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Carrier-Driven Crystallization 

Historically, there have been attempts to minimize the time required to crystallize a protein with a 

technique called carrier-driven crystallization. This involves creating a fusion of the protein of 

interest with a domain or protein, called a crystallization chaperone. Typically the chaperone 

generates a very favourable crystal packing or has well-established crystallization conditions (23). 

In addition to reducing crystallization screening, phasing information may also be obtained from 

the crystallization tag to solve the phase problem. Some of the proteins commonly used in carrier-

driven crystallization are maltose binding protein, glutathione-S-transferase, thioredoxin (24) and 

antibody fragments (25). There has also been interest in GFP (or any of its derivatives) due to its 

unique properties but also its strong ability to dimerize (26, 27). Pertinent to this work are the 

attempts to use an in cellulo crystallizing protein as a crystallization carrier. 

 

In the public record, implementing such a system has only been attempted. No group has been 

successful. Hajime Mori of the Kyoto Institute of Technology (and the Protein Crystallization 

Company) has attempted to create a system using the well-characterized Cypovirus polyhedra with 

the H1 and VP3 localization tags. The polyhedra are crystalline super structures: micrometer-large, 

cubic crystals that are tightly-packed (approx. 19% solvent-content), where viral particles are 

embedded in pockets in the crystal and are thereby protected from the environment (28). Mori et 

al. have shown that using the VP3 fusion tag, one can target heterologous proteins to these pockets, 

replacing the viral particles, or using the H1 tag to be incorporated throughout the superstructure 

(29). Both tags have an issue however. Problematically, the size of these pockets take up only 

2.5% of the total crystal. De novo structural determinations of recombinant proteins using the VP3 

tag would likely be impossible as the diffraction from the recombinant proteins in the pockets 
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Table 1-1. Summary table of Cry1Ac Fusions indicating associated publication (see text for full reference), fused protein structure, and relevant 
crystallization details. 
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The second objective was to demonstrate production of Cry1Ac within the endogenous B. 

thuringiensis serovar kurstaki HD73 and purify the inclusion. Within this objective, an 

investigation of sporulation media was pertinent to optimize Cry1Ac expression. The following 

sporulation media were tested: G-Tris, as recommended by the BGSC, nutrient sporulation media, 

as used by Holmes et al. (84), and C2, as used by Evdokimov et al. (4). The purification of Cry1Ac 

inclusions from B. thuringiensis cells was done in a two-part extraction: first using hexane (115), 

then ultracentrifugation (116). Inclusion purity was assessed by phase-contrast microscopy and 

SDS-PAGE analysis. To avoid mechanical stresses being introduced into the inclusions, a non-

mechanical lysis system was developed for both B. thuringiensis and E. coli: CwlC, a cell wall 

hydrolase endogenous to B. thuringiensis (117) was purified and used in vitro for the enzymatic 

lysis of vegetative B. thuringiensis cells. E. coli cells were non-mechanically lysed by using an 

osmotic shock to lyse the outer membrane (118) followed by a lysozyme treatment for the inner 

membrane.  

 

The third objective was to demonstrate production of the Cry1Ac and GFP fusions within the B. 

thuringiensis/pHT304 system and the E. coli/pKK223 system, and characterize the inclusion 

present. The produced inclusions were evaluated visually by phase-contrast microscopy and, when 

applicable, fluorescence microscopy to assess the state and localization of GFP. As inclusions were 

expected, GFP was predicted to be localized to an inclusion within the cell.  
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Table 2-2. Primer table for generation of PCR products to create E. coli "forward" expression vectors. 

 

* - sequence is colour coded to match components in figure 2-3, and restriction sites are bolded.  

 

Table 2-3. Construct-specific PCR parameters for the generation of E. coli "forward" expression vectors 

 

* 
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Table 2-4. Primer table for the generation of PCR products to create B. thuringiensis "forward" expression vectors 

 

* - sequence is colour coded to match components in figure 2-3, and restriction sites are bolded.  

 
Table 2-5. Construct-specific PCR parameters for the generation of B. thuringiensis "forward" expression vectors 

 

 

* 
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The nitrogen-free buffered salts medium is made as described by Monro (127), though differs from 

the other media, in that the cells have no nitrogen source to support vegetative growth. Cells were 

initially grown in a rich medium, e.g. BHI, until the cell density decreased, then cells were 

resuspended in the nitrogen-free media after centrifugation. Once resuspended, the cells were 

incubated until >95% of cells had sporulated, as verified by phase contrast microscopy or 

sporulation assay. Cells were then stored at 4°C until use, to promote release of the spores and 

crystals from dead cells (128). 

 

Table 2-7. Composition of sporulation media. 
 

Amount needed (g/L)  
G-Tris NSM C2 N-free 

FeSO4 · 7H2O 5.0 x 10-4 2.78 x 10-4 5.56 x 10-4 - 
CuSO4 · 5H2O 5.0 x 10-3 - 4.24 x 10-3 - 
ZnSO4 · 7H2O 5.0 x 10-3 - 4.89 x 10-3 - 
MnSO4 · H2O 5.0 x 10-2 - - - 
MnCl2 · 4H2O - 2.0 x 10-3 - - 
MgSO4 · 7H2O 2.0 x 10-1* 2.5 x 10-1 2.46 x 10-1 2.1 x 10-1 
CaCl2 · 2H2O 8.0 x 10-2 8.25 x 10-2 9.9 x 10-2 - 

K2HPO4 5.0 x 10-1 - 3.67 3.0 x 10-1 
(NH4)2SO4 2.0 - 2.04 - 

KCl - 1.0 - - 
NaCl - - 3.0 x 10-1 - 

Yeast Extract 2.0 - 2.0 - 
Glucose 1.0 - 1.0 - 
Complex 

Nitrogen source 
2 (Yeast Extract) 8 (Nutrient 

Broth) 
5 (NZ casein 

lysate), 
2 (peptone) 

- 

Buffer Tris (10mM) - 3.13 KH2PO4 1 NaH2PO4 
pH 7.6 - - 6.7 

* - g/L is shown for anhydrous MgSO4 
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Electrophoretic Techniques 

Agarose Gel Electrophoresis 

Preliminary verification of DNA was determined by analysis of fragment size using 

electrophoresis. Routine electrophoresis was done using 30 mL (6 x 10 cm) agarose gel with 0.8-

1.0% w/v Ultrapure agarose (Invitrogen) in 40 mM Tris, 20 mM acetic acid, 1mM EDTA buffer, 

pH 8.3. Wells were loaded with 30 ng DNA per predicted band, with 90 ng DNA for samples of 

unknown composition and 6 µL for PCR reactions. Electrophoresis was carried out at an initial 

temperature of 4°C and 10 V/cm until the bromophenol blue dye front had migrated two-thirds of 

the gel. ThermoFisher Gene ruler 1kb Plus DNA ladder was used as the reference sample and 

DNA was visualized using ethidium bromide. Gels were stained by soaking in 0.083 µg/mL of 

ethidium bromide for 20 min, and then soaking in water for 50 min. 

 

SDS-PAGE Electrophoresis 

Characterization of protein samples often included a molecular weight determination to infer 

identity, following Laemmli (129). 0.75 mm gels were made and invariably used a 4% w/v 

acrylamide:bisacrylamide (37.5:1) stacking gel. When analyzing Cry1Ac, typically a 10% 

resolving gel was used, and 14% was used for CwlC analysis. Gel electrophoresis was completed 

using a Bio-Rad Mini PROTEAN® 3 Cell, using pre-chilled Tris-Glycine electrophoresis buffer. 

Samples were loaded using 10 µg/band expected; Cell lysates were loaded at a concentration of 

150-200 µg/well assuming an extinction coefficient that 1 A.U. = 1 mg/mL. Gels were typically 

run at 70 V until the sample passed into the resolving gel, then the voltage was increased to 180 V 

until the dye front reached the bottom. Gels were imaged using a Bio-Rad Gel DocTM EZ gel 

documentation system after a 25 min stain in Coomassie R-250, and a 1.5-2 h destain. 
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Immunoblotting 

As Coomasie is a non-selective stain, immunoprecitation was used to identify GFP-containing 

proteins. Without staining, SDS-PAGE gels were electroblotted onto 0.45 µm nitrocellulose 

membranes using the Bio-Rad Mini Trans-Blot® electrophoretic transfer cell and Towbin buffer 

(130). All buffers were chilled, and the following steps were done on ice.  The transfer time 

depended on the voltage selected, ranging from 18 h with 18 V, 12 h with 27 V or 1 h with 100 V. 

To verify loading, the membrane was incubated in Ponceau S dye (1 g Ponceau S, 50 mL acetic 

acid in 1 L DI H2O), until bands were visible, then imaged. Membrane was then blocked for 1hr, 

using 5% w/v skim milk powder, 3 mM KCl, 150 mM NaCl 0.05% v/v Tween® 20, 2 mM 

KH2PO4, pH 7.4 (PBST/milk). The blocking solution was routinely changed throughout the hour. 

The membrane was then incubated with a primary antibody - a 1:1000 anti-GFP mouse IgG 

(Roche, 11814460001) diluted in PBST/milk. Primary and secondary antibodies could be used up 

to 4 times reliably. The membrane was rinsed twice and washed twice for 5 min each with 

PBST/milk. This incubation/wash step was repeated with the secondary antibody, a goat anti-

mouse HRP-conjugated antibody (ThermoFisher, G-21040). The membrane was then washed with 

PBST and developed using GE Healthcare ECL PrimeTM western blotting system. An Amersham 

AI600 imager was used to image the blot, typically using a 1-5 min exposure, creating a composite 

image of chemiluminescence (black) overlaid on top of a conventional image of the membrane.  

 

Microscopy 

Phase Contrast Microscopy 

Phase contrast microscopy allowed for rapid discernment between spores, cells and inclusions. 

Slides were prepared by covering 3 µL of sample on a glass slide with a glass coverslip and were 
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volumes of wash buffer were added to elute any untagged proteins. To elute 50 mM Tris-HCl, 250 

mM imidazole, pH 8.02 was used and 2 mL fractions were collected. When A280 of a fraction had 

returned to baseline, 3-4 bed volumes of 50 mM Tris-HCl, 500 mM imidazole, pH 8.02 were used 

to elute any remaining proteins. Finally, the column was washed in 0.5 M NaOH, and stored in 

30% ethanol. 

 

Ammonium Sulphate Fractionation and Dialysis 

Ammonium sulphate fractionation was used to store and purify proteins by differential 

precipitation. To initially determine solubility, a pilot study was done: a Ni-NTA fraction known 

to contain CwlC (via SDS-PAGE gel analysis) was divided equally into 5 microcentrifuge tubes. 

Solid AMS was added to each, creating a range of final AMS concentrations from 0-80% w/v in 

20% increments. These were inverted gently and the supernatant was analyzed using SDS-PAGE 

electrophoresis. Disappearance of the band corresponding to CwlC was used to determine the 

approximate concentration at which CwlC was precipitated. To precipitate CwlC, 60% w/v was 

added to fractions containing CwlC between purification steps when storing for more than 24 h. 

 

Dialysis was used to remove AMS after precipitation. Precipitate was solubilized by slowly adding 

a minimal amount of prechilled buffer needed for the next step. The solution was then transferred 

to a Spectrum® Spectra/Por® 11.5 mm diameter (molecular weight cut off: 3500 Da) dialysis 

membrane and crimped. The membrane was submerged in 100x volume of gently stirring buffer. 

The bulk solution was exchanged 3 times before use, with 2 or more hours between each exchange.  
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the fitted curve when assigned to temperatures encompassing the sigmoidal portion of the 

experimental data. Yn models the change in fluorescence intensity from temperature alone if there 

was no transition to the denatured state. Similarly, Yd, which should approximate the change in 

intensity due to temperature if the entire population of proteins was in a denatured state. Both Yd 

and Yn were created by first determining the slope of the data before the sigmoidal portion of the 

experimental fluorescence data, which was nearly linear, and only slightly positive. This slope was 

then used to extrapolate towards higher temperatures from the first data point of the sigmoidal 

region to create Yn, and backwards from the last point of the sigmoidal curve, which is the 

maximum intensity. Fd could be calculated using Equation 3, and Keq generated from Equation 4.  
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between 80-85°C for success. It was beneficial to use a touchdown PCR-like descending TA during 

the splicing portion of the process to increase the likelihood of correct annealing. Secondly, it was 

important that yield (following gel extraction) was above the detection limit of the Nanodrop 

system as this was helpful to maintain accuracy upon ligation. Unsurprisingly, the yield of the 

product was correlated to the amount of each DNA fragment used in the splicing reaction. It was 

found that 8 pmol of each fragment ensured ample template DNA for splicing when using a 

polymerase concentration of 0.02 U/µL. 

 

 

Figure 3-2. Successful creation of gene fragments using SOE PCR. 

6 µL of purified fragments and SOE PCR reactions were run on a 1.0% agarose gel in TAE Buffer. Subsequent 
splicing products can be seen from left to right following green for NSC, red for NTC (though component 
fragments are not shown for final SOE PCR), and blue for CTC (no secondary fusion required). Invitrogen 1Kb+ 
Gene ruler was used to determine approximate length of generated products 
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Figure 3-3. Verification of PCR products for the creation of final expression plasmids.  
200 ng of relevant PCR reactions after DpnI-digestion, were run on a 1.0% agarose gel (7 V/cm for 0.75 h). 1 kb+ 
gene ruler is shown in lane 1 for DNA length determination. Arrows indicate contaminant bands. 
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Production and Purification of Cry1Ac from B. thuringiensis serovar Kurstaki HD73 

Characterization of Sporulation Media 

To characterize sporulation media, growth curves were done for sporulation media C2, NSM and 

G-Tris.  The three generated a similar cell density (Figure 3-9) but sporulated at different time 

points (as approximated with microscopy). C2 induced complete sporulation at approximately 4 

days, NSM at 3 days and G-Tris at 2 days. A shorter sporulation period was deemed prudent to 

match the generational stability of pHT304 in B. thuringiensis, therefore characterization of the 

C2 medium was discontinued. 

 

Figure 3-9. Growth curves of B. thuringiensis 4D4 in three sporulation media. 

G-Tris ( ), NSM ( ) and C2 ( ) media were inoculated from a common source and OD600 was monitored for 
20 h. Each measurement represents an average of two replicates, and standard deviation is shown with vertical error 
bars. Asterisk shows single measurement where outlier was removed. 
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NSM and G-Tris differ in their source of nitrogen and carbon as well as the ratio between these 

elements. NSM uses Difco Nutrient broth as a nitrogen and carbon source. G-Tris uses a 

combination of yeast extract and ammonium sulphate as the nitrogen source, with glucose as an 

additional carbon source. Glucose, in contrast to complex carbon sources or disaccharides, has 

previously been found to lead to higher cell densities and a lower sporulation frequency, but was 

tested in the absence of crucial metal ions (151). The benefit of using glucose is that it allows for 

optimization of the carbon to nitrogen ratio, which was found to be important for B. thuringiensis 

serovar Kurstaki HD73 (152). 

 

In Figure 3-10, B. thuringiensis HD73 grown in BHI develops large inclusions. However, the cells 

will persist in this state without lysing for >5 days (not shown). Cells have advanced through the 

process of sporulation (as mature spores are present) but are unable to lyse. This inability could be 

due to a lack of metal cofactors. Potential candidates could be cofactors for the lytic enzymes, 

Mg2+ and Mn2+ being likely as these are at lower concentrations in BHI compared to NSM and G-

Tris.  

 

An issue for NSM and G-Tris was the development of a steady state between germinating and 

sporulating populations within cultures that persists after complete sporulation. A possible solution 

to this can be found in the work of Monroe, by using a N-free buffered salt medium (128). This 

media does not contain any nitrogen source to promote germination and therefore can be used to 

shift the steady-state towards more thorough sporulation. The culture would be grown in a rich 

medium, then pelleted and resuspended in the N-free medium, driving sporulation. It is possible 

that an exchange of liquid media would also remove intercellular messengers that have been 

excreted into the medium, which promote sporulation and ideally should be retained (153, 154). 
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Optimally these two strategies could be used cooperatively. As G-Tris leads to strong crystal 

formation, it may be beneficial to transfer cultures into N-free-buffered salt media to eliminate 

germination after growth in G-Tris. 

 

Unexpectedly it was found that 4D22 was less susceptible to sporulation under the same conditions 

as 4D4. Shown in Figure 3-11, 4D4 had completed autolysis after the development of mature 

spores at 80 h, whereas few mature spores were observed at 120 h in 4D22. This retardation may 

be due to the presence of erythromycin and/or the absence of plasmids pAW63, pHT8 and pHT73. 

Erythromycin is a macrolide-type antibiotic that acts on protein synthesis by binding the 50S 

ribosome at the nascent polypetide exit tunnel reducing protein translation (155). Sporulation 

depends on tightly-controlled protein production at specific times and therefore erythromycin at a 

concentration of 4 µg/mL may be retarding this process. It is possible that in addition to the effect 

of erythromycin, there may be a sporulation regulator gene found within pAW63, pHT8 and 

pHT73 that is resulting in reduced sporulation rates.  

 

Adding erythromycin to G-Tris generated a red precipitate that persisted throughout hexane 

extraction. It is hypothesized that this is an iron complex as the colour matches the characteristic 

dark red colouring of an Fe3+ complex. There is approximately 20x more Fe3+ in G-Tris than NSM, 

which may be why the precipitate is not observed in NSM. 
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Figure 3-11. A reduced rate of sporulation within B.t. serovar Kurstaki HD73 is seen in strain 4D22 compared to wild-type 4D4. 

4D4 (containing pHT8, pAW63, and pHT73) and 4D22 (which contains pHT304-BtNSC instead) were cultured in BHI until cell density began to drop, and 
then transferred to N-free buffered salts media for the times listed below the figure and imaged. Vegetative cells in the process of sporulation (green arrows) are 
present until 120 h in the 4D22 strain but are not seen at 80 and 120 h within the 4D4 cultures. Mature spores and debris from microscope slide are highlighted 
by cyan and red respectively.   
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Purification of endogenous Cry1Ac 

Hexane was used as the hydrophobic phase for the liquid-liquid extraction for the purification of 

crystals. The primary contaminant of crystals generated through sporulation of bacillus are the 

released spores. Spores are more hydrophobic than the Cry protein crystals, and will partition into 

the hexane phase whereas the crystals will remain in an aqueous phase. Additionally, through the 

iterative process of hexane extraction the final product is concentrated, readying it for 

ultracentrifugation as a final purification step. 

 

Culturing of 4D4 in notched flasks at 

225 rpm ultimately led to a white foam 

(Figure 3-12) that was found to contain 

primarily spores via microscopy. This 

separation mirrors an established 

technique of purification using 

flotation (156). This layer was 

removed before hexane extraction. 

 

Hexane extraction was attempted 

multiple times and initial attempts 

determined that a centrifugation rate of 

500 xg was optimal. Higher rpm 

generated an opaque gel phase within 

the hexane layer (not shown). This 

technique, combined with ultracentrifugation purified Cry1Ac crystals under the expression of the 

  
Figure 3-12. Orbital aeration of B. thuringiensis cultures in 
sporulation media leads to the formation of foam containing 
spores. 

Black arrow is pointing to foam, which has been imaged (data 
not shown) and found to contain only spores. This picture was 
taken after incubating overnight at 4°C (without aeration), and a 
portion of foam has re-entered solution; immediately following 
aeration, the entire surface is routinely covered.  
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It was found that vegetative cells are more detrimental to the purification of Cry1Ac crystals when 

using this technique as they were found to pellet similarly to crystals and therefore could not be 

purified away using only hexane extraction. Hexane extraction separates only based on 

hydrophobicity and therefore the purification benefits from ultracentrifugation which separates 

based on density. Vegetative cells were purified using ultracentrifugation. 

 

Hexane extraction exposes the inclusions to harsh conditions. Concerns were raised about stresses 

that may be introduced into the crystals that may negatively impact crystal packing. Previously, 

Holmes and Monroe had extracted Cry1Ac crystals using ultracentrifugation alone, and have 

shown that this did not impact crystallinity (84). To this end, ultracentrifugation alone was 

attempted for the purification of 4D4-derived crystals. A low yield of pure crystals was obtained 

per spin, requiring multiple spins to generate a similar yield to hexane extraction with a single 

centrifugation. Prohibitive material requirements dissuaded the extraction of fusions using this 

workflow. 

  

Testing of Recombinant Cry1Ac Fusion Proteins 

Expression and Characterization of E. coli-derived Inclusions 

The production of Cry1Ac inclusions in E. coli JM103 was verified using phase contrast 

microscopy as shown in Figure 3-14, reproducing the work of Ge et al. (114). Post-sonication, 

these inclusions persist in solution, but do not form the bipyramidal crystal form. This could be 

due to breakage during sonication, although no evidence of this crystal form is observed in cellulo 

prior to sonication. Observation of these inclusions suggests successful production of Cry1Ac in 

JM103 using the pKK223 vector, which was later verified with an SDS-PAGE (data not shown) 

and therefore the recombinant production of GFP/Cry1Ac fusions could now be tested within this 

system. 
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The C-terminal, N-terminal, and N-substituted GFP/Cry1Ac fusions produce inclusions that 

persist after sonication are shown in Figure 3-15. All three fusion constructs show angular 

inclusions that polarize light under phase contrast and fluoresce in conditions typical for GFP. 

These observations support that these Cry1Ac inclusions contain the fused GFP-moiety and that 

the GFP is correctly folded insofar as to fluoresce. Cells expressing an unfused GFP failed to 

localize fluorescence to an inclusion, and show fluorescence throughout the cell.  The NSC 

produced in E. coli results in smaller inclusions as compared to the NTC and CTC, which may be 

the effect of the toxin contributing to lattice formation. 

 

To assess whether these fluorescent inclusions contained a full-length fusion protein, the purified 

inclusions were analyzed using western blots with GFP-specific antibodies. Analysis was done at 

two different time points, 24 h after sonication and after 2 weeks at 4°C. After one day, strong 

signal was observed at approximately 160 kDa for both NTC and CTC matching MW prediction. 

However degradation products (observed as smaller bands) were present in both constructs (Figure 

3-16). This result shows that the full-length protein is being produced successfully, but also that 

degradation is an issue that may impact the goals of this work.  
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Figure 3-15. E. coli suite of Cry1Ac/GFP fusions show fluorescence that is localized to angular inclusions as compared to intact, non-fused GFP.  

E. coli containing pKK223-CTC, -NTC and -NSC imaged after sonication; pKK223-GFP imaged without lysis. 3 µL of samples were imaged under glass 
coverslips at 1400x phase contrast microscopy and fluorescence microscopy (Excitation: 450-490 nm, emission: 500-550 nm). Overlays were created using 
a multichannel acquisition system within the AxioVision software package, where fluorescence signal (green) was superposed on a phase-contrast image 
(black/white).  
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Using this 5-cut site model for proteolysis, the smallest major product for CTC and NTC would 

be expected at approximately 40 kDa and 30.0 kDa respectively. However, for CTC the major 

product is approximately 79 kDa, which would correspond to cleavage at cut site 4, and not 5. 

Similarly, for NTC, the cleavage at K28 is not observed, and the major product corresponds to that 

of cut site 2. As both cut site 5 and cut site 1 are close to the GFP-moiety within each fusion, it 

may be that the fused GFP is blocking proteases from acting on these sites, and would explain why 

cleavage at these sites is only observed in one of the constructs. 

 

It was unknown why the characteristic bipyramidal shape of Cry1Ac was not observed in E. coli. 

Many possible hypotheses exist, such as these may be inclusion bodies and not crystals, or there 

may be an unknown yet crucial crystallization chaperone present in B. thuringiensis that is absent, 

or the redox state of the cell was improper for cysteine-mediated crystal formation. The latter was 

probed by expressing Cry1Ac and the fusions within the Novagen Origami B (DE3) pLysS cells 

to test if reduced thioredoxin reductase/glutathione reductase activity may lead to bipyramidal 

crystal formation. The results of this experiment can be seen within Figure 3-18, in which no 

difference was observed between the formation of polarizing inclusions comparing production in 

E. coli JM103 and Origami B (DE3) pLysS. It was recently determined that the cysteine residues 

are not critical for crystallization and therefore this result agrees with literature (90).  

 

To elucidate the nature of the inclusions, i.e. whether these may be an amorphous inclusion body, 

the inclusions were subjected to various solubilization agents. Hannay in 1953 (69) was first to 

find that Cry1Ac crystals were alkaline-soluble and since then, high-pH solubility has become a 

hallmark of these inclusions. In contrast, amorphous inclusion bodies can be solubilized by the use 

of chaotropic agents, organic solvents and detergents (158). It was hypothesized that if the fusions
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Figure 3-19. The effect 0.1 M Urea and NaOH on the solubility of E. coli-derived Cry1Ac/GFP fusions. 

Concentrated aliquots of each sample (row headings) stored in DI water after sonication, were then diluted with 0.1 M urea, 2 M urea, 0.1 M sodium hydroxide 
or water and incubated overnight at room temp. 3 µL of samples were imaged under glass coverslips at 1000x phase contrast microscopy.  
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 A. 

B. 

Figure 3-26. Chromatogram from purification of CwlC using size exclusion chromatography and cation exchange chromatography. 

Part A. A single fraction from Ni-NTA IMAC was run on a GE Healthcare Superdex 200 Prep Grade SEC column (using 150 mM NaCl 50 mM Tris pH 8.02 at 0.5 
mL/min) and elution A280 and conductivity were monitored. Fraction used in part B (C8) is highlighted in grey, and individual fractions numbers are in red. Part B. 
fractions C8 was seperated on a 1 mL GE Healthcare HiTrap SP HP column (using 20 mM sodium phosphate, 0-1 M NaCl at 1 mL/min) and elution A280 and 
conductivity were monitored. Collected fractions used for lysis assays and crystallization are highlighted in grey. 
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Lysis Assays 

In vitro lysis assays were attempted to determine the efficacy of CwlC for the lysis of any 

vegetative cells. Lysis efficacy was determined in two ways: by measuring OD600 between a 

culture treated with CwlC, similar to the methodology of  Yuan, Peng and Gao (161), and by CFU 

assays. An incubation with 1.75 mg/mL CwlC led to a 79% decrease in light scattering and a 45% 

decrease in the colony forming ability as compared to a buffer control (Figure 3-29). As only a 

small portion of cells within a mature culture in sporulation medium will be vegetative or 

germinating, the efficacy of lysis demonstrated, though not complete, 1.75 mg/mL CwlC may be 

beneficial to incorporate within the extraction procedure. 

 

 

Figure 3-29. Cell density and cell viability of B. thuringiensis decrease after an incubation with CwlC as 
compared to a buffer treatment.  

After incubation, the OD600 of triplicate samples (left) were averaged. CFU determinations were done in duplicate. 
Error bars show standard deviation. 

 

 


























































































