning the 81,320 particles led to 30 total classes.  Some of the 2D classes were excluded as 

either “junk” classes, containing no or partial particles, or a sphere morphology, leaving the 

remaining 21,689 particles for analysis and an estimated resolution of 12 Å (Fig. 4.9).   

The initial 3D model produced by cryoSPARC is ~5.6 Å and upon further refinement did 

obtain a 3D density map, which took shape of an hourglass shape upon further class averaging and 

refinement (Fig. 4.10).  While this is different from the tube of density observed with the RELION 

single particle analysis, it is possible that due to the larger number of particles being auto-selected, 

there could be enough to average out the two lobes into this hourglass shape that is observed (Fig. 

4.11).  Despite the results, it is reassuring that RELION, cryoSPARC, and etomo, all displayed 

similar 2D classes (Figs. 4.7,4.10,4.12), especially the trefoil and the barrel.  With each of these 

single-particle data analyses, a beginning of understanding Cry11Ba multimers visually can lead to 

how the mode of action for delta-endotoxins is occurring in these multimer states when solubilized 

at alkaline pH experienced within the target hosts’ guts and begin their pore-forming toxin action.  
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4.2 Figures 

 

Figure 4.1 Difference distance plot (ddPlot) of WT Cry11Ba between two chains.  These are 

the differences between the distances of two chains within the asymmetric unit at only pH (a) 

10.4 or (b) 6.5.  The closer two residues are the distance will be marked with blue, while two 

residues that are further apart in distance will be marked by red.  Domain 1 for both pH 

displayed some slight distance differences (closer) with Domain 2 residues specifically.  The 

domain bounds are indicated by the middle structure with Domain 1 (pink), Domain 2 (cyan), 

and Domain 3 (yellow.) 
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Figure 4.2 Difference distance plot (ddPlot) of WT Cry11Ba between two pH.  These are the 

differences between the distances of two chains from different pH (a) 10.4 or (b) 6.5 with their 

corresponding chain (A or B).  The closer two residues are the distance will be marked with blue, 

while two residues that are further apart in distance will be marked by red.  Each of the domains 

appear to be shrinking/condensing from one another and moving further away.  This global 

difference was found to be caused by the change in glycerol from 30% to 40% for pH 6.5 and 

10.4, respectively.  The domain bounds are indicated by the middle structure with Domain 1 

(pink), Domain 2 (cyan), and Domain 3 (yellow.) 
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Figure 4.3 Cryo-electron tomography of WT Cry11Ba crystals.  These tomograms were 

collected within an alkaline pH (11.3) environment with (a) the tomogram slice displaying the 

crystal at that tilt-value and its corresponding (b) Fourier transform pattern.  This pattern 

displayed diffraction peaks out to approximately 3.0 Ǻ with regularity in the Bragg peaks 

indicative of the crystal lattice it was sampling. 
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Figure 4.4 Cry11Ba crystals solubilized supernatant within pH 11.3 alkaline environment.   

These are from placing the supernatant after the solubility assay of WT Cry11Ba onto a grid and 

negatively staining with 2% uranyl acetate to improve contrast around the small particles (a-d)  

for EM.  The particle shapes that were regularly observed were a (e) sphere, (f) trefoil, and (g) 

barrel highlighted in red, blue, and green boxes, respectively. 
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Figure 4.5 SDS-PAGE of WT Cry11Ba solubilized crystals.  These are the WT Cry11Ba 

supernatants within alkaline environment (pH 11.3) across a time course (1-60 min).  This 

displayed that uptake was immediate and caused by introduction to the alkaline environment 

with little increase in concentration after 10 min.   The most drastic concentration difference was 

observed between 1 min to 5 min and was an ideal target for electron microscopy screening. 
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Figure 4.6 RELION WT Cry11Ba 2D classes.  After selecting a total of 987 particles of 

solubilized Cry11Ba supernatant manually, they were classified via single-particle analysis into 

10 representative 2D classes of varying resolutions.  The highlighted classes 1, 3, 6, and 9 (blue 

box) were selected for further refinement and sampling as they had the highest amount of 

particles and best resolution levels. 
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Figure 4.7 RELION WT Cry11Ba 3D ab initio models.  Upon sampling the selected 2D 

classes, the WT Cry11Ba solubilized particles were processed to design these (a) 3D models of 

various levels of contour and (b) rotated 90°.  These recapitulated the “trefoil” particles shape the 

best and were more stringently selected for further refinement.  
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Figure 4.8 RELION ab initio 3D model with various poses of WT Cry11Ba.  From the ab 

initio 3D model from RELION and the WT Cry11Ba structure, multiple poses of the Cry11Ba 

monomer was placed within the density and placed in various poses (a-c) to see which had the 

best fit.  After multiple orientations were attempted within the density, none appeared to have a 

preferred pose within the 3D model’s density, but 3 monomers were able to fit into the density 

easily with no perturbations made to the Cry11Ba monomers. 
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Figure 4.9 cryoSPARC WT Cry11Ba 2D classes.  After selecting a total of 81,320 particles of 

solubilized Cry11Ba supernatant by auto-picking, they were classified via single-particle 

analysis into 10 representative 2D classes of varying resolutions.  From these classes 21,689 

particles were selected for further refinement and sampling as they had the highest amount of 

particles and best resolution levels. 
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Figure 4.10 cryoSPARC WT Cry11Ba 3D ab initio model.  Upon sampling the selected 2D 

classes, the WT Cry11Ba solubilized particles were processed to design a 3D model.  These 

recapitulated the “trefoil” particles shape the best and were more stringently selected for further 

refinement.  The density for the bottom two lobes/spheres observed (a) appears to be averaging 

together and converging, more evident when (b) rotated 90°.  This could be a result of bias or 

oversampling or another particle interacting between these two lobes.  To mitigate this, selecting 

more particles or more stringent selection of 2D classes/particles could improve the density. 
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Figure 4.11 WT Cry11Ba 3D ab initio models by RELION and cryoSPARC.  Comparing the 

two 3D ab initio models from (a) RELION and (b) cryoSPARC, the overall shape of the 

densities is quite similar, with clear trimer symmetry from the “trefoil” particles that were 

selected.  The differences are in the amount of connecting density between the different lobes 

and the condensed density of each lobe from the cryoSPARC model.  Despite the better 

estimated resolution of the cryoSPARC model, no specific pose was favored by Cry11Ba 

monomers, but this would insinuate the interactions between these lobes would be smaller area 

interfaces. 
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Figure 4.12 etomo and iMOD WT Cry11Ba 2D classes.  Similar to RELION and cryoSPARC, 

the tomograms were able to be further analyzed and produce 2D classes from etomo and iMOD.  

While the tomograms were not able to distinguish difference within the crystal lattice, the 

tomograms were able to produce similar 2D classes that were produced from the separated WT 

Cry11Ba supernatant.  The particles observed from cryoSPARC and RELION were preserved 

despite being separated from the dissolving crystals.   
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4.3 Videos 

 

Video 4.1 Cryo-electron tomography of WT Cry11Ba crystals within alkaline pH (11.3)  

environment tomogram.  This is the complete tilt-series for a WT Cry11Ba crystal that was 

reconstructed to make this tomogram.  The Cry11Ba crystal can be seen throughout the 

tomogram and the crystal lattice of the cubic bipyramidal crystal as it samples the different 

planes of the crystal.   The dark black dots are gold fiducials utilized to help with tracking the 

drift of the tomogram throughout the tilt-series. 

 

 

 

 

https://www.youtube.com/embed/79nI5FHi7vU?feature=oembed
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5.1 Concluding Remarks 

 From these studies, a de novo structure of native Cry11Ba from in vivo produced 

crystalline inclusions at pH 6.5 and pH 10.4 were solved and led to the addition of the Cry11Ba 

Y350F at pH 6.5 structure.  With the in-depth structural analysis, point mutations of Y241F, 

Y273F, Y350F, and Y453F were all selected as prime candidates for pH sensitivity, stability, and 

potential activity sites.  These experiments have shown that each of the single point mutations 

were enough to cause significantly reduced stability within the crystal packing by the production 

of smaller, thinner crystals.  In addition to the smaller sized crystals, each displayed a shift in pH 

sensitivity to less alkaline pHs that triggered dissolution when compared to the native Cry11Ba.  

The biotoxicity assay against Culex quinquefasciatus showed various results with Y273F 

displaying more toxic levels by LC50 values, Y350F displaying slightly more toxic levels, and 

Y241F & Y453F displaying the equal toxicity compared to native Cry11Ba.  The Y273F and 

Y350F are intraface interactions compared to the Y241F and Y453F mutations that were closer 

to interface interactions.  With Y273F being more centered at the core of the Cry11Ba chains, 

this could indicate the possible residue sites involved in regulating toxicity.  The Cry11Ba native 

crystalline inclusions have been probed for the effects of introduction to an alkaline environment.  

These trials on the in vivo produced crystals displayed dissolution and Cry11Ba multimers were 

consistently produced and maintained within the alkaline pH.  These led to single particle 

electron microscopy (EM) analyses to aid in structure elucidation and determination.  Cry11Ba’s 

“trefoil-trimer” class had the most success in producing structure density for orientation of each 

monomer with this being a potential intermediate state in the delta-endotoxin mode of action 

pore-forming process.  Through these structural analyses, the mode of action and uptake of the 

visualized Cry11Ba multimers can be further investigated by other structural and biochemical 
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techniques as these toxins’ mode of action need to be more thoroughly understood within the 

target vector.  Lastly, the Bacillus thuringiensis sporulation process has been recapitulated to 

previous schemes to display both endospore and crystalline inclusion co-maturation, along with 

additional details that were not previously observed, including microcrystal formation/nucleation 

early in sporulation, potential membrane formation throughout sporulation, and endospores being 

potentially bound to the cell membranes upon natural lysis.  The investigation of one such 

protein that may be causing the membrane formation, Bt152, did show coalescence to the 

Cry11Ba crystalline inclusion by fluorescence microscopy and a possible function for this 

otherwise uncharacterized paratoxin-interacting protein.  The collection of these findings is 

simply the beginning to understanding Cry11Ba crystalline inclusions as a paratoxin at the 

macromolecular level, mode of activity, and in vivo self-assembly.  Each of these can be used as 

possible models for other crystalline and cytolytic toxins that play vital roles as pesticides and in 

further understanding how the crystallization is occurring mechanically by using the suite of EM 

techniques established and currently being developed.  The possibilities are endless if this 

Bacillus thuringiensis system is fully investigated and can unlock the optimization for future 

exploitations for crystallography research and/or medical applications.   
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Supplementary Information for Chapter 2: Serial femtosecond structural determination and 

biochemical analysis of in vivo Cry11Ba crystalline inclusions 
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Self-assembly of Bacillus thuringiensis subsp. israelensis during sporulation harboring 

Cry11Ba crystalline inclusions 
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C.1 Introduction 

 Alongside understanding Cry11Ba at the macromolecular and complex level, the self-

assembly of the Cry11Ba crystals in vivo has been a fascinating topic to explore.  When thinking 

about canonical crystallography techniques, the biophysical mechanics are understood, but there 

is still a significant gap in understanding which crystals will and will not produce well-

packaged/organized crystals that are conducive for crystallographic structural studies.1  While 

whole careers can be spent in attempts of crystallizing a single complex or protein, Bacillus 

thuringiensis (Bt) have evolved to a level of efficiency that scientists dream of when producing 

protein crystals.  The Bacillus thuringiensis (Bt) system displays how it is possible to 

consistently produce protein crystals2–4 and raises the questions: how is this possible, are there 

specific cellular structures that aid in crystallization, and how soon do crystals develop in the 

sporulation process (Chapter 1, Fig. 1.2).  This ability to study the sporulation process in vivo 

with high resolution was not possible until the recent resolution revolution that occurred within 

the structural field and the evolution of its techniques, especially in electron microscopy (EM) 

where the 1 µm - 1 Å range are now filled with techniques that can produce useful high-

resolution structural data.  The biggest gap was around the 1 µm - 10 nm range, which is often 

where cellular structures’ sizes range and are not observable from light microscopy alone.5,6   

C.2 Results and Discussion 

By utilizing transmission electron microscopy (TEM) and cyto-cryo electron tomography 

(cyto-cryoET), the Cry11Ba crystalline inclusions nucleation and maturation through sporulation 

can be studied in vivo.  This is vital as this is the natural formation process of these Cry and Cyt 

toxins and removes the concern of a protein being altered in vitro that could affect its structure 

during crystallization.  First, imaging the Bt throughout their sporulation process via TEM was 
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crucial in mapping and timing the full process.  From these studies, it was determined that 

sporulation occurs between 8-10 total hours from asymmetric division to fully lysed cells.  There 

were also key points in the sporulation process that were observed that had not been previously 

reported.  One was the condensing of the nucleoid for asymmetric division, where microcrystals 

observed, thus crystal nucleation happens earlier than originally believed in the sporulation 

process (Figs. C.1a-c,C.2).  These crystals were also only observable via a TF200 EM, which 

utilizes a Field Emission Gun (FEG) which provides a more coherent, brighter beam of electrons 

at a higher energy level to penetrate thicker samples, such as these Bt cells during sporulation.  

The next stage of interest observed was the clear separation of the crystalline inclusion and spore 

still within the cell.  During this stage, a thin membrane was observed within the Bt cell that had 

not previously been seen (Fig. C.2).  This could be one of two possible cellular structures.  The 

first being another layer of the spore cortex that is beginning to layer to the spore; however, it is 

formed throughout the full volume of the cell.  The second is that this is a membrane that is 

aiding in coordination of the crystalline inclusion and spore and a concentrator, similar to a 

sitting or hanging crystallization drop, that increases the amount of Cry11Ba in an area to help 

increase collisions and thus crystal packing.  While the first is possible, it is less probable as in 

order to fully engulf the spore evenly it would have to cover the crystal and would not be able to 

pass it without puncturing a hole in it.  The second is more probable as this would answer how 

the crystal nucleation is possible in such a large volume compared to Cry11Ba monomers and 

the coordination would help define the poles of the Bt cells to regulate resources during the 

resource heavy process of sporulation correctly.  Third, the spore is often stuck within the cell 

membrane upon sporulation (Fig. C.3).  While the typical way to purify crystals incorporates 

sonication to mechanically separate spores and crystals from cell membranes and ensure 
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disentanglement, that is not the same in nature.  Thus, it is possible that crystal size and shape 

may be a factor in determining cell lysis and their ability to exit the cell more efficiently than the 

membrane.  Through TEMs, the sporulation process has been recapitulated to other proposed 

schematics and observed some other events during sporulation whose features would not have 

been resolved without the magnification power of EM.   

The sporulation state is observable via phase contrast confocal microscopy, which 

converts phase shifts in light that pass through a specimen’s transparent parts and causes 

different amounts of light to pass through the sample.  For Bt cells, this has been crucial in 

identifying the sporulation state as this allows for the quickest imaging of the cells in 

determining when collecting and determining whether the cells have reached the correct 

sporulation.  The clearest sporulation state for Bt cells is the late sporulation state where a clear 

distinction between endospore and crystalline inclusion are observed (Fig. C.4).  Phase contrast 

confocal microscopy is also used in determining and confirming the purity of fractions after 

sucrose gradients where the crystalline inclusions and endospores will be in separate phases or 

focal planes and aids in identification of each.  By combining the power of phase contrast 

microscopy with fluorescence imaging, a more complete understanding can be reached for in 

vivo processes and imaging.  Within Bt cells, it has been believed that there are other cellular 

structures or proteins that aid in the sporulation process, whether that be crystalline inclusion or 

endospore maturation.  Bt152 is one such protein, where in absence of this, the parasporal body 

is not stable enough to form and degrades within the Bt cell; however, in the presence it is able to 

rescue and stabilize the parasporal body and for lamellar matrices’ formation.7  With this 

understanding of Bt152 being required to help stabilize and rescue the crystalline inclusion 

formation, it was tagged with Green Fluorescent Protein (GFP) in order to see which part of the 
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parasporal body it coordinates to during sporulation.  Time points of cultures with Bt152-GFP 

expressed within Bt cells harboring Cry11Ba crystals were collected over the time period when 

sporulation was observed and at the 12 hr time point, the fluorescent signal was high and 

diffused without the cell, with little to none outside the Bt cell membranes.  Upon further growth 

to the 16 hr time point, the fluorescent signal displayed accumulation around the crystalline 

inclusion and not the endospore (Fig. C.5a,b).  This coalescing around the Cry11Ba crystalline 

inclusion can be understood as Bt152 was able to rescue the crystalline inclusions formation 

within the parasporal body, thus it would be likely that it has some interactions with the 

crystallizing protein, ie. Cry11Ba, in some way helps coordinate the crystallization in vivo by 

way of acting as a concentrator and encapsulating the protein within a cellular structure to 

increase Cry11Ba collisions for effective and consistent crystal packing.  The other possibility is 

that it interacts with the Cry11Ba monomers in such a way to stabilize them until crystal 

nucleation occurs and then decorates the crystalline inclusion as an artifact of residual 

interactions on the crystal surface.  Bt152 was observed to have a similar sequence to that of 

Hemagglutinin-33 (HA-33), which is part of the neurotoxin associated proteins, which helped 

with activity and binding to the target cells while being resistant to proteases.8  While different in 

their host organisms, it is interesting that these two proteins are both expressed in rod-shaped 

bacteria, interact with a toxin, and are responsible for the toxin’s stability/activity.  The 

conserved residues in both could be the key factors in being able to bind to the toxin and through 

additional analyses indicate within the elusive paratoxins, where the most active site is located 

by mapping their interactions. 

New events about the crystalline inclusion formation have been identified; however, due 

to the  lower energy of the TEM microscopes utilized and thickness of the samples are still 



169 
 

limiting more structural information from being gained.  To overcome this, a stronger electron 

source was utilized, vitrifying Bti cells, and increasing contrast with a Volta phase plate, the 

cellular structure details in the sporulation process can be elucidated.  With Bt cells harboring the 

Cry11Ba crystalline inclusions at various time points vitrified to preserve the cellular structures, 

but halt the maturation process, a Focused Ion Beam (FIB) will mill these to a thickness that 

allows for imaging the most interior cellular structures.  Preliminary screening and experiments 

have shown proof of concept, where Bt cells that were close to natural lysis, resulting in thin 

enough membranes to observe cellular content through thin vitrified ice (Fig. C.6a-c).  In this 

initial tomogram, it was observed that there are many vacuoles, the endospore, the crystalline 

inclusion, and some residual bands that ran through the cell.  The residual bands could be the 

result of the exterior membrane sitting on the grid in a way that folded the membrane that way or 

a new membrane or cellular structure that aids in helping coordinate and form the Cry11Ba 

crystalline inclusion.  Additional Bt cells at earlier time points have been vitrified for future 

imaging to reach high enough resolution to observe any additional physical cell machinery that 

has not been observable previously. 
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C.3 Figures 

 

Figure C.1 Early sporulation stages of Bacillus thuringiensis subsp. israelensis.  Negative 

stain electron micrographs of Bti cells early during sporulation when the nucleoid has condensed 

at the beginning of sporulation.  This network is dense, with no detailed cellular structures 

observed (a).  Upon imaging them with higher energy source that are able to penetrate the 

density of the material (blue box), the (b-c) presence of microcrystals (red arrows) are observed 

and the beginnings of the asymmetric division. 
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Figure C.2 Bacillus thuringiensis subsp. israelensis intact cells with Cry11Ba crystal and 

endospore via negative stain electron microscopy.  Bacillus thuringiensis subsp. israelensis 

(Bti) having undergone the sporulation process and reached maturation before natural cell lysis.  

This is identified by the formation of complete crystalline inclusion (blue arrow) and endospore 

(green arrow), which occurs late in sporulation.  The crystalline inclusion and spore size are 

usually similar in size, differ in shape, and size are dependent upon the Bacillus species as a 

vessel. With the negative staining EM, a thin membrane (red arrows) was observed forming 

during late sporulation after crystal and endospore maturation, which is assumed to be 

encapsulating the entire parasporal body throughout sporulation. 
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Figure C.3 Late sporulation stages of Bacillus thuringiensis subsp. israelensis.  After  

purification of the Cry11Ba crystals, the lowest fraction collected typically contains spores and 

unlysed cells.  The endospores are often time still attached to the cell membranes.  This is 

hypothesized to be due to the mechanical natural lysis process causing the cell membranes to 

entangle around the endospores or they have membrane proteins that keep them coordinate and 

allow the crystals to release from the cell and the endospores remain protected by another layer.  
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Figure C.4 Bt152-GFP tracking during sporulation stages of Bacillus thuringiensis subsp. 

israelensis.   As the formation of the crystal and endospore progress during sporulation, there 

have been other proteins hypothesized to aid in positioning the two components during 

asymmetric division.   Bt152 was found on the same pBtoxis9 plasmid, which is the toxin-coding 

plasmid within Bti, thus it could be involved in the sporulation process.  Bt152 was tagged with 

GFP and found to have (a) diffused signal early in sporulation indicating expression and found to 

(b) localize to the crystal (blue arrow) in vivo during sporulation.  The previously observed 

membrane could be Bt152 or parasporal body protein to aid in this interaction and formation. 
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Figure C.5 Crystal and endospore development within Bacillus thuringiensis subsp. 

israelensis.  The cells are able to be imaged via confocal microscopy to observe the internalized 

morphology change, where the cells are empty rod-shaped vessels at (a) 12 hrs and contain new 

species at (b) 16 hrs.  This is further enhanced by phase contrast that shows the distinction of 

crystal (blue arrow, black square) and endospore (green arrow, gray oval).  Without the phase 

contrast, these species would not be as distinct, but due to the limitations of confocal light 

microscopy detailed cellular features in sporulation are not observable. 
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Figure C.6 Vitrification of Bacillus thuringiensis subsp. israelensis during late sporulation. 

The Bti cells are sensitive to their environment, which is the sensor that triggers the cells to 

engage in sporulation.  In order to preserve the cells for cryo-ET, they are vitrified in ice, which 

preserves the cellular structures without affecting them as they freeze rapidly and prevent the 

formation of crystalline ice.  The amorphous ice thickness (a,b) is the limiting factor for sample 

preparation and difficult as the cells are also 1 µm thick and needs to be (c) just thick enough to 

cover the cells, while also be thin enough to continue to observe the cells’ features.  This can be 

combatted by FIB milling, but the thickness must still be thin enough to prevent over-milling the 

lamellae. 
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