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ABSTRACT 
 

 

Sporulation in Bacillus subtilis is triggered by starvation for carbon and nitrogen 

sources.  The process of endospore formation involves a highly orchestrated program of 

gene expression resulting in morphological change. A key early event is the asymmetric 

sporulation division, which yields the smaller prespore and larger mother cell.  

The transcription factor σF becomes active in the prespore, and directs the 

transcription of approximately 50 genes.  One of those genes, paramount to this study, is 

spoIIR. The SpoIIR protein is exported, and localizes to the inter-membrane space of the 

sporulation septum, which may be mediated directly by SpoIIGA.  SpoIIR and SpoIIGA 

are essential for the activation of σE from its inactive precursor, pro-σE.  Pro-σE, encoded 

by spoIIGB, is part of a two-gene operon that also includes spoIIGA located immediately 

upstream.  SpoIIGA is an integral membrane protein, and is an aspartyl protease that 

cleaves 27 residues from the N-terminus of pro-σE to yield active σE.  The N-terminal 

portion of SpoIIGA contains five membrane-spanning hydrophobic domains.  The C-

terminal portion lies within the mother cell cytoplasm, and contains the proteolytic 

domain with residue D183 acting as the catalytic aspartate.  Activation of the proteolytic 

domain of SpoIIGA is dependent on signaling through SpoIIR at the septum.  The 

interaction with SpoIIR is thought to cause a conformational change in the proteolytic 

domain of SpoIIGA, which activates it.  Normally, σE only becomes active in the mother 

cell.  The current model for σE compartmentalization suggests that before septation 

SpoIIGA is evenly distributed throughout the entire cell membrane.  Once septation 

occurs, there is a higher amount of SpoIIGA in the mother cell than in the prespore.  
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SpoIIGA is then concentrated in the septum and the mother cell outcompetes the prespore 

for the limited amount of SpoIIR available.  

We are investigating the role of SpoIIGA in compartmentalization of σE.  To 

accomplish this, a spoIIGA-gfp translational fusion was used.  The fusion was introduced 

into a B. subtilis SpoIIGA mutant (SpoIIGA49) that lacks functional SpoIIGA because of 

a point mutation, G100R.  The mutation is located within the fourth membrane-spanning 

domain.  The spoIIGA-gfp fusion was also introduced into a spoIIGA knockout strain 

(ΔspoIIGA) in order to assess the effect of SpoIIGA-GFP on sporulation without 

influence from SpoIIGAG100R. 

The SpoIIGA49 strain that expressed spoIIGA-gfp in the prespore from the σF-

directed promoter, PspoIIQ showed a weak GFP signal in the prespore, and restored 

sporulation to parental levels.  The same fusion also showed a weak prespore GFP signal 

in the ΔspoIIGA background, however sporulation was not restored.  This result suggests 

that the fusion protein could interact with SpoIIGAG100R across the septum through 

SpoIIR, restoring proteolytic activity to SpoIIGAG100R. In both cases, fluorescence was 

only detected after σE had become active.  Expression of spoIIGA-gfp from its natural 

promoter also largely complemented SpoIIGA49, but only partially complemented 

ΔspoIIGA. Again, GFP fluorescence was weak, and was only detected after σE had 

become active. Possible explanations for the poor fluorescence are: 1, GFP function is 

impaired. 2, SpoIIGA-GFP is present at low levels.  

To assess the amount of protein present, western blot analysis was performed 

using anti-GFP antibodies.  The results indicated weak expression. When spoIIGA-gfp 

was expressed from PspoIIG, protein was detected two hours after entry into stationary 
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phase (T2), which was before GFP fluorescence was detected, with or without 

SpoIIGAG100R.  Detection of SpoIIGA-GFP from PspoIIQ occurred by T4 in with and 

without influence from SpoIIGAG100R.  Because PspoIIQ requires σF to be active and PspoIIG 

is active prior to septation, it was expected that SpoIIGA-GFP expressed from PspoIIG 

would be detected earlier.  Weak bands representing SpoIIGA-GFP were observed which 

suggests low levels of SpoIIGA-GFP.  Overall, the PspoIIG promoter appeared to drive 

more expression of spoIIGA-gfp before septation than PspoIIQ in the prespore alone.  
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CHAPTER 1 

INTRODUCTION 

 

 A fundamental question in the study of biological systems is how a single cell can 

give rise to vastly differentiated cells.  Sporulation in Bacillus subtilis is a well-studied 

example of a primitive cell differentiation system in prokaryotes.  B. subtilis is a gram-

positive, rod-shaped aerobic bacterium commonly found in soil (45).  This organism 

serves as an excellent model for cellular differentiation because of its ease in genetic 

manipulation in the laboratory.  B. subtilis is naturally competent for taking up, and 

incorporating naked DNA into its chromosome.  It can also be induced to sporulate in 

both defined and complex media (50). 

 During vegetative growth, B. subtilis undergoes binary fission at a division 

septum medially located within the cell.  The result is the production of two daughter 

cells of equal size.  However, in response to a range of stimuli such as high cell density 

and nutrient starvation (from carbon, nitrogen, and phosphorous sources), the vegetative 

cells differentiate to form dormant spores.  B. subtilis spores display no detectable 

metabolism and are resistant to a variety of stresses such as heat, desiccation, UV light, 

and organic solvents (3, 23, 39, 50).  In order for successful spore formation to occur, a 

large number of sporulation-specific genes are expressed, which are controlled in a 

compartmentalized manner.  Successful spore development is also dependent on DNA 

replication.  Damage to DNA or blocking its replication will not permit sporulation to 

progress (9, 13, 27).  These control measures are in place to ensure mature spores receive 

a complete chromosome copy.   
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 The complex process of sporulation in B. subtilis can be described by eight 

morphological changes to vegetative cells, illustrated in Fig. 1 (23, 41).  Stage 0 is a 

vegetative cell that contains at least one copy of its chromosome.  Upon activation of 

sporulation, a round of DNA replication occurs, and the two chromosomes form an axial 

filament that stretches across the long axis of the cell (stage I).  The formation of an 

asymmetrically positioned division septum (stage II) divides the cell into two distinct 

compartments.  The smaller compartment is known as the prespore (or forespore).  This 

matures over a period of approximately 8 hours, and is released as a dormant spore. The 

larger compartment is known as the mother cell, and aids in the development of the 

prespore to a mature spore.  This compartment ultimately lyses, releasing the mature 

spore into the environment.  At the formation of the asymmetric sporulation septum 

(stage II), approximately 30% of one of the chromosomes is within the prespore.  The 

remaining 70% is rapidly pumped from the mother cell by the DNA translocase, SpoIIIE.  

The other chromosome remains in the mother cell compartment.  Stage III is defined by 

engulfment of the prespore.  At this stage, the prespore exists as a free protoplast within 

the mother cell cytoplasm.  Following engulfment, the prespore becomes surrounded by a 

primordial germ cell wall and cortex (stage IV), which are distinctive forms of 

peptidoglycan.  Protective layers of proteins are then deposited around the prespore 

forming the spore coat, which occurs during stage V.  Maturation of the prespore (stage 

VI) results in resistance to UV light and high temperatures (36).  Finally, the mother cell 

lyses releasing the mature spore into the environment (stage VII).   

 Genetically, sporulation is initiated by a phosphorelay system (Fig. 2a) leading to 

phosphorylation of the master regulator of sporulation, Spo0A during stage 0 of spor- 
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Figure 1. Stages of sporulation (23). 

  

  

 

 

 

 

 

ulation (Fig 2b).  In response to specific environmental stimuli, one or more histidine 

kinases KinA, KinB, KinC, KinD, and KinE become autophosphorylated (23, 40, 50).  Of 



 4 

these five histidine kinases, KinA and KinB are the main contributors to initiating 

sporulation (52). They then phosphorylate the Spo0F protein, which serves as an 

intermediate in the phosphorelay.  Phosphotransferase protein Spo0B then transfers the 

phosphate from Spo0F-PO4 to Spo0A (2).  Active Spo0A-PO4 directly regulates the 

transcription of ~120 genes (40).  A highly elaborate mechanism of genetic control is in 

place to express all genes necessary for spore formation, which are termed spo loci (23, 

41, 50).  Transcription of early spo loci is controlled by active Spo0A-PO4 and RNA 

polymerase transcription factors σA and σH (39).  σH becomes active during stationary 

phase, and is required for spore formation by directing the transcription of spo0A, and the 

tricistronic spoIIA operon, which encodes σF and its regulators (23, 52, 54, 55).  σH also 

controls the activation of one of the three promoters of the ftsAZ operon (20, 21).  

Together with Spo0A-PO4 controlled transcription of spoIIE, this results in respositioning 

of the FtsZ ring to both cell poles (23, 40, 47, 50).  Eventually, one of the FtsZ rings will 

disassemble resulting in a single asymmetrically positioned sporulation septum (40).  σA 

is the primary (housekeeping) transcription factor in vegetative cells.  With Spo0A-PO4, 

σA is required for the transcription of the bicistronic spoIIG operon which encodes pro-σE 

and its processing molecule (30). 

During stage II of sporulation in B. subtilis, gene expression becomes 

compartmentalized.  Both the prespore and mother cell contain a single copy of the 

chromosome.  Compartmentalization of gene expression in a B. subtilis sporangium is  
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(a)       (b) 

    
 
Figure 2. The sporulation phosphorelay leading to phosphorylation of Spo0A. (a) In 
response to environmental stimuli, any one of the five histidine kinases becomes 
autophosphorylated which results in a phosphorelay leading to phosphorylation of 
Spo0A, the master regulator of sporulation.  (b) Following phosphorylation of Spo0A, the 
stages of spore formation at which transcription regulators become active (40). 
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apparent by observing the activities of four RNA-polymerase-associated sigma factors: 

σF and σG in the prespore, and σE and σK in the mother cell (10, 14, 23, 24, 50).  

Following formation of the sporulation septum, σF becomes active in the prespore 

followed by σE in the mother cell.  σG and σK become active in the prespore and mother 

cell respectively, following engulfment of the prespore (stage III).  Each sigma factor is 

responsible for directing the expression of sporulation-specific genes in the compartment 

in which it is active.  This is illustrated in Fig. 3, which shows compartmentalization of 

gene expression by a cascade of sigma factor activation in both the prespore and mother 

cell. 

 σF and σE are the first sigma factors to become active in the prespore and mother 

cell following septation.  Interestingly, the genes that code for them are transcribed prior 

to septation (19, 38).  These sigma factors require multiple accessory molecules for their 

activation in their respective compartments at a specific time.  As mentioned earlier, the 

spoIIA operon is a tricistronic operon coding for σF and its regulators.  The spoIIA operon 

consists of spoIIAA, spoIIAB, and spoIIAC (the structural gene for σF) (17, 43).  SpoIIAB 

is an anti-sigma factor that binds σF inhibiting its activity, and inactivates SpoIIAA, the 

anti-anti-sigma factor by phosphorylation (17, 40, 43, 50). When SpoIIAA is activated by 

dephosphorylation by septum-bound SpoIIE, it binds to SpoIIAB causing σF to be 

released from the SpoIIAB-σF complex (17, 43).  The mechanism of σF activation in the 

prespore has been heavily studied (17, 40, 43, 50).  Because the spoIIA operon is 

transcribed before septation, post-septational events cause σF activation in the prespore 

(19, 38).  As mentioned previously, SpoIIE is associated with the sporulation septum, and  
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Figure 3.  Compartmentalization of gene expression by a cascade of prespore- and 
mother cell-specific sigma factors.  Transcriptional GFP fusions (green areas) to sigma 
factor-dependent genes to show compartmentalized gene expression.  Cell membranes 
stained with FM4-64 (red). 
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plays a critical role in activating σF.  The volume of asymmetry between the smaller 

prespore and the larger mother cell skews the ratio of membrane-associated to soluble 

proteins in favor of the prespore.  In this compartment, more interations occur between 

membrane-bound SpoIIE and soluble SpoIIAA-PO4.  The result is activation only in the 

prespore.  σF directs the transcription of approximately 50 genes (48, 53) of which, two 

are critical for proper σE activation in the mother cell: spoIIR and csfB. 

The spoIIG operon encodes two genes: spoIIGA, encoding an integral-membrane 

aspartyl protease that cleaves 27 residues from the N-terminus of pro-σE to yield active σE 

and spoIIGB, encoding the inactive precursor of σE (pro-σE) (25, 26, 30, 32, 49).  Initial 

activation of σE in the mother cell is dependent on σF-directed expression of spoIIR (12, 

29, 35).  Initially, SpoIIGA localizes to the peripheral membrane surrounding the entire 

cell.  SpoIIGA is a 309 amino acid residue long protein that has five N-terminal 

membrane-spanning domains and a catalytic C-terminal domain that lies within the 

cytoplasm (25, 26, 34, 49).  Upon septation, it localizes to the sporulation septum (16).  

SpoIIGB (pro-σE) is not cleaved until SpoIIGA receives a signal from SpoIIR (6, 12, 25, 

26).  σF-directed transcription of spoIIR leads to its production in the prespore and the 

SpoIIR protein localizes to the intermembrane space of the sporulation septum (6, 12, 

35).  The mechanism of pro-σE processing by SpoIIGA is illustrated in Fig. 4.   It is 

thought that the accumulation of SpoIIGA at the sporulation septum causes localization 

of SpoIIR to the intermembrane space (6, 12).  SpoIIGA dimerizes, after which, a 

conformational change occurs at the carboxy-terminus of the protein mediated by 

interaction with SpoIIR.  The result is activation of SpoIIGA.  Residue 183 serves as the  

catalytic aspartate that cleaves pro-σE in the mother cell (25, 26).  Interestingly, the 



 9 

 

Figure 4. Pro-σE processing in B. subtilis.  The integral membrane protein SpoIIGA 
localizes to the asymmetric sporulation septum with its catalytic C-terminal domain lying 
within the mother cell cytoplasm.  Following localization of SpoIIR from the prespore, 
FS (forespore) in figure, which is adapted from (26) to the intermembrane space of the 
sporulation septum, this protein transmits a signal to SpoIIGA.  The signal from SpoIIR 
activates the catalytic domain of SpoIIGA.  The D183 residue of SpoIIGA is the 
proteolytic aspartate that cleaves 27 residues from pro- σE resulting in active σE in the 
mother cell.  (FS: forespore, FSM: forespore membrane, MC: mother cell, MCM: mother 
cell membrane)   
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SpoIIGA dimer is structurally similar to that of the human immunodeficiency virus type 

1 (HIV-1) retroviral protease (25, 26).  pro-σE processing by SpoIIGA occurs within four 

minutes of transcription of spoIIR in the prespore (15).  A mutation in the transmembrane 

domain of SpoIIGA, G100R, results in an inability to process pro-σE (Fig. 5) (35, 49).  

The mutation is located within the fourth membrane-spanning domain (glycine residue 

100 shown in a red box of Fig. 5). The G100R mutation may hinder interaction with, and 

activation by SpoIIR.  It may also directly prevent the catalytic domain of SpoIIGA from 

changing its conformation, or prevent dimerization of SpoIIR.   

Despite spoIIG expression prior to septation, σE activity is restricted to the mother 

cell compartment.  There are several overlapping control mechanisms in place to ensure 

compartmentalized σE activity.  It is thought that SpoIIGA is randomly distributed 

throughout the cell membrane, and as a consequence of the asymmetric septation, more 

SpoIIGA is trapped in the mother cell than in the prespore.  A limited amount of SpoIIR 

is produced, and SpoIIGA in the mother cell wins out over SpoIIGA in the prespore for 

activation by SpoIIR (Fig. 6) (6).   Another mechanism constraining σE activation to the 

mother cell is proteolysis of pro-σE in the prespore by a σE-directed protease (18, 28, 44).   

A third mechanism of preventing σE activity in the prespore involves the gatekeeper 

protein CsfB.  Originally shown to prevent σG from becoming prematurely active in the 

prespore prior to engulfment (8), CsfB has been shown to inhibit σE activity in the 

prespore (6). 

As to why B. subtilis maintains overlapping mechanisms to prevent σE activity in 

the prespore remains elusive.  Previous work has shown that a loss of compartmental- 
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Figure 5. Schematic representation of the membrane-associated structure of 
SpoIIGA.  Shown are the transmembrane domains numbered I-V and their residues in a 
helical net.  The cytoplasmic C-terminal portion, which contains the catalytic domain, is 
not shown. The red box surrounding the glycine residue represents G100.  Mutation of 
this glycine to arginine results in a defective protein, unable to efficiently cleave pro-σE 
(34). 
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Figure 6. Schematic representation of a model for the compartmentalization of σE 
activation.  The membrane protein SpoIIGA is indicated by filled circles, and SpoIIR is 
indicated by a star. SpoIIGA is first synthesized before the spore septum is formed and is 
distributed randomly throughout the cell membrane.  As a consequence, upon septation 
the large majority of SpoIIGA is located in the mother cell. Some component of the 
recently completed septum captures SpoIIGA that has diffused from the peripheral 
membrane. When SpoIIR is synthesized, it is secreted into the space between the septal 
membranes. There, it can interact with SpoIIGA from either the mother cell or the 
prespore.  Because the preponderance of SpoIIGA is in the mother cell, mother cell 
SpoIIGA wins out in the competition for the very limited amount of SpoIIR. As a 
consequence, only SpoIIGA in the mother cell is activated, and so conversion of pro-σE 
to active σE occurs only in the mother cell (6).  
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ization was not detrimental to spore formation, so long as σE was active in the mother cell 

(6).  In other words, sporulation efficiency was not noticeably affected in  cells that were 

able to maintain active σE in both compartments. 
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Project Goal 

We wanted to investigate the role of SpoIIGA in σE activation.  Specifically, we 

wished to track the localization of SpoIIGA using a translational fusion protein to GFP 

under native and artificial conditions, (prior to and following septation).  To accomplish 

this, the gene encoding the fusion protein was to be introduced into the B. subtilis 

chromosome at an ectopic (neutral) locus driven from either its natural promoter (PspoIIG) 

or from a prespore-specific promoter (PspoIIQ).  We also wished to assess the localization 

and functionality of the fusion protein in both a spoIIGA null background and in a 

SpoIIGA49 mutant (SpoIIGAG100R) background. 

 Confocal microscopy would provide a means of tracking the localization of the 

fusion protein in B. subtilis strains during time course experiments in liquid culture.  

Heat-resistant spore assays would assess the sporulation efficiencies of strains compared 

to a wild-type control.  Lastly, western blot analysis would be useful in determining 

relative quantities of SpoIIGA-GFP under the control of both promoters in spoIIGA-null 

and SpoIIGAG100R backgrounds.  Western blot analysis could also be useful in 

determining when spoIIGA-gfp is expressed in the different conditions.   
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CHAPTER 2 

MATERIALS AND METHODS 

 

Bacterial Strains 

Escherichia coli strain DH5α was used for the construction and maintenance of 

all plasmids.  B. subtilis strains and their respective genotypes are listed in Table 1.  

Strain SL15554 (containing an erythromycin resistance cassette at the ectopic amyE 

locus) harbors a point mutation, in spoIIGA49; resulting in substitution of a glycine for 

arginine at amino acid residue 100. 

 

Table 1. B. subtilis strains 

Straina Relevant genotypeb Source 

SL4 trpC2 lys-3 metB10 Lab stock 

SL12343 spoIIGA::cat Lab stock 

SL15554 amyE::erm (spoIIGA49) Lab stock 

SL15556 amyE::PspoIIG-spoIIGA-gfp-F2-neo spoIIGA49 This study 

SL15606 amyE::PspoIIQ-spoIIGA-gfp-F2-neo spoIIGA49 This study 

SL15637 amyE::PspoIIG-spoIIGA-gfp-F2-neo, spoIIGA::cat This study 

SL15638 amyE::PspoIIQ-spoIIGA-gfp-F2-neo, spoIIGA::cat This study 

SL15703 spoIIGB::erm, spoIIQ::PspoIIQ-gfp-cat This study 

a  All B. subtilis strains are derivatives of strain 168. 
b spoIIGA49strains contain the SpoIIGAG100R mutation. 
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Media 

Luria-Bertani broth (LB) medium (Appendix) was used for growth of E. coli 

strains.  LB medium was also used for growth of B. subtilis strains when total DNA 

isolation was necessary.  When appropriate, the medium was solidified with 1.7% Difco 

Bacto agar.  Sporulation in B. subtilis strains was induced in modified Schaeffer’s 

sporulation medium (MSSM), or on Schaeffer’s sporulation agar (SSA) (46) (Appendix). 

Strains were stored at -75°C in LB with 20% glycerol and revived for experiments by 

overnight growth on LB agar or SSA at 37°C in ambient air. When appropriate, 

antibiotics were used at the following concentrations: 

for E. coli : ampicillin at 100 µg/ml and neomycin at 100 µg/ml 

for B. subtilis : chloramphenicol at 5 µg/ml, erythromycin at 1.5 µg/ml, and 

neomycin at 3.5 µg/ml. 

 

DNA Manipulations 

 

Plasmid Purification from Escherichia coli 

E. coli was grown in 10 mL of LB medium containing the appropriate antibiotic 

at 37°C overnight (O/N) in a water bath shaking at 150 rpm.  Bacterial cells were 

harvested by centrifugation in a 50 mL centrifuge tube at 3,500 rpm (2,800 x g) at 4°C in 

a Beckman GPR centrifuge (GH-3.7 rotor).  The supernatant was decanted, and the pellet 
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was resuspended in 3 mL of Cell Resuspension Solution (Appendix).  E. coli cells were 

lysed by the addition of 3 mL of Cell Lysis Solution (Appendix) and gently mixed by 

inverting the tube 3 times.  RNase (Sigma) was added to the mixture to a final 

concentration of 10 mg/mL, to remove contaminating RNA.  The mixture was neutralized 

by the addition of 3 mL of Neutralizing Solution (Appendix) and gently mixed by 

inverting the tube 3 times.  The tube was then centrifuged at 6,000 rpm at 4°C for 20 min 

to pellet cell debris.  The supernatant was then filtered through cheesecloth to remove 

loose particulate matter.  3 mL of Wizard® Minipreps DNA Purification Resin 

(Promega) was added to the filtered supernatant in order to absorb plasmid DNA.  Next, 

the mixture was loaded on a DNA purification column (Promega).  When vacuum 

pressure was applied, the plasmid DNA-resin complex was collected at the bottom of the 

column.  The DNA was then washed once with 20 mL of Column Wash Solution 

(Appendix).  To completely remove residual ethanol, the column was centrifuged at 

15,000 rpm for 5 min. in an Eppendorf 5415C centrifuge (Eppendorf North America, 

Westbury, NY).  Plasmid DNA was eluted from the resin by adding 150 µL of TE buffer 

(Appendix).  After 5 min., the plasmid DNA was collected by centrifugation at 15,000 

rpm for 1 min.  The concentration of the purified plasmid DNA was estimated by 

measuring its absorption at 260 nm.  Plasmid preparations were stored at -20°C until 

required. 

 

Enzyme Treatment for Cloning 

DNA was digested with restriction endonucleases obtained from New England 
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Biolabs using the manufacturer’s instructions.  DNA 5’-ends were dephosphorylated with 

Antarctic Phosphatase (NEB) (5 U/µg DNA)  in 1X reaction buffer for 15 min. at 37°C, 

followed by 5 min at 65°C as suggested by the manufacturer. 

 

Agarose Gel Electrophoresis for DNA Separation 

DNA was analyzed by agarose gel electrophoresis in horizontal electrophoresis 

units (Fisher Scientific, Pittsburgh, PA).  Agarose (Fisher) was dissolved in 1X Tris-

Acetate Buffer (TAE; Appendix) to a final concentration of 0.7%.  DNA was separated at 

5 volts/cm for 1.5 to 3 h.  Following electrophoresis, the agarose gel was stained in 1X 

TAE containing Ethidium Bromide at 0.5 mg/mL for 10 to 20 min. The stained DNA was 

visualized with a UV lamp (360 nm) (Fisher Scientific).  A picture was taken of the 

stained gel with a Fisher Biotech camera (Fisher).  

 

DNA Fragment Excision 

When appropriate, fractionated DNA fragments from agarose gels were excised 

following ethidium bromide staining.  After brief visualization of the agarose gel by UV 

illumination, gel slices containing DNA fragments were excised with a clean razor blade.  

Individual gel slices were placed in a 1.5 mL centrifuge tube.  DNA fragments were 

isolated from agarose using GeneJET™ Gel Extraction Kit (ThermoFisher Scientific, 

Waltham, MA) 

DNA Restriction and Ligation 

Purified plasmid and PCR amplified DNA was digested with restriction enzymes 
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(5-10 U/µg DNA) in appropriate restriction enzyme buffer containing BSA (10µg/mL) 

according to the manufacture’s instructions.  The reactions were carried out at 37°C, 

unless otherwise specified, for a minimum of 3 h.  The digested DNA products were 

separated by agarose gel electrophoresis, and desired fragments excised as mentioned 

above.  Ligation of DNA fragments was done using T4 DNA ligase (Promega) in 2X 

quick ligation buffer.  DNA vector to DNA insert ratios were determined empirically for 

each ligation.  The reactions were carried out for 15 min at RT. 

 

Polymerase Chain Reaction (PCR) 

PCR was done to amplify specific regions of DNA.  The reaction mixture (25 µL) 

using Taq DNA polymerase contained 1X reaction buffer for Taq polymerase, 200 µM of 

each dNTP (Promega), 0.2 µM of each oligonucleotide (Integrated DNA Technologies; 

listed in Table 2) and 1.25 Units of Taq DNA polymerase (ThermoFisher Scientific).  

The reactions were carried out in a Thermocycler 2400 with heated lid (Perkin-Elmer 

Corp., Foster City, CA).  The reactions were subjected to an initial DNA denaturation 

step at 95°C for 2 min to break DNA hydrogen bonds.  DNA polymerization was done in 

35 cycles consisting of denaturation, annealing, and extension, during which the expected 

product was exponentially synthesized (11). The denaturation step consisted of 30 sec. at 

95°C. The annealing step consisted of 30 sec. at variable temperature depending on the 

melting temperature of the oligonucleotide with its template (Tm). The extension step 

was done at 72°C for a variable time, depending on the length of the amplicon (as a 

general rule 1 min. of extension was used for each 1 Kb of DNA.  Occasionally, the high 
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fidelity enzyme Phusion® DNA polymerase (ThermoFisher Scientific) was used rather 

than Taq in order to amplify regions of DNA to be used for cloning and sequencing 

purposes.  The reaction mixture (25 µL) consisted of 1x reaction buffer for Phusion® 

DNA polymerase, 200 mM of each dNTP, 0.5 µM of each oligonucleotide, and 0.5 Units 

of Phusion® DNA polymerase.  DNA polymerization was carried out according to the 

manufacture’s specifications.  DNA denaturation was done at 98°C for 30 sec.  This was 

followed by 35 cycles of denaturation, annealing and extension.  Denaturation was done 

at 98°C for 10 sec.  Annealing was done at variable temperatures depending on the Tm of 

the oligonucleotides for 30 sec.  Extension was done at 72°C for a variable time, 

depending on the length of the amplicon (The manufacture suggested 15-30 sec/Kb).  

Upon completion, the reaction mixtures were stored at 4°C until analyzed by agarose gel 

electrophoresis. 

Table 2.  Primers 

Region Primer Name Sequence (5’3’) 

spoIIGA-gfp-F2 spoIIGA-gfp-F1. BglII ggagatctaagaaggagatatac 

 spoIIGA-gfp-R2.ClaI ccatcgattgctcagcggtggc 

spoIIG Promoter  spoIIGF1.EcoRI cggaattcctcgacaaattaagc 

 PIIGR2.BHI cgggatccggatgttcaacaatcgg 

spoIIGA ORF spoIIGAF1.SmaI tcccccgggcaagaaagaaaggagtc 

 spoIIGAR2.EcoRI ggaattcttttttttacatgccg 

3’ of spoIIGA spoIIGAENDFWD gcaaggctgtcaaacacgtttc 
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Transformation 

 

E. coli Transformation 

 E. coli DH5a was routinely used as host for plasmid propagation.  Competence 

was chemically induced by the method of Hanahan (22).  Briefly, E. coli was inoculated 

into 150 mL of LB and incubated in a 37°C water bath shaking at 200 rpm. When the 

bacteria reached an OD600 of 0.4, the culture was divided into three 50 mL centrifuge 

tubes (Fisher Scientific) and incubated on ice for 30 min.  Following centrifugation at 

5,000 rpm for 15 min at 4°C, the pellets were suspended in 17 mL of RF1 solution 

(Appendix) and kept on ice for 30 min.  The cells were harvested by centrifugation as 

cited above, and after discarding the supernatant, the pellets were suspended in 4 mL of 

RF2 solution (Appendix). The cells were kept on ice for 30 min.  Samples (50 or 150 µL) 

of the competent cells were transferred to 1.5 mL micro-centrifuge tubes and quickly 

frozen in an ethanol-dry ice bath.  The samples were stored at –75°C until used.  For the 

transformation, 50 µl (or 150 µl) samples of competent E. coli were thawed on ice in 1.5 

ml micro-centrifuge tubes and 10 µl of DNA (100-200 ng of ligation reactions) added to 

the bacteria.  The cells were kept on ice for 20 min, and then heat shocked at 42°C for 

one minute.  Cells were then placed back on ice for 2 min.  After which, the cells were 

cultured at 37°C for 1 h. in 500 µL of LB.  Transformants were selected on LB agar 

containing the appropriate antibiotic.  The bacteria were allowed to grow at 37°C in 

ambient air for at least 16 h.  Transformants were further analyzed by colony PCR of 10 

to 20 colonies randomly selected to test for the presence of the cloned insert.  The 
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colonies were suspended in 30 µl of sterile water in individual 1.5 mL micro-centrifuge 

tubes; 3 ml of the suspension was then used as a template in a 25 ml PCR reaction.  The 

products of the reaction were analyzed by agarose gel electrophoresis. 

 

B. subtilis Transformation 

B. subtilis transformation was performed as previously described (43).  A single 

colony from SSA was inoculated into 5 mL of SM1 (Appendix) in a 50 mL centrifuge 

tube and incubated overnight at 30°C in ambient air.  The overnight culture was diluted 

10-fold into 5 mL of fresh SM1 in a 125 mL Erlenmeyer flask and incubated in a 37°C 

water bath shaking at 150 rpm.  90 minutes after the OD600 of the culture (diluted 3-fold 

in 10% formalin) reached 0.3, it was diluted 10-fold in 5 mL SM2 (Appendix) in a  

125 mL Erlenmeyer flask and incubated in a 37°C water bath shaking at 150 rpm.  After 

90 minutes, 0.5 mL of the culture was transferred into 15 mL polypropylene culture tubes 

containing the donor DNA (plasmid or chromosomal).  The transformation mixture was 

incubated at 37°C for 90 minutes shaking at 150 rpm.  200 µL was plated on SSA 

containing the appropriate antibiotic.  For negative control, competent cells with no 

added DNA were also plated on plates containing antibiotic.  Plates were incubated at 

37°C for 24 h. or 48 h. if erythromycin is used for selection. 
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B. subtilis Chromosomal DNA Preparations 

Extraction of chromosomal DNA from B. subtilis strains was performed as 

previously described (43).  A single colony from SSA was inoculated into 10 mL of LB 

containing the appropriate antibiotic in a 125 mL Erlenmeyer flask and incubated 

overnight at 37°C in a water bath shaking at 150 rpm.  The overnight culture was 

centrifuged in a 50 mL centrifuge tube (Fisher Scientific) for 5 minutes at 5,000 x g to 

pellet the cells.  The supernatant was decanted and the pellet was resuspended in 2 mL of 

SET solution (20% sucrose, 10mM EDTA pH 8.0 and 20 mM Tris-HCl pH 8.0) with 10 

mg/mL of lysozyme (MP Biomedicals, LLC) and 5 µL of RNAse A (10mg/mL) and 

incubated at 37°C for 20 minutes.  Next, 200 µL of 10% SDS, 200 µL 10X Proteinase 

buffer (250 mM Tris-HCl pH 8.0, 100 mM EDTA) and 10 µL of Proteinase K (20 

mg/mL) were added, followed by incubation at 50°C for at least 2 hours.  The cell lysates 

were extracted three times with Tris-buffered phenol followed by chloroform (1:1).  The 

DNA was precipitated by the addition of 2.5 volumes of cold ethanol.  After 

centrifugation at 5,000 x g for 5 minutes, the supernatant was discarded and the pellet 

was resuspended in 200 µL of TE buffer (Appendix).  DNA preparations were stored at 

4°C. 

 

Plasmids 

All plasmids were maintained in E. coli DH5α.  Restriction digestion mapping 

and PCR verified all constructs.  Phenotypic analysis of B. subtilis strains also verified 

the presence of a particular construct.  A list of the plasmids used for this study and 
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details of their construction is given in Table 3. 

Fluorescence Microscopy 

 Imaging was performed as described previously (1, 7).  Cultures were grown in 

MSSM at 37°C in a water bath shaking at 150 rpm.  A 300 µL volume of culture was 

mixed with 0.3 µL of 1 mg FM4-64 (Molecular Probes)/mL PBS.  Samples were 

incubated at room temperature for 5 min, and 2 µL of unfixed sample was pipetted onto a 

microscope slide (Fisher Scientific), and a 22X22-1.5 mm glass coverslip (Fisher 

Scientific) was placed on top of it.  Gentle pressure was applied through a Kimwipe.  

Images were captured using a DMIRE2 microscope with a TCS SL confocal system 

(Leica), using a 100X oil immersion objective and Leica imaging software.  GFP 

emission was captured between 500 and 550 nm and FM4-64 emission between 600 and 

730 nm; excitation for both fluorophores was at 488 nm.  Fluorographs were generated 

from a single stack in the Z plane, with four-point line averaging.  The image format was 

512 by 512 pixels, and the scan speed was 400 image-lines/s. 
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Table 3.  Plasmids 

Plasmids Description 

pVK239 Gift from Dr. Vasant Chary.  The plasmid contains PspoIIQ-spoIIGA flanked 

by amyE locus homology regions in pEIA99 backbone (5). 

pAJB2 spoIIGA-gfp-F2 was amplified by PCR from pID48 using spoIIGA-gfp-F1 

and spoIIGA-gfp-F2 primers.  The 1.7 Kb product was digested with BglII 

and ClaI and ligated with pEIA99 cut with BamHI and ClaI.  The resulting 

plasmid contains PspoIIQ-spoIIGA-gfp-F2 flanked by amyE locus homology 

regions.  The 5’ end of spoIIGA had been modified such that the start codon 

is ATG (Methionine) instead of native GTG (Valine). 

pAJB4 The spoIIG promoter and 5’ region of spoIIGA was PCR amplified using 

spoIIGF1 and spoIIGAR2 primers yielding a 0.7 Kb product.  This PCR 

product was digested with EcoRI and StuI and ligated to EcoRI and StuI 

digested pAJB2 to yield a plasmid containing PspoIIG-spoIIGA-gfp-F2 

flanked by amyE locus homology regions.  The resulting plasmid also 

contains the native 5’ end of spoIIGA.  

pAJB5 pVK239 was digested with XbaI and StuI to yield a 0.8 Kb fragment 

consisting of PspoIIQ and the 5’ end of spoIIGA.  This fragment was then 

ligated to XbaI and StuI digested pAJB4.  The resulting plasmid contains 

PspoIIQ-spoIIGA-gfp-F2 flanked by amyE locus homology regions. 
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Sporulation 

 B. subtilis strains were induced to form spores in Modified Schaeffer’s 

sporulation medium; MSSM (42, 46).  Part of a single, well-isolated colony from an SSA 

plate (grown overnight at 37°C in ambient air) was inoculated into 5 mL of MSSM in a 

50 mL centrifuge tube and incubated at 30°C in ambient air overnight.  The overnight 

culture was then added to 15 mL (for microscopic evaluation and heat-killing assay) or 

25 mL (for cell harvesting in western blot analysis) of fresh MSSM in a 125 mL 

Erlenmeyer flask and incubated in a 37°C water bath shaking at 150 rpm. Growth was 

monitored every 30 min. by OD600 spectrophotometric readings of 3-fold diluted cultures 

in 10% formalin.  The beginning of stationary phase was taken as the start of sporulation 

(T0). The extent of spore formation was determined 18-20 hours after T0.  Sporulation 

was estimated by phase contrast microscopy and by a heat-killing assay. For the heat-

killing assay, 0.5 mL of the culture was removed and 10-fold serial dilutions were made 

in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, and 

1.4 mM KH2PO4).  0.1 mL of each dilution was plated on SSA.  The same dilutions were 

treated at 80°C for 20 minutes.  0.1 mL of heat-treated dilutions was plated to SSA, 

identically to the untreated dilutions.  The plates were incubated overnight at 37°C in 

ambient air.  Viable cell counts were determined for untreated cells and for heat-treated 

cells, as well as a percentage of sporulation. 

 

Western Blot Analysis 

Western blot analysis of B. subtilis strains was performed as previously described (4, 51).  

Affinity-purified rabbit-raised anti-GFP polyclonal antibodies were a gift from David 
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Rudner (Harvard Medical School).  Strains were grown in MSSM as described above, 

and cells were harvested from culture (1 mL) at T0, T2.0, T4.0, and T6.0.  Samples were 

centrifuged in 1.5 mL centrifuge tubes and the supernatant was decanted.  Pellets were 

stored at -75°C.  Whole-cell protein extracts were prepared by resuspending cell pellets in 

50 µL of cell lysis buffer (Appendix) and incubating in a 37°C water bath for 10 minutes.  

This was followed by the addition of 10 µL of 5x Laemmli sample buffer containing 10% 

2-Mercaptoethanol (Rudner personal communication).  Cell lysates were then incubated 

at 100°C for 5 min. to denature proteins.  Total proteins were separated on a 10% SDS-

PAGE gel using a Mini Protean Tetra Cell (Bio-Rad, Hercules, CA) for 1.5 h. at 80 V 

(constant voltage).  Separated proteins were then transferred to a nitrocellulose membrane 

(Osmonics Inc., Westborough, MA) using a Trans-Blot Semi-Dry Transfer Cell (Bio-

Rad) at 150 mA (constant current) for 1 h.  The nitrocellulose membrane was then 

blocked in blocking buffer (Appendix) for 1 h. at room temperature, and then washed 3 

times (5 min./wash) in wash buffer (Appendix).  Affinity-purified anti-GFP antibodies 

were diluted 1:10,000 in antibody dilution buffer (Appendix) in a volume of 15 mL.  The 

nitrocellulose membrane was incubated in the diluted primary antibodies for 1 h. at room 

temperature.  Following this step, the diluted primary antibodies were decanted, and the 

membrane was washed 3 times (5 minutes/was) in wash buffer.  IRDye® 800CW goat 

anti-rabbit IgG secondary antibodies (LI-COR Biosciences, Lincoln, NE) was diluted 

1:10,000 in antibody dilution buffer in a volume of 15 mL.  The nitrocellulose membrane 

was incubated in the diluted secondary antibodies for 1 h. at room temperature protected 

from light.  Detection of protein bands was performed using an Odyssey® 9120 (LI-COR 
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Biosciences) with the infrared 800 channel.  Other settings included 169 µm resolution, 

quality set to high, and intensity level 5. 
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CHAPTER 3 

RESULTS 

 

Detection of SpoIIGA-GFP protein localization during sporulation 

 Activation of σE in the mother cell is essential to proper sporulation.  Active σE 

arises from the cleavage of 27 residues from the N-terminus of its pro-form by the 

aspartic protease, SpoIIGA (16, 25, 26, 31).  Localization of SpoIIGA has previously 

been proposed to occur at the sporulation septum (6, 16, 25, 26).  A current model 

suggests SpoIIGA is evenly distributed throughout the peripheral membrane (6).  Upon 

completion of the sporulation septum, SpoIIGA in the mother cell migrates to the septum 

(6).  Because SpoIIGA is produced prior to septation, we wished to explore its 

localization and quantification utilizing a translational fusion to GFP expressed from its 

natural promoter, PspoIIG, as well as from the prespore specific promoter, PspoIIQ, which is 

σF directed.  Green fluorescence that was observed in strains expressing spoIIGA-gfp 

from either its natural promoter, PspoIIG, or from the σF directed promoter PspoIIQ at the 

ectopic locus amyE, is shown in figures 7 and 8 respectively.   

Because engulfment is a clear indication of σE activity, and occurred three hours 

after the entry into stationary phase (T3), the GFP fluorescent signal was predicted to 

appear prior to this time.  There was no detectable green fluorescence in strains 

expressing spoIIGA-gfp from either PspoIIG or PspoIIQ at T1, and T2 (data not shown).   

spoIIGA-gfp was expressed in either the SpoIIGA49 background, because this 

background expresses a spoIIGA mutant (SpoIIGAG100R), or in a spoIIGA-null 

background.  We were interested in whether the fusion protein would localize to the 
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sporulation septum and whether sporulation was restored with and without influence 

from SpoIIGAG100R.  The strain expressing spoIIGA-gfp from PspoIIG in a SpoIIGA49 

background (SL15556) showed weak green fluorescence at T3 (Fig. 7 top panel).  The 

majority of these cells had engulfed prespores where the fluorescence was restricted to 

the mother cell. A few cells had not yet completed engulfment, but displayed green 

fluorescence evenly distributed throughout the cytoplasm.  This observation was 

interesting given that during earlier time points where the sporulation septum had formed 

(a few cells at T1, and the majority at T2), no green fluorescence was observed.  As 

SpoIIGA is a membrane protein, any GFP signal from SpoIIGA-GFP should be 

membrane associated.  The cytoplasmic signal observed at T3 could represent GFP freed 

from SpoIIGA, or autofluorescence.  Autofluorescence was a concern when observing 

weak green fluorescence.  Cells were also screened at T18, where a diffuse green 

fluorescent signal appeared to be restricted to the mother cell compartment, and not the 

prespore of cells that contained engulfed prespores.  Expression of spoIIGA-gfp from the 

same promoter in a spoIIGA null background (SL15637) showed a faint, diffuse green 

fluorescent signal throughout the cytoplasm of both compartments at T3 (Fig. 7 bottom 

panel).  Interestingly, the green fluorescent signal appeared to concentrate at the 

sporulation septum of stage II cells (white arrows in the figure).  A few stage 0/I cells 

displayed green fluorescence throughout the cytoplasm, but this was not observed at T1 or 

T2, which possibly indicates autofluorescence, and not a true GFP signal. At T18, a 

significant amount of lysis was observed, however, some cells containing an engulfed 

prespore displayed diffuse green fluorescence surrounding it. 
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PspoIIQ does not drive gene expression until after the formation of the sporulation 

septum.  GFP signal in strains expressing spoIIGA-gfp from this promoter was not 

expected until at least T2 when the formation of the polar sporulation septum is prominent 

in many cells.  Strain SL15606, expressing spoIIGA-gfp from PspoIIQ in a SpoIIGA49 

background, showed green fluorescence surrounding the engulfed prespores at T3 (Fig. 8 

top panel).  Green fluorescence was not observed until the cells had reached stage III 

(engulfment).  At T1, the bulk of cells had not formed the sporulation septum, and at T2, 

where many cells were in stage II of sporulation, green fluorescence was still not 

observed (data not shown).  At T18, green fluorescence was observed surrounding 

engulfed prespores and associated with presumptive free spores.  Expression of spoIIGA-

gfp from PspoIIQ in a spoIIGA null background (SL15638) yielded cells producing a single 

polar sporulation septum and abortively disporic cells that displayed a faint green 

fluorescence at T2 (Fig. 8 bottom panel).  The fluorescent signal intensified in the 

prespore membrane an hour later at T3, however the majority of cells remained at stage 

II, and did not proceed to engulfment as observed in the SpoIIGA49 background.  At T18, 

the majority of cells had undergone lysis.  The green fluorescence observed was aberrant, 

and could not be attributed to any cellular structure.   

It was interesting that in strains where spoIIGA-gfp was expressed from a 

prespore-specific promoter, a distinct green fluorescent signal was observed to be tightly 

associated with the prespore membrane, completely surrounding it.  This was in contrast 

to strains that expressed spoIIGA-gfp from the native spoIIG promoter, where faint green 

fluorescence was observed in the cytoplasm of both the prespore and mother cell.  It is 

speculated that in the latter strains, proteolysis of the fusion protein could cause GFP to 
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Figure 7.   Expression of spoIIGA-gfp from PspoIIG in MSSM.  (top panel) SL15556 
displaying weak fluorescence (when observed with GFP filter only) at T3.  White arrows 
pointing to stage II sporulating cells with fluorescence evenly distributed throughout 
entire cell.  Yellow arrow pointing to a stage III sporulating cell with fluorescence in or 
around the mother cell, but not in or around the engulfed prespore.  At T18, fluorescence 
was observed in mother cell cytoplasm of stage III sporulating cells.  (bottom panel) 
SL15637 displaying weak fluorescence in the mother cell and possibly along the 
sporulation septum at T3. Blue arrows pointing to a stage 0/I sporulating cell displaying 
weak green fluorescence distributed throughout the entire cell. White arrows pointing to 
stage II sporulating cells.  At T18, aberrant GFP signal observed.  Cells not fluorescing 
green are undergoing lysis. 
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Figure 8.  Expression of spoIIGA-gfp from PspoIIQ in MSSM.  (top panel) SL15606 
showing green fluorescence around the prespore at T3.  White arrows pointing to a stage 
II sporulating cell displaying no green fluorescence.  Yellow arrows pointing to a stage 
III sporulating cell with green fluorescence surrounding the engulfed prespore. At T18, 
green fluorescence observed around engulfed prespores (yellow arrows) and associated 
with presumptive spores (purple arrows). (bottom panel) SL15638 showing green 
fluorescence around the prespore.  White arrows pointing to stage II sporulating cells at 
T2.  Yellow arrows pointing to an abortively disporic cell displaying green fluorescence 
around both prespores at T2 and T3.  At T18, aberrant green fluorescence observed 
amongst cells undergoing lysis. 
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be released from the fusion protein resulting in a cytoplasmic signal; alternatively, the 

signal might represent auto-fluorescence unrelated to GFP. 

In the next section, experiments to assess the abilities of all strains to form heat-

resistant spores are examined.  These experiments were necessary to confirm the 

observations made during confocal microscopy time course experiements.  Specifically, 

why did it appear that expressing spoIIGA-gfp from either PspoIIG, or from PspoIIQ in a 

spoIIGA null background to not restore sporulation entirely? 
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spoIIGA-gfp complements the SpoIIGA49 mutant but not spoIIGA null 

 One previous study of a SpoIIGA-GFP fusion protein in B. subtilis found that the 

fusion protein was not functional, thus it could not process pro-σE.  However, the loss of 

SpoIIGA functionality did not affect localization to the sporulation septum (16).  Another 

study examined a different SpoIIGA-GFP fusion protein in pro-σE processing in E. coli 

(26).  This study was successful in determining that SpoIIGA, along with SpoIIR, are the 

only necessary components required for cleavage of pro-σE.  It also established that the 

SpoIIGA-GFP fusion protein retained SpoIIGA function.   

Our source of spoIIGA-gfp was previously constructed for use in the latter study.  

We were interested in whether expressing this fusion protein in B. subtilis under native 

and artificial conditions would complement native spoIIGA in both a SpoIIGA49 

background and in a spoIIGA null background.  

 SpoIIGA49 (SL15554), formed less than 0.2% heat-resistant spores compared to 

the parental strain, SL4, and a spoIIGA null strain (SL12343) formed no heat-resistant 

spores within the units of detection of approximately 10 spores / mL.  (Fig. 9a).  

Expression of spoIIGA-gfp from either its natural promoter, PspoIIG (SL15556), or in the 

prespore from the σF-directed promoter PspoIIQ (SL15606), restored sporulation to near 

parental levels in the SpoIIGA49 background.  These data reinforce the earlier confocal 

microscopy time course images in the previous section, which showed a high number of 

engulfed prespores at T3.  In contrast, when spoIIGA-gfp was expressed from PspoIIG in a 

spoIIGA null background (SL15637), sporulation reached only about 0.2% of the parental 

strain.  This observation was interesting because when observing this strain by confocal 

microscopy, engulfment was apparent at T3 and T18 (see previous section Fig. 7 bottom 
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(a) 

 
 
  
 
 
 (b) 
Strain Vegetative 

Cells 
Phase 
Bright Cells 

Phase 
Grey Cells 

Total 

SL4 
Parental 

57 67 0 124 

SL15554 
SpoIIGA49 (SpoIIGAG100R mutation) 

99 1 0 100 

SL15556 
PspoIIG-spoIIGA-gfp in SpoIIGA49 

117 128 4 249 

SL15606 
PspoIIQ-spoIIGA-gfp in SpoIIGA49 

49 55 0 104 

SL15637 
PspoIIG-spoIIGA-gfp in spoIIGA null 

174 5 35 214 

SL15638 
PspoIIQ-spoIIGA-gfp in spoIIGA null 

114 4 0 118 

 

Figure 9.  Sporulation efficiency of strains in MSSM.  (a) Heat-resistant sporulation 
assay of strains at T18.0 in MSSM.  Log10 CFU/mL heat resistant spores (white bars) and 
Log10 CFU/mL total viable cells (black bars).  (b) Qualitative phase-contrast observations 
at T18.0 from 2 µL of culture.   
 
*Strain SL12343 (spoIIGA null) data courtesy of Dr. Vasant Chary.  
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 panel).  When expressing spoIIGA-gfp from PspoIIQ in a spoIIGA null background 

(SL15638), sporulation was less than 0.01% of the parental strain.  These data appeared 

to agree with the previous confocal microscopy data, where cells displayed an abortively 

disporic phenotype by T2, and engulfment was not evident at T3 or T18.    

To support the results obtained from the heat-resistance assay, spores were 

observed by phase contrast-microscopy.  Interestingly, strain SL15637 displayed a high 

number of phase-grey cells in MSSM (Fig. 10a) at T18, even though this strain produced 

very few heat-resistant spores.  The cells that contained the phase-grey endospores 

appeared to be longer in length compared to the parental strain SL4 (Fig. 10b) at the same 

time. SL15637 displayed a few cells that appeared to contain a small secondary phase-

bright body (red arrow Fig. 10a), which was not observed in any other strain.  The second 

phase-bright body was distinct from the prespore in that it appeared to be less than half 

the volume, and located adjacent to the larger prespore.  A similar observation has been 

made in spoIVA mutants, where through phase-contast observations, sporulating cells 

appeared to have two phase-grey bodies as a result of spore-coat material depositing in 

the cytoplasm (41). 
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(a) 

 
 

(b) 

 
 

Figure 10. Phase-contrast observations of SL15637 (PspoIIG-spoIIGA-gfp in spoIIGA 
null). (a) Phase-contrast observations of SL15637 at T18 in liquid medium.  White arrows 
are pointing to phase-grey (PG) endospores.  The red arrow points to a cell containing a 
phase-bright endospore and a smaller phase-bright body.  (b) Phase-contrast observations 
of parental SL4 phase-bright (PB) endospores at T18 in liquid medium.  
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Point mutations in GFP possibly affect fluorescence 

Because GFP signals from B. subtilis strains harboring spoIIGA-gfp were weak, 

we sequenced the gene encoding GFP in our spoIIGA-gfp fusions.  Mutations within the 

GFP coding regions may adversely affect fluorescence.  However, beneficial mutations to 

wild-type GFP have proven to enhance fluorescence (33, 37).  wtGFP is normally excited 

between 395 and 470 nm and has an emission spectra between 509 and 540 nm (33, 37).  

Substituting leucine for phenylalanine at reside 64 and threonine for serine at residue 65 

enhances GFP fluorescence intensity by 35-fold.  The GFP variant that contains these two 

amino acid mutations is known as eGFP and has an excitation maximum at 488 nm and 

an emission maximum of 507 nm (33).  Another widely used GFP variant, GFPuv, is 

optimized for maximal fluorescence when excited by UV light (360-400 nm).  This 

variant has the following amino acid substitutions: F99S, M153T, and V163A (27). 

 Upon analysis of translated DNA sequences (Fig. 11), it was determined that the 

GFP in spoIIGA-gfp is an undefined variation of GFP.  It does however contain the S65T 

modification, but not the F64L modification as described for eGFP.  Also identified was 

the V163A modification, but it lacks F99S and M153T as described for GFPuv. 
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Figure 11.  Comparison of GFP translated protein sequences.  Top sequence: GFP 
from spoIIGA-gfp fusion protein.  Bottom sequence: eGFP.   
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The mother cell contains higher amounts of SpoIIGA-GFP than the prespore 

 As described above, time course experiments with strains expressing spoIIGA-gfp 

suggested that either spoIIGA may be expressed in low quantities, or the overall strength 

of the PspoIIG promoter is weak.  To determine the amount of the GFP signal, we 

performed western blot analysis.  

GFP was detected by using affinity-purified rabbit-raised antibodies to GFP.  

Strain SL15703, which expresses GFP under PspoIIQ in a spoIIGB-null background was 

used as a GFP positive control.  Strain SL15554 (SpoIIGA49) was used as a GFP 

negative control (Fig. 12a).   

Figure 13 shows growth curves of strains expressing spoIIGA-gfp in MSSM.  The 

beginning of stationary phase and spore formation is indicated on each growth curve by 

T0.  Figure 14 shows detection and relative amounts (via band intensity) of SpoIIGA-GFP.  

Expression of the fusion protein from PspoIIG in a SpoIIGA49 background (SL15556) 

peaked at T2, decreased slightly by T4, and then decreased by 3-fold at T6.  Expression of 

the fusion protein from the same promoter in a spoIIGA-null background (SL15637) 

showed initial detection at T2.  A 4-fold increase of expression was detected by T4, and 

by T6, expression increased 2-fold more.  

SpoIIGA-GFP was not detected until T4 when expressed from PspoIIQ.  Under this 

promoter in a SpoIIGA49 background (SL15606), spoIIGA-gfp expression appeared 

weak at T4, then increased 6-fold two hours later at T6.  In the absence of SpoIIGAG100R, 

SpoIIGA-GFP, which was first detected at T4, increased by approximately 2-fold at T6 for 

strain SL15638 in Fig. 14.   

 The calculated protein mass of the SpoIIGA-GFP-F2 fusion protein is approx- 
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(a) 

 

 

(b) 

 

Figure 12.  Affinity-purified rabbit-raised antibodies to GFP detect cytoplasmic 
GFP.  (a) Western blot of GFP positive control (SL15703) and GFP negative control 
(SL15554).  Free GFP (26.9 kDa) indicated by arrows. MSSM culture at T4 used as a 
positive control in future experiments. (b) Coomassie stained total protein extracts run on 
10% Tris-HCl SDS-PAGE gel under reducing conditions. 
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imately 64 kDa (SpoIIGA: ~35 kDa, GFP: ~27 kDa, F2 tag: ~2 kDa).  An interesting 

observation was made in the western blots shown in Fig. 14 where SpoIIGA-GFP-F2 

appeared to be only 50 kDa.  It is thought that SpoIIGA-GFP-F2 migrated anomalously.  

However, it is also possible that protein proteolysis could explain this observation.  It was 

assumed that the indicated bands were SpoIIGA-GFP-F2 because of expected expression 

patterns from PspoIIG and PspoIIQ.  To clarify, we expected expression of spoIIGA-gfp from 

PspoIIQ to occur after expression of the fusion protein from PspoIIG. 

 These data provided insight into the weak green fluorescent signal observed from 

confocal microscopy time course experiments.  For the strains expressing spoIIGA-gfp 

from PspoIIG, it was determined that expression occurred at T2, even though a fluorescent 

signal was not observed at this time. This is particularly interesting for SL15556.  At T2, 

SpoIIGA-GFP was detected by western blot, but fluorescence was not detected.  

Comparing PspoIIQ-driven expression in a spoIIGA null background (SL15638), SpoIIGA-

GFP was not detected at T2 (but may be present and was too weak to be detected above 

the background), but green fluorescence was observed surrounding the prespore.  A 

similar observation was made with SL15606 where the SpoIIGA-GFP band was very 

weak at T4, but noticeable green fluorescence was observed surrounding the prespore at 

T3.  In SL15637, the SpoIIGA-GFP bands were weak at T2, but green fluorescence was 

not observed.  These results reinforce the interpretation that for both strains, the 

fluorescence was auto-fluorescence and not a GFP signal.  
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Figure 13. Growth curves of B. subtilis strains in MSSM. Cells were harvested at the 
start of stationary phase (T0) and at T2, T4, and T6.  
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Figure 14.  Detection and relative quantification of SpoIIGA-GFP via western blot 
analysis. (a) Western blot analysis of SpoIIGA-GFP in SL15556 (amyE::PspoIIG-spoIIGA-
gfp-F2, SpoIIGA49 background) and SL15638 (amyE::PspoIIQ-spoIIGA-gfp-F2, 
spoIIGA::cat).  (b) Western blot analysis of SpoIIGA-GFP in SL15606 (amyE::PspoIIQ-
spoIIGA-gfp-F2, SpoIIGA49 background) and SL15638 (amyE::PspoIIG-spoIIGA-gfp-F2, 
spoIIGA::cat).  Relative amounts of SpoIIGA-GFP given in terms of average band 
intensity compared to the background in each blot. 
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CHAPTER 4 

DISCUSSION 

 

 As stated in the project goals of chapter 1, we wanted to investigate the role of the 

aspartyl protease SpoIIGA in the activation of σE.  By utilizing a SpoIIGA-GFP 

translational fusion protein that cleaved pro-σE in E. coli (25, 26), we were able to 

observe the action of this fusion protein in B. subtilis.  We successfully expressed the 

fusion protein under the control of the SpoIIGA natural promoter PspoIIG, and artificially 

from PspoIIQ.  PspoIIG drove spoIIGA-gfp expression prior to the formation of the 

asymmetric sporulation septum, and PspoIIQ restricted gene expression to the prespore.  

We examined the expression of spoIIGA-gfp from both promoters in a SpoIIGA49 

background (a SpoIIGA mutant that contains a G100R amino acid substitution) as well as 

in a spoIIGA null background.  Through experimentation, we observed a variety of 

phenotypic effects resulting from expression of the fusion protein.  

 We first attempted to observe the localization of SpoIIGA-GFP in time course 

experiments using confocal microscopy.  The strain expressing spoIIGA-gfp from PspoIIG 

in the SpoIIGA49 background (SL15556) showed very little, if any, green fluorescence at 

T3 where engulfment was evident in many cells suggesting σE was active.  A GFP signal 

was expected prior to engulfment at the site of the sporulation septum, but was not 

observed.  What appeared to be green fluorescence was distributed throughout the entire 

cell.  Although the green fluorescent signal appeared to intensify at T18, we think this 

could be an aberrant GFP signal or the result of autofluorescence.  In SL15637, where 

spoIIGA-gfp was expressed from PspoIIG but in a spoIIGA null background, cells also 
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displayed diffuse green fluorescence throughout the entire cell.  Unlike SL15556, many 

cells had not completed engulfment at T3, but we noticed what appeared to be a 

concentration of green fluorescence at the sporulation septum of stage II cells.  At T18, an 

aberrant green fluorescent signal was observed amongst many cells undergoing lysis.  It 

may be possible that the presence of SpoIIGAG100R in SL15556 is inhibiting enough 

SpoIIGA-GFP from localizing to the sporulation septum.  This however, does not explain 

why we observed a diffuse green signal throughout the entire cell.  SpoIIGA is an integral 

membrane protein, and we expected to see green fluorescence restricted to the cell 

membrane, and not the cytoplasm.  It could be possible that GFP is being cleaved away 

from SpoIIGA by internal proteases.  If this occurred, a cytoplasmic fluorescent signal 

may be observed.   However, it is more likely that we were observing autofluorescence in 

the strains where PspoIIG is controlling spoIIGA-gfp.  In order to test this theory, a strain 

that does not express GFP would have to be imaged.  If green-fluorescence was observed, 

autofluorescence of other proteins attributed to the weak fluorescent signal. 

The amount of spoIIGA-gfp expression may be limited by the strength of PspoIIG.  

We think that this promoter may be relatively weak, and that only a small amount of 

SpoIIGA is necessary for pro-σE processing (i.e. one SpoIIGA molecule may process 

many pro-σE molecules).  Although this might explain why we observed a weak GFP 

signal in strains expressing spoIIGA-gfp from PspoIIG, it does not explain why the signal 

appeared to be cytoplasmic, and not associated with the cell membrane. 

 The strains that expressed spoIIGA-gfp artificially from PspoIIQ in the prespore 

following septation displayed green fluorescence that was associated with the prespore 

membrane.  In a SpoIIGA49 background (SL15606), many cells contained an engulfed 
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prespore (stage III), and green fluorescence, most likely GFP signal, was observed 

surrounding the prespore membrane at T3.  At T18, green fluorescence was also observed 

in prespores as well as with free spores.  Expressing spoIIGA-gfp from the same 

promoter, but in a spoIIGA null background (SL15638) did not restore sporulation.  

However, a green fluorescent signal, most likely GFP, was observed in the prespores of 

abortively disporic cells.  These observations lead us to think that SpoIIGA-GFP may 

restore sporulation to SpoIIGA49 by correcting for a defect in the interaction with 

SpoIIR.  Because of the presence of abortively-disporic cells that displayed green 

fluorescence associated with the prespores, and sporulation that is less than 0.01% of the 

parental strain, we do not think the catalytic domain of SpoIIGA-GFP is capable of 

crossing over the prespore membrane to the mother cell cytoplasm.  Because we did 

observe some heat-resistant spores in this strain, we think that the PspoIIQ promoter may 

permit a minuscule amount of spoIIGA-gfp expression either before septation, or after 

septation in the mother cell. 

 The strain that expressed SpoIIGAG100R (SpoIIGA49) formed less than 0.2% heat-

resistant spores compared to parental strain SL4.  This is evidence that the G100R point 

mutation impairs sporulation by interfering with the signaling pathway between the 

signaling protein SpoIIR, SpoIIGA, and pro-σE.  When we expressed spoIIGA-gfp from 

the spoIIG natural promoter in the SpoIIGA49 background (SL15556), sporulation was 

nearly restored completely to parental SL4 levels.  This evidence suggests that the 

SpoIIGA-GFP fusion protein may be functional by directly processing pro-σE, and 

overriding the action of SpoIIGAG100R.  Alternatively, it may be possible that SpoIIGA-

GFP does not directly process pro-σE in B. subtilis.  The fusion protein may instead 
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interact with the signaling protein SpoIIR.  The interaction between SpoIIGA-GFP and 

SpoIIR could correct a defect in SpoIIR localization in SpoIIGA49, and/or by activating 

it once SpoIIR has localized to the intermembrane space of the sporulation septum.  If 

SpoIIGA-GFP activates SpoIIR within the intermembrane space, SpoIIR may then be 

able to interact with SpoIIGAG100R, which could result in activation of its catalytic 

domain for pro-σE processing.  In other words, a possible defect in the signaling cascade 

between SpoIIR and SpoIIGAG100R is alleviated by SpoIIGA-GFP, thus allowing full 

functionality to be restored to SpoIIGAG100R.  Interestingly, sporulation in SpoIIGA49 

was also nearly restored completely to parental levels when SpoIIGA-GFP was expressed 

in the prespore from the σF-dependent promoter PspoIIQ (SL15606).  This observation 

alone was fascinating because spoIIGA is normally expressed prior to septation; SpoIIGA 

is thought to be evenly distributed throughout the membrane of the entire cell.  

Nevertheless, this evidence provided insight into the theory that SpoIIGA-GFP might 

interact with SpoIIR, correcting for a signaling defect in SpoIIGA49. 

 When we examined the functionality of SpoIIGA-GFP in a spoIIGA null 

background, sporulation was not restored to parental SL4 levels. However, some heat-

resistant spores were produced.  The strain where SpoIIGA-GFP was controlled from 

PspoIIG in a spoIIGA null background (SL15637) did exhibit a small degree of sporulation 

(0.2% of parental levels).  Because the spoIIGA null background (SL12343) does not 

produce any heat-resistant spores, it is reasonable to think that the small degree of 

sporulation observed in SL15637 was the result of SpoIIGA-GFP processing pro-σE.  We 

also think that the low sporulation frequency could be the result of a polar effect on 

spoIIGB (which lies immediately downstream of spoIIGA) from knocking out spoIIGA 
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by insertion of a chloramphenicol resistance cassette. We have not examined this theory, 

and to do so, a strain that artificially expresses spoIIGB from its natural promoter at an 

ectopic locus would be needed.  Interestingly, SL15637 phase-contrast observations 18 

hours into stationary phase (T18) did not correlate with the heat-resistant spore 

observations.  There appeared to be many more endospores than heat-resistant cells.  

Upon closer observation, many cells appeared to contain phase-grey endospores, which 

may not be heat-resistant.  Also observed were cells that contained multiple phase-

grey/bright bodies that appeared to be less than half the volume of the engulfed prespore.  

This was not observed in other strains, and could be the result of a delay in pro-σE 

processing by SpoIIGA-GFP.  Similar morphological observations were made in SpoIVA 

mutants (41), but we do not think this phenomenon is the result of such an affect.  

Expression of spoIIGA-gfp from PspoIIQ in a spoIIGA null background (SL15638) gave 

fewer spores than SL15637 (0.01% of parental levels).  SL15638 did produce a limited 

amount of heat-resistant spores, and two explanations seem possible.  First, the catalytic 

domain of a limited number of SpoIIGA-GFP molecules could cross the septal membrane 

from the prespore to the mother cell cytoplasm to process pro-σE.  Second, PspoIIQ may not 

be completely restricted to the prespore, and a limited amount of spoIIGA-gfp expression 

could occur in the mother cell under this promoter.  

 Sequencing of the gene encoding the GFP portion of the SpoIIGA-GFP 

translational fusion protein revealed no major mutations that could be detrimental to 

fluorescence.  The GFP used in the fusion protein did contain the critical F64L and S65T 

mutations, which have been demonstrated to provide optimal fluorescence in a variant 

known as eGFP.  Interestingly, the GFP in the fusion protein also contained a V163A 
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mutation.  This mutation has been demonstrated to be effective in the GFPuv variant.  

Although the GFP in the SpoIIGA-GFP fusion protein is a hybrid between eGFP and 

GFPuv, we do not think these mutations hindered our ability to detect a fluorescent 

signal.   

 We used western blotting to confirm the presence and estimate relative amounts 

of GFP using anti-GFP antibodies.  Protein bands thought to be SpoIIGA-GFP confirmed 

that expression of spoIIGA-gfp under PspoIIG occurred before expression under PspoIIQ.  

The entire translational fusion protein, which contains SpoIIGA-GFP and two FLAG tags 

(SpoIIGA-GFP-F2), had a predicted mass of ~64 kDa.  The mass of the fusion protein 

was smaller than expected, at ~50 kDa when expressed from PspoIIG and PspoIIQ.  It is 

possible that proteolysis has occurred, resulting in truncation of the fusion protein.  If 

proteolysis or cleavage of SpoIIGA-GFP-F2 removed both FLAG tags and a portion of 

the C-terminus of GFP, effects can be two-fold.  First, the protein would appear smaller 

than expected (which we observed). Second, the intensity of the bands may appear 

weaker than expected.  We cannot determine whether or not the intensities of the 

predicted SpoIIGA-GFP bands reflect the amount of protein produced, but because we 

used polyclonal anti-GFP antibodies, some antibody-binding epitopes along GFP may 

have been lost as a result of proteolysis or cleavage.  It may also be possible that some 

form of the fusion protein did not migrate through the SDS-PAGE gel.  Because 

SpoIIGA is an integral membrane protein, our method of cell lysis and protein 

preparation may not have been efficient in releasing SpoIIGA from the cell membrane.  

Purification of cell membranes could result in the detection of more protein.   

Alternatively, the migration pattern of SpoIIGA-GFP could also be anomalous, as a result 
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of SpoIIGA being an integral membrane protein, which consists of many hydrophobic 

residues in its membrane-spanning domain. 

 It was interesting that through western blot analysis, GFP appeared to be present 

in strain SL15556 in high amounts at T2 relative to the amount of GFP in strain SL15638 

at the same time.  When we observed SL15556 cells using confocal microscopy at T2, we 

could not detect a GFP signal.  However, strain SL15638 at T2 displayed green 

fluorescence in the prespores, which was thought to be a GFP signal.  GFP in strain 

SL15606 was detected slightly above background levels at T4, however an hour earlier at 

T3, green fluorescence associated with the prespores was observed.  We could not detect 

any GFP signal in SL15637 at T2 from earlier confocal data despite western blot data 

showing a SpoIIGA-GFP band more intense than T2 of strain SL15606.  Western blot and 

confocal microscopy data appear to correlate better for strains expressing spoIIGA-gfp 

from PspoIIQ if the fluorescence observed from confocal data is indeed a true GFP signal 

and not autofluorescence.  This may be the result of SpoIIGA-GFP localizing and 

concentrating in the prespore where expression is in quantities too low for detection 

outside of the prespore.  Assuming that the fluorescence observed in strains expressing 

spoIIGA-gfp from PspoIIQ is a true GFP signal, we can speculate that either the strength of 

this promoter is significantly stronger than that of PspoIIG or the fusion protein may not 

localize properly to the membrane when expressed under PspoIIG.  Although the latter 

seems to be unlikely, we can attribute this to either competition from SpoIIGAG100R or 

other factors not presently known.  

 Also worth noting was the difference in the amount of protein produced in strains 

where PspoIIG controlled expression of the fusion protein.  In SL15556, which is a 
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SpoIIGA49 background, the amount of SpoIIGA-GFP appeared to increase over time.  

This was in contrast to SL15637 which is a spoIIGA-null background where the amount 

of SpoIIGA-GFP appreared to decrease over time.  One possible explanation for this 

observation could be the result of selective proteolysis or protein degradation that is 

triggered by the presence of SpoIIGAG100R in SL15556.   

Future experiments are needed to fully assess the functionality of SpoIIGA in pro-

σE processing.  In order to address a possible polar effect on spoIIGB in the spoIIGA null 

background, the spoIIGA-gfp fusion protein would have to be expressed in a strain that is 

spoIIGA null but also expresses spoIIGB from PspoIIG at an ectopic locus.  If a polar effect 

on spoIIGB exists, it would be very interesting if after correcting this, we could observe 

the affect on sporulation spoIIGA-gfp would have from the prespore.   
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APPENDIX 

MEDIA AND SOLUTIONS 

 

Growth Media 

Luria-Bertani lysogeny broth (LB) 

Yeast Extract (Difco)    2.5 g 

Sodium Chloride    2.5 g 

Tryptone (Difco)    5 g 

Water      to 500 mL 

Autoclaved, then stored at room temperature. 

 

Luria-Bertani Agar (LB agar) 

LB containing 1.7 % Agar (USB) 

 

Sporulation media 

Modified Schaeffer’s Sporulation Medium (MSSM) 

Nutrient broth (Difco)    8 g 

MgSO4-7H2O     0.25 g 

KCl      1 g 

Water      to 500 mL 

Autoclave, cool to room temperature, then the following were added:  

1 M Ca(NO3)2     0.5 mL 

0.1 M MnCl2      0.5 mL 

0.1 M FeSO4     0.005 mL 
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Schaeffer’s Sporulation Agar (SSA) 

Nutrient broth (Difco)    4 g 

MgSO4-7H2O     0.125 g   

Agar       7.5 g 

KCl      0.5 g 

Water      to 500 mL 

Autoclave, cool to room temperature, then the following were added: 

1 M Ca(NO3)2     0.5 mL 

0.1 M MnCl2      0.5 mL 

0.1 M FeSO4     0.005 mL 

 

E. coli competence 

RF1 

RbCl      12 g 

MnCl2-4H2O     9.9 g 

1 M Potassium acetate pH 7.5   30 mL 

CaCl2-2H2O     1.2 g 

Glycerol     150 g 

Water      to 1000 mL 

Adjust pH to 5.8 with 0.2 M acetic acid and filter sterilized. Store at 4°C. 

 

RF2 

RbCl      1.2 g 

0.5 M MOPS pH 6.8    20 mL 

CaCl2-2H2O     11 g 

Glycerol     150 g 

Water      to 1000 mL 

Filter sterilized and store at 4°C. 
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B. subtilis Transformation media 

SP10 (10x) 

K2HPO4     70 g 

(NH4)2SO4     10 g 

KH2PO4     30 g 

Sodium citrate     5 g 

MgSO4     1 g 

0.1 M MnCl2     0.5 M 

Water      to 500 mL 

Autoclaved, then stored at room temperature. 

 

Growth medium 1 (SM1) 

SP10 (10x)     50 mL 

10% Casamino acids solution (EMD  1 mL 
Chemicals) 

50% Glucose     5 mL 

1 M MgSO4     1 mL 

20% Yeast extract (Difco)   0.5 mL 

Water      to 500 mL 

Filter sterilized and store at 4°C. 

 

Growth medium 2 (SM2) 

SM1 adjusted to 0.5 mM CaCl2, 2.5 mM MgCl2, immediately before use. 
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Plasmid isolation solutions 

Cell Resuspension Solution 

Tris-HCl pH 7.5    50 mM 

EDTA pH 8.0     10 mM 

 

Cell Lysis Solution 

NaOH      200 mM 

SDS      1% 

 

Neutralization solution 

Potassium acetate    1.32 M 

Adjusted to pH 4.8 with glacial acetic acid 

 

Column wash solution 

NaCl      200 mM 

Tris-HCl pH 7.5    20 mM  

EDTA pH 8.0     5 mM 

95% Ethanol     550 mL 

Water      to 1000 mL 

 

DNA solutions 

TE Buffer 

1 M Tris-HCl pH 8.0    10 mL 

1 M EDTA pH 8.0    1 mL 

Water      to 1000 mL 

Autoclave, store at room temperature. 

 

 

 

 

 



 62 

Tris-Acetate (TAE Buffer) 50x 

Tris Base (Sigma)    242 g 

Glacial acetic acid    57.1 mL 

EDTA (sodium salt)    37.2 g 

Water      to 1000 mL 

Autoclave, store at room temperature. 

 

Western blot solutions 

Cell Lysis Buffer 

Tris-HCl pH 7.0    20 mM 

EDTA      10 mM 

Lysozyme     1 mg/mL 

DNase I     10 µg/mL 

RNase A     100 µg/mL 

Complete Mini® Protease Inhibitor  1 tablet 
Cocktail (Roche) 

Water      to 10 mL 

 

Laemmli Sample Buffer (5x) 

1.5 M Tris-HCl pH 6.8   4 mL 

Glycerol     10 mL 

β-mercaptoethanol    5 mL 

SDS      2 g 

1% Bromophenol blue   1 mL 

 

Blocking Buffer 

Nestlé® Carnation® Nonfat dry milk  5 g 

Tween-20 (Fisher)    50 µL 

1x PBS pH 7.4    to 100 mL 
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Wash Buffer 

Tween-20     50 µL 

1x PBS pH 7.4    to 100 mL 

 

Antibody Dilution Buffer 

Nestlé® Carnation® Nonfat dry milk  3 g 

Tween-20     50 µL 

1x PBS pH 7.4    to 100 mL 

 

 

 

  

 

 


