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ABSTRACT 
 

 

The anthrax protective antigen (PA) is a 83 kDa protein that is one of three protein 

components of the anthrax toxin, an AB toxin (two-component protein complexes secreted by a 

number of pathogenic bacteria) secreted by Bacillus anthracis.  PA is capable of undergoing 

several structural changes, including oligomerization to either a heptameric or octameric 

structure called the pre-pore, and at acidic pH undergoes a major conformational change to form 

a membrane spanning pore.  In order to follow these structural changes at a residue-specific 

level, we have carried out initial studies where we have biosynthetically incorporated 5-

fluorotryptophan (5-FTrp) into PA, and have studied the influence of 5-FTrp labeling on the 

structural stability of PA and on binding to the host receptor capillary morphogenesis protein 2 

(CMG2) using 19F-NMR. Our studies highlight the positive impact of receptor binding on protein 

stability, and the use of 19F-NMR in gaining insight into structural changes in a large molecular 

weight protein. During conversion of the prepore to the pore, the seven phenylalanine-427 

(Phe427) residues form a structure called the “φ-clamp”.  In order to follow the structural 

changes the φ-clamp at a residue-specific level, we have utilized the Fürter method to site-

specifically incorporate p-fluorophenylalanine at Phe427. We have shown by 19F-NMR that the 

Phe427 resonance is visible in both the monomeric and prepore forms. We present our recent 

achievement on this work determines the effect of pore formation on 19FPhe and 19FTrp 

resonances. Our results show the utility of 19F-NMR in the ability to follow changes in a single 

residue in a large (440 kDa) protein. 
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 CHAPTER 1  

 

INTRODUCTION TO ANTHRAX TOXIN 

 

 
1.1 Pore-Forming Toxins (PFTs): 

 

Pore-forming toxins, which are secreted as fully soluble proteins, produce a 

transmembrane channel in the host cell membrane by binding to specific receptors followed by 

oligomerization and pore formation. Pore formation leads to either the death of the cell or is 

required for entry of cell components into the cell cytosol [1]. PFTs are the main class of toxins 

which include 30% of all identified bacteria toxins making them the single largest category of 

virulence factors. PFTs are required for virulence in a large number of important pathogens, and  

are mainly produced by advanced organisms like cnidarians, sea anemones, earthworm, and 

plants.  For instance, cholesterol dependent cytolysins (CDC) or actinoporins are subfamilies of 

PFTs [2, 3]. 

PFTs are generally secreted as water-soluble molecules. Recognition and binding to a 

specific receptor causes them to associate with the target membrane, form multimers, and 

undergo a conformational change, leading to the formation of an aqueous pore in the membrane. 

PFTs are classified in different categories based on their pore size, membrane binding mode, or 

the structure of the toxin that crosses the membrane, such as alpha helical (α-PFT) or ß-barrel (ß-

PFT) [1]. Because of their nearly universal presence in bacterial pathogens, PFTs are unique and 

important targets for research into novel, broadly applicable antimicrobial prophylactics and 

therapeutics. PFTs function to perforate membranes of host cells, predominantly the plasma 

membrane but also intracellular organelle membranes.  ß-PFTs are the most important PFTs 

which include cholesterol-dependent cytolysins, α-toxin in Staphylococcus aureus, Bacillus 
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thuringiensis cyt endotoxins, and the translocation subunits of certain AB type toxins, including 

anthrax toxin. In contrast, colicins produced by Escherichia coli (E. coli) are the best 

characterized α-PFT in this family.  In addition, actinoporins produced by sea anemones, 

diphtheria toxin produced by Corynebacterium diphtheriae, exotoxin A from Pseudomonas 

aeruginosa and the insecticidal Cry toxins produced by Bacillus thuringiensis all are classified as 

α-PFTs [1].  

An oligomer, also known as prepore, is not only a channel to transfer toxins into the cell; 

however, additional conformational changes are required for pore formation to happen before 

membrane secretion.  For instance, the heptamer of Staphylococcal α-toxin is an example of 

prepore structure which has been revealed (Figure 1) [1, 4]. 
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Figure 1. Pore Forming Toxin of pneumolysin bacteria [1] 

 

Substantial effort has been devoted to understanding the molecular mechanisms 

underlying the functions of certain model PFTs. Specific host pathways mediating survival and 

immune responses in the face of toxin-mediated cellular damage have been delineated 

[13,14,15,16]. However, less is known about the overall functions of PFTs during infection in 

vivo. In our project we used 19F NMR as a tool to investigate the mechanism of pore formation of 

Anthrax toxin which is poorly understood. 
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1.2 Anthrax Toxin: 

1.2.1 Research History 

Anthrax Toxin is classified as an AB toxin. This toxin, found in some bacteria and plants, 

is composed of two functionally distinctive parts. Part A is the enzymatically active portion 

(Edema Factor or EF and Lethal Factor or LF) and part B (Protective Antigen or PA) is the 

receptor binding portion [6]. 

Anthrax toxin is a three-component toxin (EF, LF and PA) secreted by a gram-positive 

and rod shaped bacterium named as Bacillus anthracis (Figure 2).  Robert Koch discovered in 

1877 that Bacillus anthracis was the causative agent of anthrax disease. He grew the bacterium 

in pure culture and realized that by injecting it into animals it could produce endospores or 

experimental Anthrax. The toxigenic properties of Anthrax were not realized until 1954 [5]. 

Anthrax is considered to be  one of the biological mass destruction weapons [6]. 

This bacterium can be grown in regular nutrient medium under aerobic and anaerobic 

conditions. Animals such as cattle and deer can be infected by Bacillus anthracis. Furthermore, it 

can form a capsule made of D-glutamate polypeptide, which is not toxic. The capsule has long 

shelf life in soil and has an important role in formation of the disease [5].  
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Figure 2. Bacillus Anthracis bacterium [7] 

 

1.2.2 Diseases associated with Anthrax Toxin  

There are several diseases associated with anthrax in human. The common type is 

cutaneous anthrax that usually ensues in wounded skin. The second type is inhalation anthrax, 

which happens by inhalation of spore-containing dust.  Gastrointestinal anthrax is another type of 

diseases associated with anthrax that occurs in intestinal mucosa.  The last type is meningitis 

anthrax, a rare form of disease that is associated with the brain [8]. 

 

1.2.3 Parts of the Toxin 

Anthrax toxin is composed of three proteins. It includes a 90 kDa protein known as LF or 

Lethal Factor which is a Zn2+ protease and cleaves and inactivates MAPKK (Mitogen-activated 

protein kinase kinases). Another component of the toxin is EF or Edema Factor which is an 89 

kDa protein and is a calmodulin-dependent adenylate cyclase. Both of these two proteins 

translocate into the host cytosol through a membrane-spanning pore created by protective antigen 
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(PA) which is a third protein in anthrax toxin. pore forms within low pH in endosomes 

membranes, and inactivate mitogen-activated proteins kinase kinases (Figure.3) [9, 10]. 

 

 

 

 

Figure 3.  Crystal structure of an EF, 1K8T (left) and a LF, 1J7N (right). Figure generated using 
PymolVer99. 

 

1.3 Protective Antigen (PA) 

Protective antigen is an 83 kDa protein which is the main component of anthrax toxin.  

As it has been mentioned before, it is responsible for translocation of the two other moieties of 

anthrax toxin, i.e. EF and LF, into the cell.  The crystal structure of protective antigen monomer 

was solved in 1997 by Petosa and in 2004 by Lacy respectively. Protective antigen is composed 

of four domains described as follows (Figure 4) [9, 11]. 
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Figure 4.  Crystal structure of a protective antigen monomer. Figure generated using 
PymolVer99. 

 

1.3.1 Domain 1 

Domain 1 (1-258) has a cleavage site for furin like proteases and contains more ß-sheets 

than α helices, fewer helices and a pair of calcium ions. The residues 1-167 belonged to the 

cleavage site, are cleaved by furin from the rest of the protein and are called PA20. The remainder 

of the domain 1 which is called N-terminus of PA63 or Domain 1’ has two calcium ions. These 

calcium ions are important for self-association of Domain 1’ and ligand binding. Proteolytic 

Domain one 

Domain Two 

 

Domain Three 

Domain Four 
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activation by furin happens at PKKR residues (164-167) which are located in the surface loop of 

domain 1 (Figure 4) [9, 10, 12, 13]. 

 

1.3.2 Domain 2 

Domain 2 (259-487) has a ß-barrel core structure and the Greek-key topology includes a 

large, flexible, and amphipathic loop. This loop consists of ß-strands 2ß2- 2ß3 (302-325) which 

are essential for pore formation by making a 14-strand transmembrane ß-barrel to help transition 

of EF and LF into the cytosol. This structure is similar to the barrel formed by Staphylococcus 

aureus hemolysin and knownto make a mushroom shaped pore. The 2ß2 and 2ß3 loop are 

important in connecting seven PA63 monomers by projecting out one of its monomers and 

inserting it into the neighboring monomer between domain 2 and 4. The tip of each ß-hairpin 

consists of the disordered loop while residues 288-300 are in the opposing ß-sheets (Figure 4) [9, 

10, 12, 13]. 

 

1.3.3 Domain 3 

Domain 3 (488-595) has a crucial loop (510-518) that helps the oligomerization of PA63.  

It is a ferridoxin-like fold, and studying the structure shows that in order to self-associate, the 

insertion of domain 3 loop into a cleft in domain 1’of the adjacent subunit is important (Figure 4) 

[9, 10, 12]. 

 

1.3.4 Domain 4 

Domain 4 (576-735), which is known to function in receptor binding, contains a hairpin, 

a helix, and a ß-sandwich with an immunoglobulin-like fold. It is interesting that although the 
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other 3 domains have close contact with each other, domain 4 has a little contact with the rest of 

the PA (Figure 4) [9, 10, 12]. 

 

1.4. Receptors of Anthrax Protective Antigen 

There are two PA receptors that bind to 83 kDa protective antigen: (a) Capillary 

Morphogenesis Protein 2 (ANTXR2) and (b) Tumor endothelial marker-8 (ANTRX1). About 

190 amino acids of long extracellular domain of ANTRX1 and ANTRX2 bind to PA83 [9]. These 

amino acids are associated with (vWA) von Willebrand factor type A domains and integrin 

inserted domains. When ANTRX2 gene is mutated in humans, it can lead to diseases such as 

autosomal recessive diseases, juvenile hyaline fibromatosis, and infantile systemic hyalinosis 

(Figure 5) [14-17]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Receptors of a protective antigen: Crystal structure of vWA domain of TEM8, PDB 
ID 3N2N (left) and crystal structure of vWA domain of CMG2, PDB ID 1SHT (right). Figure 
generated using PymolVer99. 
  
 

Isothermal titration calorimetry, FRET (Förster resonance energy transfer), and 

crystallography studies show that PA83 binds to residues 35-225 in ANTRX2 I domain with a 1:1 

ratio. Similar studies show that up to 7 molecules of receptor I domain can bind to heptameric 
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prepore PA63. Interestingly, the ratio of PA63 heptamer formation in solution is not influenced by 

receptor binding. ANTRX1 has a dissociation constant of 1.1 μM and 130 nM for complexes 

bound to Mg2+ and Ca2+ respectively [22, 23]. However, ANTXR2 has dissociation constant of 

170 pM or 780 pM for the Mg2+ and Ca2+-bound complexes, respectively . Since ANTXR2 I 

domain has higher binding affinity, it is a more effective receptor. Based on homolog scanning 

mutagenesis studies, receptor residues involved in binding to domain 2 of PA and located in the 

β4-α4 loop region of I domain make the difference in PA-binding affinity between ANTXR1 and 

ANTXR2.  It has been suggested that oligomerization of PA and its clustering in lipid rafts are 

important factors for the subsequent internalization of PA, i.e. receptor complexes into the cells 

[18, 19]. 

X-ray structural analysis of monomeric and heptameric PA attached to CMG2 revealed 

that CMG2 binds to PA domains 2 and 4. Based on these findings, it has been proposed that 

acidic pH causes the release of receptor from domain 2 to allow conformational changes required 

for pore formation. This model is consistent with binding of CMG2 to heptameric prepore which 

shifts the pH requisite for pore formation from a pH of 7.5 (in the absence of CMG2) to a pH of 

5-6 [11, 19-21]. 

Until now there is no clear evidence that if domain 2 of PA and receptor contacts are 

dissociciated at a step that occurs prior to or coincident with conformational change of a prepore 

to pore conversion. Recent studies using the 2-FHis-labeled PA have shown that pore formation 

was completely inhibited by adding CMG2, but 2-FHis labeled PA protein is able to form a pore 

when receptor is not available [24, 25]. Data supporting receptor release as the following step of 

pore formation has come from NMR studies using the SMRC (Strongest Methyl Resonance of 

Carbon-13) method.  A two-fold excess of PA (13C-2-FHis-CMG2) was used to monitor the 
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binding and dissociation with respect to pH.  Binding of CMG2 to PA was observed from pH 8 

to 6; however, there was a significant increase (~30%) of SMRC intensity at pH 5, suggesting 

receptor dissociation. Receptor dissociation has also been shown by co-immunoprecipitation 

experiments. Results showed that in the absence of pore formation, PA was associated with 

CMG2488-EGFP (pH 7.3 and pH 6) but not at pH 5.2, during the pore formation [20, 21]. 

Alternatively, recent NMR studies with a ten-fold excess of CMG2 to PA63 have shown 

that receptor was yet bound to domain 4 at low pH even though it dissociated from domain 2.  

This was in an agreement with domain 4 of PA binding studies from NMR [24, 25]. Based upon 

previous NMR studies, it has been argued that the receptor dissociates from PA or that the 

receptor may  serve as a structural support for the pore while is still bound to PA. These results 

lead to our curiosity to investigate the mechanism(s) underlying the pore formation and how that 

relates to receptor dissociation (Figure 6) [20, 21].  

  

 
  

Figure 6. ANTRX 2 Receptor bound to Protective Antigen (generated using Pymol Ver. 99)  
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1.5 Mechanism of Formation of Prepore and Endocytosis 

Key to the mechanism of pore formation is the initial interaction between PA and the von 

Willebrand factor domain A of the host cell receptor on the cell surface. It is important that all 

three proteins of anthrax i.e. EF, LF, and PA should assemble together on the host cell surfaces 

to form the anthrax toxin [22]. 

To enter into the cell, PA must be proteolytically activated. The PA20 part of PA should 

be removed from the N-terminus by furin or furin-like proteases. When PA attaches to the host 

receptor, the rest of the protein known as PA63 remains connected to the receptor and converts 

into a heptameric prepore. The enzymatic moieties of anthrax toxin or LF and/or EF PA bind to 

the prepore, and membrane insertion happens by host cell endocytosis to an acidic intracellular 

compartment and conformational change during insertion is pH dependent. In response to low 

pH through the pore, up to three LF and EF translocate to the cytosolic part of the cell where 

they reach and change their cytosolic targets [9, 10, 12, 13]. The proposed mechanism of pore 

formation until now is shown in Figure 7. 
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Figure 7. Mechanism of insertion of Protective Antigen. To enter into the cell, PA must be 
proteolytically activated. The PA20 part of PA should be removed from the N-terminus by furin 
or furin-like proteases. When PA attaches to the host receptor, the rest of the protein known as 
PA63 remains connected to the receptor and converts into a heptameric prepore. PA prepore acts 
as the receptor for LF and/or EF, the enzymatic moieties of anthrax toxin. 

 

The N-terminus segment of PA83 which corresponds to PA20 prevents PA from forming 

prepore. As mentioned earlier, for prepore to form, PA20 (residues 1-167) fragment of PA should 

be cleaved from PA83 by furin-family proteases. After PA20 cleavage, the N-terminal part of PA63 

named as domain 1’generates the binding site EF and LF upon PA63 oligomerization. FRET 

studies have revealed that dissociation constant of PA20 and PA63 is ∼3×10−2 s−1 at 20oC and has 

(half life) t1/2 of 21 s [24, 25]. Based on studies examined by stopped-flow Förster resonance 

energy transfer studies or FRET, PA20 and PA63 dissociation in solution follows two steps: a fast 

bimolecular step which corresponds to dissociation of the PA20 from PA63 complex and a slower 

unimolecular step which includes oligomerization [27, 28]. The following steps are endocytosis 

and pore formation. After PA63 is cleaved off from PA20, it will oligomerize spontaneously into a 
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ring-shaped heptamer at pH 8. The association-dissociation equilibrium strongly favors the 

heptamer since FRET measurements performed on prepore labeled with fluorescent dyes have 

yielded a dissociation rate constant, KD = 1×10−6 s−1, which corresponds to t1/2  of 7 days [23, 

24]. 

Surface Plasmon Resonance (SPR) measurements and other binding studies show that 

LF, EF, and bind to PA63 with high affinity (KD= 1–2 nM; kon∼= 3×105 M−1 s−1; koff=3×10−4 s−1). 

A single heptamer can bind both of these proteins simultaneously while LF and EF compete for 

the same sites on the PA63 heptamer. Although the heptameric PA63 prepore has radial seven-fold 

symmetry, these studies show that the heptamer binds only to three molecules of ligand under 

saturating conditions (Figure 8) [25, 26].  
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Figure 8. Prepore (A, B) and pore structure (C) and EM structure of the pore (D) [13]. Anthrax 
toxin-receptor complexes are believed to be internalized primarily through clathrin-coated pits 
and then trafficked to early endosomes after lipid-raft association [27]. 

 

1.6 Proposed Mechanism of Pore Formation 

It has been shown that acidic pH and the specific receptor binding are both important for 

the conformational changes of the PA63 prepore to the pore.  Major conformational transition 
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happens from the prepore to a membrane spanning pore under acidic condition (pH 5-6). 

However the mechanism of how this process takes place remains to be known. The PA pore 

consists of an extended, 14-stranded β-barrel which has been shown to extend from residues 275 

to 352. This barrel contains the domain 2β2-2β3 loop including 303-324 amino acids or 

transmembrane region, and also the 2β3-2β4 loop. Based on the previous studies, it has been 

shown that the structure of pore is similar to that of the α-hemolysin pore from Staphylococcal 

aureus. The F427 residue, which is located in domain 4, is a conserved residue in PA that is 

important for EF and LF translocation [15,18].  EM analysis also shows a constriction near this 

reside location [36,37]. Seven F427 residues form a key structure in the lumen of the pore called 

the ɸ-clamp. Based on crystallographic studies, it is suggested that 2β3-2β4 which is bound to 

the CMG2 should be dissociated to let the 2β2-2β3 strand peel away from domain 2 of PA and 

build the stem.  Sellman and coworkers in 2000 found three important residues K397, located in 

a loop linking domain 2β7-2β8 forms a salt bridge that orients F427 into the ɸ-clamp 

conformation as is used as a driving force for pore formation; D425 and F427, which are both in 

a loop linking domain 2β-strands 10 and 11 participate in conformational rearrangements of a 

heptameric pore precursor and are necessary for pore formation and translocation [12, 18, 28, 

29]. 

Since pore formation requires a pH of 7-7.5, several hypotheses were initiated to support 

the mechanism of pore formation. In one hypothesis, Blaustein and coworkers suggested that 

since there are several histidines located in domain 2 and 4, histidine has a side chain with pKa 

of 6-6.5. This makes the stem of the pore and the protonation of histidine residues to help the 

pore formation. To investigate if the histidine was important for making the pore, Bann and 

coworkers biosynthetically incorporated 2-fluoro histidine (pKa=1) into the PA and determined 
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that it resists protonation at pH values required for pore formation.  Their results showed that 

protonation of these residues do not affect pore formation [13, 16]. This supports previous 

studies showing that mutation and deletion of these residues had no effect in pore formation.  

Therefore, residues other than histidine should be important for pore formation. It has been 

shown that the mandatory pH for β-barrel formation is determined by the domain 2β3-2β4 loop 

in domain 2 [13,16, 33]. pH studies of the pore structure were also repeated in the presence and 

absence of the receptor (which receptor – aren’t there 2?). These studies has been done by Lacy 

and coworkers who showed when prepore binds to vWA domain of CMG2 receptor, a lower pH 

value (pH 5-6), is required for pore formation, compared to the prepore in the absence of the 

receptor (pH=7.5).  The pH sensitive loop (2β3-2β4 loop) is shown to bind to the receptor in the 

X-ray structure of PA.  These studies have shown that at pH 7.5 the 2β3-2β4 loop is ordered and 

becomes disordered at pH 6 [9, 11, 30].  

Furthermore, histidine hydrogen–deuterium exchange (HDX) studies revealed that 

binding of the receptor reduces the rate of hydrogen exchange for the histidine residues in 

domain 2 of monomeric PA [25, 34]. It can be concluded that the dynamics of PA are reduced by 

introducing receptor binding and this could reinforce hydrogen bonding interactions throughout 

the protein, and help the protein to stabilize against pH variations. It has been also shown that 

mutation of residues in ANTXR2 (G153E and L154D) leads to destabilizing intermolecular 

interactions (ANTXR1 molecular clamp) within 2β3-2β4 loop and will increase pH about 0.6 

unit for pore formation [21, 31]. 

Attempts to resolve the crystal structure of the pore did not turn out to be successful.  

This is because the pore is only available in the soluble state at an acidic pH. Therefore, only the 

model of the pore was developed [35-37].  The EM structure of the GroEL bound pore was 
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reported in 2008 by Fisher and coworkers, resolved up to 25 Å resolutions. The diameter of the 

mushroom shaped structure was 125 Å and the length of the stem was about 100 Å. EM pictures 

of PA inserted into lipid vesicles and nano-discs were published by the same group [32-34].  

Showing the same results.In the process of pore formation, part of the domain 2 (residues 328-

335) must move away from the rest of the domain and form the stem structure. This restructuring 

would involve significant changes in both domains 2 and 4.  To extend this loop, it is important 

that domains 2 and 4 contribute to pore formation. Electrophysiological studies involving single-

cysteine PA mutants in domain 2 and charged thiol-reactive reagents strongly support this model 

for PA63 pore formation [9, 35, 36].  

Based on studies involving cysteine scanning and labeling techniques, this extended ß-

barrel structure has been verified [16, 32]. However, the structure of PA63 in its completed 

heptameric pore has not been determined yet. It is likely due to the transmembrane configuration 

adopted by the toxin and the difficulty in crystallizing such proteins and complexes[9, 29].  

Based on electron microscopy data taken from negatively stained samples of PA63, the 

formation of ring-shaped heptamers with a central cavity has been observed [18, 19, 40]. Studies 

on CHO-K1 cells have shown the possibility of connection of oligomers to pore formation and 

toxin action [18, 19, 40]. It is understood that the fraction of the resulting PA63 was altered in a 

time-dependent manner to a band with mobility corresponding to that of large oligomer. 

Formation of this band is inhibited by lysosome tropic agents or conditions that inhibited 

endocytosis. However, a brief treatment of cells with acidic medium, when PA was bound to 

cells and activated by endogenous proteases caused a huge change of PA63 into the band. This 

suggests that PA63 forms an SDS-resistant oligomer corresponding to the pore after it enters a 

low-pH compartment within a cell [12, 13, 37].  
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It is interesting that no hydrophobic surfaces were found that might interface with the 

hydrophobic core of a lipid bilayer when the crystallographic structure of the water-soluble PA63 

heptamer was determined.  This suggests that the heptamer, or “prepore”, was an intermediate or 

in the path of pore formation rather than the pore itself. This observation directed scientists to a 

model, based on the crystallography structure of the heptameric Staphylococcal R-toxin pore, in 

which the prepore could be transformed into the pore [4, 17, 41].  The R-toxin structure consists 

of a 14-strand ß-barrel formed from seven amphipathic ß-hairpin loops, which result from a Gly-

rich region within the monomeric R-toxin. The side chains of alternating polar and nonpolar 

residues, respectively, contact the water-filled channel and the bilayer (Figure 9) [4, 10, 38]. 

 

 

Figure 9. A picture of how heptameric staphylococcal R-toxin pore forms.[38]  More detail to 
be added to the figure legend…describe steps outlined in figure. 

It has been hypothesized that seven histidine residues located at the interface between 

domain 2 and 4 will be protonated at ?pH leading to separation of two domains and release of the 

pore forming loop.  The structure of pore has not been solved yet; however, studies show that a 

very long ß-barrel is being formed which connects the receptor-binding domain of the receptor, 
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the membrane surface, and the very end of the pore  [22, 41]. This will form a hole in the 

membrane. Domain 2 has been shown to be involved in the process of attaching to the cellular 

receptors. After oligomerization of seven domain 2 componenets of PA83 to heptamer or making 

pre-pore, it undergoes a huge pH-dependent conformational change. By changing the pH, the 

large 2ß2-2ß3 loop of domain 2, disordered in its monomer form, will be ordered in its 

heptameric form and will make a transmembrane pore for passing toxins into the cell. After 

solving the crystal structure of PA, it was discovered that the solvent exposed residue, 

phenylalanine 427, is located in the 2ß10-2ß11 loop of PA and is therefore an important 

(conserved) residue in understanding the translocation and pore formation in the protein [18, 38].  

Mutation of phenylalanine 427 to different amino acids has been investigated.  For 

example, mutation of F427 to alanine in ovary of a Chinese hamster, CHO-K1 cells, was shown 

to inhibit the ability of PA to effectively enter into the cell and make heptamer with attenuated 

transport activity.  It has been shown that the seven phe427 residues of the PA pre-pore can form 

a clamp (Phe clamp), meaning that these residues can make a radially symmetric structure within 

the lumen of the pore and catalyze polypeptide translocation. The translocation can be prevented 

by several mutations of F427 in planar bilayers and has been shown to correlate approximately to 

the loss of biological activity. This can result in the biochemical defect in the function of the 

protein [39].  

It is interesting that until now the mechanism of translocation and pore formation has not 

been clearly understood yet for any toxin. It is known that Anthrax toxin because of its unique 

structure has been a promising model for answering these questions [10]. 

 

 



21 
 

1.7 Remaining Problems 

Although most parts of the structure of anthrax toxin have been revealed, the mechanism 

of pore formation is still to be known. There is not much known about the amino acids which are 

important in pore formation. In addition, the conformational changes from prepore to pore still 

remain elusive. In addition, the need for anti-toxin drugs to use against B. anthraces spores as 

weapons and the potential applications toxin-based new therapeutics has been made this research 

essential. 
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CHAPTER 2 

RESEARCH AND BACKGROUND  
 

 

2.1 Insertion of Anthrax Toxin into the Cell 

Bacillus anthracis secrets a toxin that is composed of three proteins (i) protective antigen 

(PA), (ii) lethal factor (LF), and (iii) edema factor (EF). PA (83 kDa) has four domains which 

bind to the host cellular receptor [15, 16, 40]. To enter into the cell, PA must be proteolytically 

activated.  The PA20 part of PA is removed from the N-terminus during a cleavage by furin or 

furin-like proteases [41]. The remaining PA63 (63kDa) forms a heptameric or octameric structure 

ring called the pre-pore [11, 42], and at acidic pH undergoes a conformational change to form a 

β-barrel pore which translocates EF and LF into the cytosol (Figure 10) [9, 28]. 

 

 

 

 

 

 

 

 

 

 

Figure 10. Mechanism of Anthrax toxin pore formation 

2.2 Structural Studies on Prepore and Pore 
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 Nassi and coworkers [28] engineered mutant channels including cysteine-substituted 

residues in the β-barrel. They realized that residues lining the lumen of the PA channel can be 

identified by their accessibility to water-soluble reagents specific for sulfhydryls, and a drop in 

channel conductance occurs when the reaction with lumen exposed cysteinyl side chains 

happens. This property was used to map the residues that line the pore.  Their results indicated 

that the residues located in the β-barrel structure are not only from within the bilayer, but they 

also come from the PA monomer. These residues must be rearranged in order for β-barrel stem 

to make the pore. 

Benson and coworkers [35] have suggested that a conformational rearrangement of the 

disordered loop (residues 302-325) is important in prepore to pore conversion and the loops from 

the seven PA63 monomers associate to form a transmembrane 14-strands. In this experiment, 

channels in non-natural bilayers were formed for each mutant and changes in channel 

conductance to the trans partition were scanned by adding the thiol-reactive reagent (MTS-ET). 

So, adding a positively charged group to the residue located in ion channels reduced channel 

conductance. They realized that in the disordered loop, residues 302-311 show decrease in 

conductance, whereas residues 316-325 shows no decrease in conductance. These residues 

follow the same trend as polar and apolar residues of the two stretches of PA projecting into the 

pore lumen and into the bilayer, correspondingly. Residues 312-315 of PA domain 2 connecting 

these two sections were found to be in the turn region which was responsive to MTS-ET. It is 

apparent that a single channel, formed by H304C and N306C mutants, showed multiple step 

changes in conductance in response to MTS-ET that was consistent with an oligomeric pore. 

They also found that the location of binding site for the channel-blocking tetra alkyl ammonium 

ions was cis relative to the disordered loop [35]. They found strong evidence for the model of 
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conversion of the prepore to a 14-stranded β barrel pore and it was a good progress to understand 

the mechanism of translocation of anthrax toxin. 

pH dependent studies of the pore were also conducted by Smedley and coworkers [43] 

who used OPF (oxidative protein footprinting), a technique that  provides information about 

analysis of amino acid oxidation both before and after a conformational change, to find 

thermodynamic information of the protein complex. In their study, hydroxyl radicals were used 

in PA at pH 7.5 and 5.5 to detect and quantify the extent of oxidation of differentially modified 

residues using mass spectrometry. By comparing the OPF to an existing computational model of 

the pore, the availabilities of residues Y688 and V619/I620 were found to be consistent with 

their modeled positions in the pore.  

Krantz et al. found that during pre-pore to pore formation, a radially symmetric 

(hydrophobic) heptamer was formed by the seven phe427 residues [39, 44] . This “φ-clamp” 

structure is required for protein translocation and is a important site for solvent-exposed drugs 

and model cations. They concluded that the φ-clamp, which has a chaperone-like function, 

interacts with solvent-exposed residues while it unfolds during translocation. Further studies on 

the heptamer showed that the phi-clamp is formed by the combination of seven F427 residues 

from each monomer contributing to the heptamer. Krantz et al. showed that DpH (proton 

gradient) is a powerful motivating agent for translocation of LF, EF through the PA63 pore in 

planar lipid bilayers (Figure 11)[39, 44]. 
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Figure 11. A) Data shown by Krantz etal. PA63 prepore showing 7 phenylalanine residues form 
phi-clamp. B) Hypothetical cross-section of Anthrax toxin pore. C) Macroscopic conductance 
data of LFN translocation through WT and the phe427 mutant channels. Data were normalized as 
the fraction translocated. In the case of F427A and F427D no translocation was occurred. D) 
Cellular translocation of phe427 mutants [12].  
 

Krantz showed that in addition to heptameric PA, octameric PA can also be found in 

PA63 assembly [45, 46]. Based on his studies, octameric PA was mostly found in the plasma 

membrane? under physiological conditions and heptameric PA was the major form on cell 

surfaces that bind the anthrax toxin receptor (ANTXR).  
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Sellman and coworkers reported that mutations in Asp-425, Lys-397 or Phe-427 inhibited 

pore formation and translocation in cells; but had no effect on its receptor binding, monomer 

digestion or ability to oligomerize and bind to LF and EF (Figure 12)[29, 47]. The 2β7-2β8 and 

2β10-2β11 loops of domain 2 are sensitive to mutations and are distant from the 2β2-2β3 loop, 

which was believed to play a role in pore formation. These results suggest that Asp-425, Lys-397 

and Phe-427 make a salt bridge and participate in conformational rearrangements into a 

heptameric pore which is necessary for pore formation and translocation of EF and LF (Figure 

13).  

 

 

 

Figure 12. A) Data shown by Sellman etal. SDS-resistant complex conversion of (PA63)7into 
pore using pH studies. By incubation of 1:1 molar ratio of PA63/ LFN, heptameric PA63 was 
formed. B). Pore formation in CHO-K1 cell membranes. Release of 86Rb was quantified in a 
scintillation counter in WT and different mutants [15,16]. 
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Figure 13. Interaction of intersubunit loop of PA causes a pore constriction that brings F42 more 
prominently into the pore [15,16]. 

Sun realized that mutation of F427 to glycine, arginine, leucin or glutamic acid all inhibit 

pore formation, while mutation to histidine, serine, and threonine prevent translocation and have 

no effect on transition of prepore to pore [48].  By using different methods such as potassium 

release assay, cytotoxicity, and fluorescence; Sun found that by choosing different side chains at 

residue 427, pore formation or translocation can be inhibited selectively. A durable dominant-

negative phenotype results when mutations inhibit both translocation and transition. It can be 

concluded that F427 is important in conformational transition and also translocation of the two 

important enzymatic moieties of anthrax toxin across the membrane by making ϕ-clamp in the 

process of pore formation. In addition, it is suggested that pi–pi interactions between adjacent 

Phe427 rings might be an important for changes in prepore to pore conformation and 

translocation (Figure 14).   
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Figure 14. Influences of different Phe427 mutations on PA (inserted to liposomal membranes) 
using NBD fluorescence. (A) Fluorescence emission after insertion of PA pore as a function of 
time. (B) Initial rates of change of NBD emission intensity [17].  

 

Janowiak and coworkers showed that biotinylated heptamers of the D425A or F427A 

mutant heptamers was another method to study pore formation [49].  They found that mutation 

of D425 to alanine inhibited pore formation at pH 5.5; where ratio 1:6 of mutant/WT in PA63 

assembly would have been enough. This again showed the importance of this residue in the 

prepore to pore conversion.  More importantly, when pore formation is blocked at low pH by 
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conservative mutations of D425 to asparagine (isosteric change) or glutamate (isoelectric 

change), LF cannot be translocated. 

Janowiak and coworkers  concluded that mutation of F427 to alanine did not really effect 

pore formation, but largely blocked translocation of N terminal part of LF or  LFN [49]. They 

realized that D425 and F427 are located in 2β10 and 11 and are located on the opposite side of 

domain 2 facing the lumen. They found that D425 mutations to either asparagine or glutamate 

inhibit pore formation and therefore LFN could not be translocated through the pore (Figure 15). 

 

Figure 15. [WT]6[D425A]1 and [D425A]7 with [WT]7 in forming a SDS-resistant oligomer 
under acidic conditions were confirmed [18].  

 

Nguyen  used X-ray structures of PA83 monomer and heptameric α-hemolysin to 

investigate the PA63 pore or prepore [34]. Based on his model, he concluded that the PA63 pore 

includes two domains: cap and stem which are attached to each other. The circle-like domain 
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(cap) has a length of 80 Å and an outside diameter of 120 Å. It also includes a cylinder-like 

domain (stem) which has a length of 100 Å and outside diameter of 28 Å. Based on this study, 

the length of the PA63 pore model is approximately 180 Å, and the β-barrel has a minimum 

diameter of 12 Å, depending on side chain conformations (Figure 16).  

 

Figure 16. (A) PA63 pore model. The cap domain is 120 Å wide and 80 Å long, while the stem 
domain is 100 Å long and 28 Å wide as measured Cα to Cα. (B) Mushroom-like crystal structure 
of α-HL. Its cap  is only 100 Å long with an outside ring diameter of 100 Å and a β-barrel only 
50 Å long [19].  

 

Katayama and colleagues used negative-stain electron microscopy to investigate the pore 

formation of PA [32, 33]. Two populations of PA pores were visualized to bind to the chaperone 

GroEL or in lipid nanodiscs. It was shown that PA pore formation is not dependent upon domain 

4 of PA. The PA dimensions found by Nguyen [34] were consistent with earlier biochemical data 

by Nassi and Benson [28], (Figure 17).  
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Figure 17. EM pictures of EM. A) Pictures (A,B,C,D) are3D EM of WT PA poreimplanted in 
nanodiscs and (E,F,G,H) are WT PA pore inserted in vesicles. B) Two-dimensional average of 
GroEL-bound and free PA pore particles. Top row, left: representative EM image of a single PA 
pore–GroEL complex. Top row, right: representative EM image of a single free PA pore. Middle 
row, left: average of 1,667 PA pore–GroEL complexes. Middle row, right: average of 1,368 free 
PA pore particles. Bottom row, left: average of GroEL from the PA pore–GroEL complex 
aligned using only the GroEL portion. Bottom row, right: average of PA pore from the PA pore–
GroEL complex aligned using the PA portion. Scale bars, 50 Å [20,21].  
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By testing 110 different detergents, Vernier and coworkers found that N-

tetradecylphospho- choline (FOS14) was the only detergent that prohibited aggregation without 

dissociation of heptamer into its subunits [50]. FOS14 could help the heptamers maintain their 

ability as insertion-competent 440-kDa particles.  These multimers can form channels in planar 

phospholipid bilayers with the same unitary conductance and ability to translocate a model 

substrate protein as channels formed in the absence of detergent (Figure 18). 

 

 

Figure 18. A) Different detergents were analysed at pH 5.5 with turbidity measurements taken at 
340 nm. Data were normalized relative to a detergent-free control. B) Turbidity as a function of 
the FOS14 to PA63 molar ratio for three protein concentrations [22].  
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They are not many examples of mechanism of pore formation of multi subunit proteins.  

The goal of this study was to use protective antigen as a model of pore formation using a unique 

Fluorine NMR technique to study how pore forms and provide detailed structural information at 

the residue specific level. 

 

2.3 
19

F NMR as a Useful Method to Study the Structure and Function of Proteins 

2.3.1 Introduction to 
19

F NMR 

High resolution solution NMR is an important instrument for researchers to characterize 

the structures of newly formed molecules.  The ability of NMR experiments to provide detailed 

structural information and understanding of molecular dynamics helps scientists to determine the 

structures of proteins, nucleic acids, and polysaccharides [51, 52].  

A very useful aspect of NMR is to study the conformation and structure of proteins or 

their dynamics by labeling amino acids with sensitive nuclei such as fluorine.  Fluorine NMR (F-

NMR) discovered in 1970, is used in studies of legend-receptor complexes and protein 

denaturation to investigate the role of specific amino acids in protein function, structural 

mobility, structural equilibrium in nucleic acids, the structure of membranes in the proteins, the 

drug scanning and discovery and also study the structure of large proteins which is almost 

impossible to be studied with other biochemical methods [51, 52]. 

It is more difficult to obtain fluorine spectra of a sample compared to proton NMR data 

under the same sample conditions.  Because of their longer relaxation time and exchange effects 

on signal widths or shapes, fluorine signals from a biological system may be broader than proton 

signals.  To get an appropriate fluorine spectrum, it is better to have an increase in linewidth and 



34 
 

a reduction in the signal-to-noise ratio in a spectrum.  This is because a wide linewidth is not as 

tall, relative to the noisy baseline, as a sharper line of the same area [51, 52].  

 Proton and fluorine resonance frequencies are similar and it is often possible to obtain the 

wrong fluorine NMR spectra by using a probe designed for proton spectroscopy.  Thus, it is 

better to use a specifically designed fluorine probe.  This is because of (a) the increasing tuning 

ability of the F-NMR probe and (b) using fluorine-free materials in the construction of proton-

observe probes might distort signals in a fluorine spectrum [51, 52].  

 

2.3.2 Assignment of Amino Acid with Fluorine 

One of the advantages of the "fluorine-labeling" approach, as mentioned previously, is 

the change in chemical shift because of the high sensitivity of fluorine. It is possible that more 

than one peak for one amino acid is observed. That is because the amino acid has more than one 

conformational change in the protein. This can be observed when a separate set of signals for 

each significantly populated conformation may be detected. Assignment of a given fluorine 

signal to a specific amino acid in the protein sequence is an important aspect of making full use 

of the fluorine spectra of proteins containing fluorinated amino acids.  Several methods can be 

used to assign a residue when it is replaced by a fluorinated amino acid: (1) examining the 

mutant of the protein to investigate if the mutant is correctly labeled with a fluorinated amino 

acid not by a non-fluorinated amino acid (2) using site-specific chemical modifications which 

can change the chemical structure of a particular amino acid which is close by a fluorinated 

residue and can change the shift of the fluorinated residue, (3) using a spin label to attach to a 

specific residue, use of the distant-dependent line broadening effect of the paramagnetic species 
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on fluorinated residues, and (4) studying the effects of pH changes temperature or the binding of 

small molecules to the protein [51, 52].  

 

2.3.3 Denaturation Studies by 
19

F NMR 

In denaturation studies using F-NMR, when a protein is denatured, a single fluorine 

resonance or a narrow band of resonances is showed in the spectrum even though the protein 

contain a particular fluorinated amino acid at several positions in the sequence.  Actually, when 

the tertiary structure of the protein is removed, the fluorine shifts of the fluorinated amino acids 

in the sequence are essentially degenerated [51-53].  

 

2.3.4 Relaxation Time in Biological Systems Containing Fluorine  

In NMR, the processes involving the transfer of energy to from a molecule and its 

surroundings are known as spin-lattice relaxation.  These processes characterized by T1 (spin-

lattice relaxation time).  Spin-lattice relaxation processes act to return the system back to the 

correct (equilibrium) populations during and after the pulse.  It is interesting to know that by 

increasing the relaxation delay to five times the longitudinal relaxation times (T1) of the signals 

of interest, a more accurate signal can be attained [51, 52, 54]. 

Table 1. Properties of Fluorine nuclei. 

Property            Value 

Spin ½ 
Natural abundance 100% 
Chemical shift range 700 ppm, from -300 to 400 
Frequency ratio  94.094011% 
Reference compound CFCl3 = 0 ppm 
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Properties of Fluorine nuclei and chemical shifts of different compounds containing fluorine are 

shown in Table 1 and Figure 19 [23]. 

 

 
 

Figure 19. Chemical shifts of different compounds containing fluorine [23].   

 

2.3.5 
19

F NMR applied to membrane proteins 

The fact that membrane proteins are notoriously difficult to analyse using standard 

protocols for atomic-resolution structure determination methods has motivated adaptation of 

these techniques to membrane protein studies as well as development of new technologies. With 

this motivation, liquid-state nuclear magnetic resonance (NMR) has recently been used with 

success for studies of peptides and membrane proteins in detergent micelles, and solid-state 

NMR has undergone a tremendous evolution towards characterization of membrane proteins in 

native membrane and oriented phospholipid bilayer of new technologies. With this motivation, 

liquid-state nuclear magnetic resonance (NMR) especially Fluorine NMR has recently been used 

with success for studies of peptides and membrane proteins in detergent micelles. 

 

2.3.6 Some Studies on the Structure of Membrane Proteins by F NMR 

Fluorine NMR spectra of fluorine-labeled rhodopsin mutants in detergent micelles was 

reported by Khorana and coworkers [55, 56].  All TET-labeled (trifluoroethylthio) cysteine 
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mutants showed chemical shifts downfield from that of free TET.  In this study, 19F NMR 

spectroscopy was used to investigate the tertiary structures in the cytoplasmic face of intact 

rhodopsin (Figure 20). 

 

 

Figure 20. 
19F NMR spectra of TET-labeles cysteine mutants [27]. 

 



38 
 

Furthermore, Bann and colleagues labeled tryptophans located in PaPD protein with 6-F 

tryptophan to study the domain-domain interactions and their role during folding [57]. 19F-NMR 

data collected as a function of urea concentration revealed that Trp-128 was a typical residue 

compared to either the folded or unfolded resonances (Figure 21). 
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Figure 21. Comparison between WT and mutants in different molar Urea [29]. 
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Bann also used Fluorine NMR to study the relationship between individual domain 

folding and the formation of domain-domain interactions of PapD [58]. To examine the folding 

properties of PapD, the six phenylalanine residues in the protein were labeled with p-fluoro-

phenylalanine for 19F NMR studies. They used urea denaturation experiments using 19F NMR 

and realized that the native intensity for both the N- and C-terminal domains follow the same 

trend and both depends on the urea concentration. The N-terminal domain showed the loss of 

native intensity by the presence of separate denatured resonances, and interesting point is that in 

the C-terminal domain including residues phenylalanine 168 and phenylalanine 205, 

intermediate presents as well as denatured resonances.  Double-jump 19Fluorine NMR 

experiments showed that the formation of domain-domain interactions is fast if the protein is 

denatured for only a short time and proline isomerization has no influence on the refolding 

kinetics (Figure 22).  
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Figure 22.  Spectra of PapD labeled with p-19F-Phe- versus urea at 20 °C. 70 µMPapD was used 
in 30 mM MOPS/HCl, pH 7.0, 10% D2O.An internal standard of 6-F-Trp (0.3 mM) was used. N, 
I, and D represent native, intermediate, and denatured resonances, respectively. Bayesian 
analysis was used to fit the data [30]. 

 

2.4. Future work 

In the next steps, the kinetic of PA pore formation can be studied using F-NMR. It is also 

possible to use different fluorinated amino acids to study the structure of variety of proteins and 

also Protective antigen and it might be a good method to find a better vaccine for Anthrax Toxin. 
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CHAPTER 3 

19
F-NMR AND CRYSTALLOGRAPHIC STUDIES OF 5-

FLUOROTRYPTOPHAN LABELED ANTHRAX PROTECTIVE 

ANTIGEN AND EFFECTS OF RECEPTOR ON STABILITY 

 

 
3.1 Introduction  

The anthrax protective antigen (PA) is one of three protein components of the anthrax 

toxin, an AB toxin secreted by Bacillus anthracis.  PA is a four domain protein which binds to 

host cellular receptors [15, 40, 59], and the proteolytic cleavage of domain 1 by a cell-surface 

furin-like protease [41] generates a 63 kDa fragment, which then oligomerizes into a heptameric 

[11] or octameric [42] donut-shaped structure called the pre-pore.  Formation of the pre-pore 

creates binding sites for the two enzymatic components of the anthrax toxin, edema factor (EF) 

and lethal factor (LF).  The complex is then endocytosed into the cell, and within an acidified 

late endosomal compartment the pre-pore undergoes a major conformational change, forming a 

membrane-spanning β-barrel pore [28, 60].  The pore provides a conduit for entry of EF and LF 

into the cell cytosol [39]. 

 The structures of the 83 kDa form of PA, either in the unbound form or bound to the host 

cellular receptor capillary morphogenesis protein 2 (CMG2) have been determined [9, 11, 61].  

The latter structure by Santelli and coworkers showed that the binding interface is largely 

comprised of domain 4, but that a small loop within domain 2 (domain 2 2β3-2β4 loop, residues 

340-348) binds within a groove on the surface of CMG2.  From biochemical experiments by 

Benson and Nassi [28, 35], this loop is projected to form part of the long beta-barrel pore, and 

because of its interaction with the receptor, it was postulated that the receptor sterically inhibits 

the process of pore formation.  Therefore, this loop must dissociate from the receptor to allow 
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pore formation to occur [11, 18].  Early crystallographic evidence suggested that in the 

monomeric form of PA, this loop becomes disordered at low pH [9], and biochemical 

experiments have also suggested that interactions with this loop dictate the pH threshold for pore 

formation – that loss of contacts (via mutagenesis) between PA and this loop increase the pH 

requisite for pore formation [62].  In addition, recent saturation transfer experiments monitoring 

resonances in CMG2 that contact the domain 2 loop in the heptameric form of PA suggest that 

these contacts are weakened as the pH is lowered, supporting the view that this loop is sensitive 

to pH [63].    

Here, we have labeled PA with 5-fluorotryptophan (5-FTrp), and have studied the impact of 

labeling on structure and stability, using tryptophan fluorescence, circular dichroism, X-ray 

crystallography, and 19F-NMR.  We also determined the effect of receptor binding on the 

stability to pH and temperature using 19F-NMR.  There are seven tryptophans located in two of 

the four domains of PA: domain 1 (residues 1-258), which includes the 20 kDa PA20 domain 

formed after cleavage by furin C-terminal to Arg167 [23] and includes Trp65, 90, 136, 206 and 

226; and domain 2 (residues 259-487), which includes Trp346 and Trp477.  Trp346 is part of the 

domain 2β3-2β4 loop and is closest to the CMG2 binding interface. 

 19F-NMR is a powerful tool to study the structure and function of proteins, as it provides 

residue specific information on environmental perturbations around each fluorine nucleus [64, 

65].  Based on our 19F-NMR studies, we show that the Trp346 resonance undergoes 

conformational exchange at low pH, with very little change in the other 19F resonances, 

providing further support that the domain 2β3-2β4 loop is particularly sensitive to pH.  In 

addition, we show that receptor binding stabilizes the Trp346 resonance to variations in pH and 

temperature along with other tryptophan residues that are more distant from the binding 
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interface.  Finally, we have determined the structure of 5-FTrp PA to 1.7 Å resolution, which 

provides insight into the mechanism of the slightly enhanced stability of the 5-FTrp labeled 

protein over the WT protein.  Our studies highlight the use of 19F-NMR to follow structural 

changes at a residue-specific level in a relatively high molecular weight protein, and the positive 

impact of receptor binding on global protein stabilization.  

 

3.2 Experimental Procedures 

Materials. Urea (electrophoresis grade) and 5-fluorotryptophan were obtained from 

Sigma (St. Louis, MO).  Urea concentration was determined by refractive index (refractometer) 

at room temperature and stored at -80οC until the day of experiment.  All other chemicals 

prepared were reagent grade.  E. coli strain DL41 was obtained as a gift from the Yale E. coli 

genetic stock center.  

 

3.2.1 Plasmid Construction, and mutagenesis 

  Plasmid pQE80-PA83 was used for generating mutations within the pa sequence.  We 

used the following forward primers (SigmaGenosys, HPLC purified) to create the mutants 

Trp206Tyr: CGGTTGATGTCAAAAATAAAAGAACTTTTCTTTCACCATACATTTCTAA 

TATTCATGAAAAGAAAGG; Trp226Phe: TCTCCTGAAAAATTCAGCACGGCTTCTGATC 

CGTACAGTGATTTCG; Trp346Tyr: CATTCACTATCTCTAGCAGGGGAAA 

GAACTTACGCTGAAACAATGGG;  Trp477Phe:GAGTGAGGGTGGATAC 

AGGCTCGAACTTTAGTGAAGTGTTACCGC, and the corresponding reverse strands using 

the Quickchange mutagenesis kit from Stratagene.  Sequences were confirmed at the Protein 

Nucleic Acid Laboratory (PNACL) at Washington University in St. Louis. 
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3.2.2 Protein production 

 The pQE80-PA83 plasmid [66] was transformed into the E. coli tryptophan auxotrophic 

strain DL41 was grown in the presence of 100 μg/mL ampicillin.  Cells were grown in a defined 

media that is identical to ECPM1, but substituting the casamino acids for defined amino acids 

[65].  Tryptophan concentration was 0.25 mM.  The bacteria cells grown to an optical density 

(OD600) of 3.0 at 32°C, and then they were washed twice with 0.9% NaCl. After this step, cells 

were added to the same media containing 0.25 mM 5-FTrp in place of tryptophan was added to 

the cells and resuspended.  The cells were then incubated for 10 minutes prior to the addition of 

IPTG to 1 mM at 26°C. 

 

3.2.3 Protein purification. 

Preparation of PA: after reaching the OD of 6.0, bacteria cells were centrifuged, and was 

resuspended in a buffer containing 20 mM Tris-HCl, pH 8.0, 20% sucrose, and 1 mM EDTA for 

15 min at room temperature.  The cells were centrifuged for 15 min at 8,000 xg at 4 °C, and the 

pellet resuspended in ice-cold 5 mM MgSO4.  Before centrifugation, 1 M Tris-HCl pH 8.0 was 

added to a final concentration of 20 mM, and cells were centrifuged at 4 °C (8000 xg). The 

supernatant was filtered (0.2 μM, Millipore) and applied to a Hi-Trap Q anion exchange column 

pre-equilibrated in 20 mM Tris-HCl, pH 8.0 (4 °C).  PA was eluted with a NaCl gradient on an 

Aktä Prime LC system. Fractions were concentrated using an Amicon Ultra-15 10 kDa 

centrifugal filter (Millipore), and then applied to a Sephadex S-200 gel filtration column pre-

equilibrated in 20 mM Tris-HCl, 150 mM NaCl, pH 8.0 (4°C).  Pure protein fractions were 

identified using SDS-PAGE, pooled, and concentrated. CMG2 was prepared and purified as 

described previously [20].  Purification of PA20 was carried out using a trypsin nicking protocol, 
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whereby 10 mg of 5-FTrpPA was digested with 10 μg of Trypzean (Sigma) for 30 minutes at 

room temperature, followed by the addition of an excess of soybean trypsin inhibitor (100 μg) on 

ice.  The PA20 was purified over a H-Trap Q column equilibrated in 20 mM Tris pH 8.5, 1 mM 

CaCl2, eluting with a NaCl gradient. 

 

3.2.4 Fluorescence 

 Data were recorded on a Cary Eclipse spectrofluorimeter equipped with a Peltier cooling 

system, using an excitation wavelength of 280 or 295 nm with slit widths set at 5 nm excitation 

and 5 nm emission.  All measurements were carried out at 20oC in a 50/25/25 mM 

Tris/MES/Acetic acid buffer system, using 1 μM for pH experiments and 0.8 μM for the urea 

denaturation experiments. For the pH and urea experiments, only 295 nm excitation was used, 

recording emission data for WT at 330 nm or 333 nm for the 5-FTrp labeled PA or PA20 

proteins, and the data are an average of 5 scans from 300-600 nm.  All samples were incubated 

overnight at the respective pH or urea concentrations to allow for adequate equilibration. For the 

pH experiments, the solid lines through the data points are nonlinear least-squares fits of the data 

to the Henderson-Hasselbalch equation to give an apparent pKa for the pH transition. For the 

urea denaturation experiments, in the case of the full-length PA proteins the data were fit to a 

three-state transition as described previously [66].  For the PA20 urea denaturation experiments, 

the denaturation curves were fit to a two-state model with sloping baselines according to the 

model described by Clarke and Fersht [67].  The curves were fit using Kaleidagraph v3.6 

(Synergy software, Reading, PA).  
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3.2.5 Circular Dichroism (far UV) 

  Measurements were performed using a Jasco J810 spectropolarimeter.  Spectra were 

measured in 10 mM HEPES pH 8.0 at a concentration of 8 μM, using a 0.1 cm path length cell.  

The response time was 2 s, and the scan rate was 20 nm per minute. 

 

3.2.6 
19

F-NMR Spectroscopy 

  Spectra were acquired on a Varian INOVA 400 MHz spectrometer equipped with a 

tunable inverse detection probe.  Spectra were recorded at 20oC unless otherwise indicated, and 

sample concentrations were typically in the 200 μM range in 50/25/25 mM Tris/Mes/AcOH, pH 

8.0 with 10% D2O added for a field frequency lock.  Spectra were acquired using a 90o pulse 

width, a recycle delay of 5 s, and were referenced to an internal standard of 4-

fluorophenylalanine as described [57]. Spectra typically required >10,000 transients for adequate 

peak visualization, and were processed with 10 Hz of line broadening.   

 

3.3 MTSL Spin labeling 

 5-FTrpPA Glu712Cys protein was expressed and purified as described [61].  We added 1 

mM DTT to the final MgSO4/Tris pH 8.0 step in the isolation of periplasm, and column buffers 

for purification included 1 mM DTT. The 5-FTrpPA was purified and the DTT was removed by 

loading the protein solution onto a PD-10 column equilibrated with buffer containing 20 mM 

HEPES, pH 7.25, 150 mM NaCl, then eluted using the same buffer.  Immediately after 

purification, a 10 fold molar excess of MTSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-

yl)methyl methanesulfonothioate) in methanol was added for 30 minutes at room temperature, 

then another 10 fold molar excess of MTSL was added to the protein and this was incubated 
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overnight at 4oC. The next day, MTSL was removed using an S-200 gel filtration column 

equilibrated in 50/25/25 Tris/Mes/AcOH pH 8.0 at 4oC. The sample was split into two aliqouts, 

each containing 207 μl PA, 50 μl D2O, 1 μL 10 mM p-fluorophenylalanine, 217 μl buffer 

50/25/25 mM Tris/Mes/Acetic acid.  To one tube, we added 25 μL of water, to the other we 

added 25 μL of 100 mM TCEP.  Final concentration of PA in each tube was 150 μM.  

 

3.4 Crystallization and Data Collection 

 5-FTrpPA was concentrated to 10 mg/mL in 150mM NaCl, 10mM Tris pH 8.0 for 

crystallization.  Screeing was conducted in Compact Jr. (Emerald biosystems) sitting drop vapor 

diffusion plates at 20 oC using equal volumes of protein and crystallization solution.  Plate 

(Hampton Research) condition E8 (35% (v/v) Pentaerythritol propoxylate (5/4 PO/OH), 0.05 M 

HEPES pH 7.5, 0.2 M Potassium chloride) equilibrated against 100 µL of crystallization solution 

at 20 oC.  Single crystals were transferred to a fresh drop of the crystallization solution (Index 

E8), which served as the cryoprotectant, and frozen in liquid nitrogen prior to data collection.  

Initial X-ray diffraction data were collected in-house using a Bruker Microstar micro-focus 

rotating anode generator equipped with Helios MX multilayer optics and a Platinum-135 CCD 

detector.  Data were processed using the Proteum2 software package (Bruker-AXS).  High 

resolution data were at the Advanced Photon Source IMCA-CAT beamline 17ID using a Dectris 

Pilatus 6M pixel array detector.   
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3.4.1 Structure Solution and Refinement 

  Intensities were integrated using XDS [68] and the Laue class analysis and data scaling 

were performed with Aimless [69] which suggested that the highest probability Laue class was 

mmm and space group P212121.  Structure solution was conducted by molecular replacement with 

Molrep [70] using a previously determined structure of protective antigen as the search model 

(PDB: 3MHZ) as the search model.  The in-house X-ray diffraction data, processed to 2.2 Å 

resolution, were used for the initial structure solution and refinement and the higher resolution 

synchrotron data were used for refinement of the final model.  Structure refinement using and 

manual model building were conducted with Phenix [71] and Coot [72] respectively.  TLS 

refinement [73] was incorporated in the final stages to model anisotropic motion.  Structure 

validation was conducted with Molprobity [74] and figures were prepared using the CCP4MG 

package [75]. 

 

3.5 Results 

PA was labeled with commercially available 5-FTrp using the tryptophan auxotroph 

DL41, and proteins were >95% labeled as determined by electrospray mass spectrometry (ESI-

MS) (Table 4).  To determine the effect of labeling on the structure and stability of PA, we 

compared labeled and unlabeled proteins by far-UV circular dichroism (CD) to compare 

secondary structural content, and measured the stability of the proteins to urea and pH using 

fluorescence.  The fluorescence emission spectrum (excitation at 280 or 295) is shown in Figure 

23A.  The spectrum of the 5-FTrp labeled PA (5-FTrpPA) is red-shifted relative to the WT 

unlabeled by ~8 nm, exciting at either 280 or 295 nm.  We also observe an increase in the 

amplitude of the emission spectrum of 5-FTrpPA exciting at 280 or 295 nm compared to the 
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unlabeled WT protein, with an increase that is somewhat smaller than observed from other 

studies labeling with this amino acid [76].  The CD spectrum of the WT and labeled proteins 

were similar (Figure 23B), except for the absence of a small shoulder in the 5-FTrpPA spectrum 

at 198 nm.  

We used fluorescence to determine if the stability of PA to pH and urea was affected by the 

incorporation of 5-FTrp (Figure 23C and D).  The unfolding of 5-FTrpPA as a function of pH is 

similar to the WT protein, with a pKapp of 5.3 compared to 5.8 for the WT protein.  In contrast to 

pH unfolding, which exhibits a single transition, the unfolding of PA and 5-FTrpPA by urea at 

20°C, pH 8.0 exhibits two transitions, one with a midpoint (CM) at ~1 M urea, and a second 

transition that occurs at a CM ~4 M urea [19]. The results from the pH and urea studies are 

summarized in Table 2. The isolated PA20 (residues 1-167) domain exhibits an unfolding 

transition that matches the second transition observed in the fluorescence unfolding of PA (inset 

in Figure 23D), and thus we assign the unfolding of the PA63 region comprising domains 1’-

domain 4 (168-734 – domain 1’ includes residues from the furin cleavage site to the beginning of 

domain 2 ) to the first transition at 1 M urea, while the second, smaller amplitude transition that 

occurs at ~4 M urea we assign to the unfolding of PA20.  
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Figure 23.  Effect of 5-FTrp labeling on spectroscopic properties and stability to urea and pH of 
PA. (A) Emission spectra (Excitation 280 or 295 nm) of WT PA and 5-FTrpPA at 1 µM, 
50/25/25 Tris/Mes/AcOH pH 8.0 at 20oC. (B) Circular dichroism spectra of WT (―) and 5-
FTrpPA (---), 8 µM, 10 mM Hepes/OH pH 8.0, 20oC. (C) Unfolding of WT and 5-FTrpPA as a 
function of pH, 0.8 µM, 50/25/25 Tris/Mes/AcOH at 20oC.  Fluorescence data were acquired 
using an excitation wavelength of 295 nm, and solid lines through the data are fits to the 
Henderson-Hasselbalch equation. (D) Unfolding of WT (closed symbols) and 5-FTrpPA (open 
symbols) as a function of urea.  Inset: unfolding of PA20 and 5-FTrpPA20.  Data were collected in 
50/25/25 Tris/Mes/AcOH pH 8.0, 20oC, exciting at 295 nm and collecting emission intensity at 
330 nm (unlabeled) and 333 nm (5-FTrp labeled).  Concentration of all proteins was 0.8 μM.  
Solid lines represent non-linear least squares fits to the data. 
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Table 2. Equilibrium unfolding thermodynamic parameters of WT and 5-FTrp labeled PA and 

PA20  
Experiment‡ pKapp ΔG

° 
N↔I

 

kcal 
mol-1 

ΔG
° I↔U

 

kcal mol-

1 

m N↔I 
kcal mol-

1M-1 

m I↔U 
kcal mol-

1M-1 

CM N↔I 
M 

CM I↔U 
M 

WT PA 5.8 
±0.06† 

6.2 
±0.9§ 

9.1 ±3.4 4.8 ±0.7 2.4 ±0.9 1.3 
±0.02 

3.8 ±0.1 

5-FTrpPA 5.3 
±0.05 

3.8 ±0.4 4.4 ±0.5 3.2 ±0.3 1.0 ±0.1 1.2 
±0.02 

4.4 ±0.2 

        
   ΔG

° N↔U
 

kcal mol-

1 

 m N↔U 
kcal mol-

1M-1 

 CM N↔U 
M 

PA20 ND  7.4 ±1.1   2.0 ±0.3  3.7 
±0.05  

5-FTrpPA20 ND  5.0 ±0.4  1.2 ±0.1  4.2 
±0.08 

‡All data were recorded at 20°C using a Cary Eclipse spectrofluorimeter. 
†Errors in pKapp were determined by best fit to the Henderson-Hasselbalch equation, and errors in 
m value and CM were obtained from non-linear least squares fitting of the data to a three state 
model in Kaleidagraph [66]. 
§Errors in ∆G° were determined using the equation √(m2(seCM

2) + CM
2(sem

2)), where seCM
2 and 

sem
2 are the standard errors in CM and m, respectively. 

PA20 ∆G° values were determined for a single two-state N↔U transition with sloping baselines 
[67], and for comparison are placed in the same relative column as the ∆G°I↔U values found in 
PA. 
 

3.5.1 Urea unfolding of 5-FTrp labeled PA by NMR, and assignment of the PA20 resonances 

Figure 24A shows the 400 MHz 19F-NMR spectrum of 5-FTrpPA at pH 8.0, 20oC.  The 

spectrum shows at least nine separate resonances with varying amplitudes and linewidths over an 

~8 ppm range.  In order to make initial resonance assignments, we took advantage of the fact that 

urea denaturation occurs with two separate transitions, and postulated that we may be able to 

identify those resonances that arise from PA20 by following the resonances as a function of urea 

(Figure 24B).  The resonances at -42.3 ppm, -42.9 ppm, -44.8 ppm, -45.6 ppm, and -49.4 ppm 

decrease in amplitude and disappear at ~1.9 M urea.  However, the small resonances at -43.4 

ppm and -45.8 ppm increase in amplitude up to ~4 M urea, and then disappear at 5.5 M urea, 
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consistent with the second transition observed in the fluorescence experiments.  The resonance at 

-46.6 ppm increases in amplitude and shifts upfield to -46.8 ppm up to 4 M urea, and then a 

second shift is observed at 5.5 M urea to -47 ppm.  Since these latter resonances persist at higher 

denaturant concentrations and generally follows the second transition observed by fluorescence, 

we tentatively assigned these resonances to the PA20 domain.  The resonance at -47.2 ppm, 

which increases as the denaturant concentration is increased, we assign to denatured resonances, 

since it resonates close to the frequency for free 5-FTrp (-47 ppm). Because the spectrum is not 

proton decoupled, we could not distinguish individual resonances in the unfolded state at high 

urea, and therefore this resonance likely encompasses the sum denatured states of a majority of 

the labeled tryptophans.   

Based on these observations, we assigned the resonances which disappear at ~2 M urea to 

that of the PA63 region, and the remaining folded resonances which persist up to 4M urea to the 

PA20 domain.  To confirm this assignment, we carried out limited proteolysis of the labeled PA 

with trypsin, which can be used in lieu of furin to cleave PA20 from PA83, isolated PA20 and 

compared the resonances at no and 3.2 M urea to that of the WT protein (Figure 24).  First, the 

isolated PA20 at no urea exhibits six resonances for three tryptophans, suggesting these 

tryptophans are in slow chemical exchange.  Although these resonances show differences in the 

number of peaks and chemical shifts relative to PA, the resonances observed at 3.2 M urea are 

nearly identical in chemical shift and intensity to that observed in the full-length protein.  Based 

on this comparison, we assign the resonances from the native spectrum of PA (-43.4 ppm, -45.9 

ppm, and -46.6 ppm) to that of PA20. 
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Figure 24.  (A) 19F-NMR spectrum of 5-FTrpPA (230 µM). Spectrum represent 12,000 
transients in 50/25/25 mM Tris/Mes/AcOH, pH 8.0 with 10% D2O. Data were referenced to an 
internal standard of 0.02 mM pF-Phe and processed with 10 Hz of line broadening. (B) Urea 
denaturation of 5-FTrpPA as measured using 19F-NMR.  Each spectrum represents 7000 
transients recorded at 20oC, 300 µM in 50/25/25 mM Tris/Mes/AcOH, pH 8.0 with 10% D2O.  
(C) Comparison of 19F-NMR spectra of 5-FTrp PA20 to that of full-length PA (PA83) at 3.2 M 
urea.  PA20 was at 150 µM and represents 16,000 transients recorded at 20oC.  Note that the 
resonances in PA83 at -43.5 ppm, -46 ppm and -46.8 ppm are at identical positions to that of 
PA20. Data were referenced to an internal standard of 0.02 mM pF-Phe. 
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3.5.2 Mutagenesis to assign resonances in the PA63 region 

At this point we decided to not pursue assigning the PA20 resonances by mutagenesis, but 

rather focus on those resonances that would be found in the heptameric pre-pore state.  To assign 

the resonances in the PA63 region, we made relatively conservative mutations (Trp->Phe/Tyr) 

that in theory would not disrupt stability or folding, and thus not perturb the 19F-NMR spectrum, 

only that the mutation would result in a loss of one of the resonance peaks [55].  The following 

mutants were made: Trp206Tyr, Trp226Phe, Trp346Tyr, and Trp477Phe.  We could not produce 

the labeled Trp226Phe and Trp477Phe proteins, probably due to an effect on stability of the 

protein.  Trp226 is relatively solvent exposed, but is located ~5 Å from the two calcium ions in 

the structure, and the carbonyl of Trp226 forms a hydrogen bond with the amide hydrogen of 

Asp235, which coordinates one of the calcium ions.  Thus a tryptophan at 226 may provide a 

necessary conformational constraint for calcium binding that cannot be achieved if this residue is 

a phenylalanine.  Trp477 is near the N-terminus of the domain 2α3 helix that bridges interactions 

with domain 3, and local contacts around Trp477 include Pro232 and Tyr233 (domain 1’), 

Pro260, Pro373 and Ileu459 (domain 2), forming a hydrophobic pocket.  A phenylalanine at this 

position may disrupt the local van der Waals contacts, potentially destabilizing contacts that span 

an ~200 residue range.  

We could produce the labeled Trp346Tyr, but only at very low levels.  In initial experiments, 

we tried labeling the Trp346Phe mutant for which we have a three-dimensional crystal structure 

[61], but this labeled protein proved to be too unstable, and we could not accumulate enough 

pure protein for a spectrum.  We were able to obtain enough labeled protein for a spectrum of 

Trp346Tyr (Figure 25A), but this mutant was also unstable and showed significant chemical shift 

changes in the native spectrum that made assignment of this resonance difficult.  We note that 
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the resonance at -49.5 ppm is missing, however this may have shifted downfield to the new 

resonance that appears at -48 ppm.   

The Trp206Tyr protein exhibits a spectrum that is nearly identical to the WT labeled 

protein, and the only loss in intensity which we observe is the loss of the small peak at -47.2 ppm 

(Figure 25A).  We had initially assigned this resonance to a partially denatured form of PA that 

exists in the absence of denaturant (Figure 25A), but may be due to the Trp206 resonance.  In 

any case, the lack of resonance intensity for this tryptophan suggests that the Trp206 may be 

undergoing moderately fast chemical exchange, which could result in significant line 

broadening.  Consistent with this notion, the B-factors in this region are typically high across 

crystal structures solved to date of PA, suggesting that this residue may be able to sample 

multiple conformational environments.   

To determine whether the line broadening of Trp206 was due to factors that depended on 

the protein conformation, we purified both the labeled PA and Trp206Tyr proteins, and partially 

denatured these at 3.2 M urea, which is at the midpoint between the two identified transitions.  

The addition of denaturant to the approximate midpoint of the transition should lead to unfolded 

resonances corresponding to Trp206, 226, 346 and 477, while the resonances corresponding to 

PA20 should remain largely folded.  For Trp206Tyr, the unfolded resonance should exhibit a 

smaller amplitude, corresponding to the loss of a single fluorine.  At 3.2 M urea, we observe a 

major resonance at -47.2 ppm, and three smaller resonances (-43.6 ppm, -46 ppm and -47 ppm) 

(Figure 25B).  The three smaller resonances we attribute to the PA20 domain (see Figure 25B for 

comparison).  Importantly, at 3.2 M urea we observe a loss in the unfolded resonance intensity, 

likely due to the loss of a fluorine resonance from the Trp206Tyr mutation.   
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Figure 25.  
19F-NMR peak assignment through mutagenesis. (A) 19F-NMR spectra of WT PA, 

Trp206Tyr and Trp346Tyr PA.  Data were recorded at 20oC, 230 µM (WT), 250 µM, 
(Trp206Tyr), 200 µM (Trp346Tyr), in 50/25/25 mM Tris/Mes/AcOH, pH 8.0 with 10% D2O. 
Spectra represent 12,000, 11,000 and 14,000 transients, with a 5 s relaxation delay. (B) 
Comparison of WT and Trp206Tyr at 3.2M urea.  Both are at 150 µM and 16,000 transients.  
Data were referenced to an internal standard of 0.02 mM pF-Phe. 
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3.5.3 Crystallization of the 5-FTrp labeled W206Y mutant. 

To further determine if there are structural changes upon labeling, we crystallized the 

W206Y mutant, which was solved to 1.7 Å resolution.  The structure is shown in Figure 26, and 

data collection and refinement statistics are shown in Table 3.  The structure overlays well with 

the WT and 2-FHis labeled protein (PDB:3Q8B and 3MHZ, respectively), again indicating that 

5-FTrp labeling is minimally perturbing to the structure of the protein.   However, there are some 

subtle structural changes and new contacts to the fluorine atoms that are formed, in particular 

within the PA20 domain. 

Table 3.  Crystallographic data for Protective Antigen 5-FTrp (W206Y). 
 
 

 Protective Antigen 5-FTrp (W206Y) 

Data Collection  
Unit-cell parameters (Å, o) a=71.30, b=93.95, c=117.70 
Space group P212121 
Resolution (Å)1 46.98-1.70 (1.73-1.70) 
Wavelength (Å) 1.0000 
Temperature (K) 100 
Observed reflections 348,394 
Unique reflections 86,339 
<I/σ(I)>1 12.4 (1.8) 
Completeness (%)1 99.8 (99.0) 
Multiplicity1 4.0 (4.1) 
Rmerge (%)1, 2 6.6 (71.7) 
Rmeas (%)1, 4

 7.6 (83.5) 
Rpim (%)1, 4

 3.7 (39.8) 
CC1/2 

1, 5
 0.998 (0.792) 

Refinement  
Resolution (Å) 1 46.98-1.70 
Reflections (working/test)1 78,632/4149 
Rfactor / Rfree (%)1,3 17.9/20.9 
No. of atoms (Protein 
/Ca2+/Water) 

5,351/2/400 

Model Quality  
R.m.s deviations   

Bond lengths (Å) 0.009 
Bond angles (o) 1.108 

Average B-factor (Å2)  
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Table 3 (continued)  

 
All Atoms 27.4 
Protein 27.2 
Ca2+ 13.5 
Water 29.6 
Coordinate error(maximum 
likelihood) (Å) 

0.15 

Ramachandran Plot   
Most favored (%) 96.9 
Additionally allowed (%) 3.1 

 
1) Values in parenthesis are for the highest resolution shell. 
2) Rmerge = ∑hkl∑i |Ii(hkl) - <I(hkl)>| / ∑hkl∑i Ii(hkl), where Ii(hkl) is the intensity 

measured for the ith reflection and <I(hkl)> is the average intensity of all reflections with 
indices hkl.  

3) Rfactor = ∑hkl ||Fobs (hkl) | - |Fcalc (hkl) || / ∑hkl |Fobs (hkl)|; Rfree is calculated in an  
identical manner using 5% of randomly selected reflections that were not included in the 

refinement. 
4) Rmeas = redundancy-independent (multiplicity-weighted) Rmerge [[69, 77]].  Rpim = precision-

indicating (multiplicity-weighted) Rmerge [[78, 79]].  
5) CC1/2 is the correlation coefficient of the mean intensities between two random half-sets of 

data [[80, 81]]. 
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Figure 26.  X-ray crystal structure of 5-FTrpPA (Trp206Tyr) refined to 1.7 Å.  (A) The positions 
of the 5-fluorotryptophan (FTrp) (gray) and Tyr206 residue are represented as cylinders.  PA is 
colored as follows: The PA20 portion of domain 1 (magenta), domain 1’ (orange), domain 2 
(green), domain 3 (blue) and domain 4 (cyan).  The domain 2β2-2β4 loop that contacts the 
receptor is shown in red and Ca2+ ions are drawn as gold spheres.  (B) Superposition of WT PA 
(PDB: 3Q8B) drawn in worm style (gray).  The Trp residues in WT PA are colored green.  (C) 
Representative electron density map (Fo-Fc omit) for residue FTrp 226 contoured at 3σ.  (D)The 

loop spanning Ser168-Val175 could be traced to the electron density in the current structure.  (E)  
Thr169 in the PA 5-FTrp structure (magenta) would clash with Asp93 as shown for 3MHZ 
(green) and 3Q8B (cyan).  Therefore, Asp93 in PA 5-FTrp is moved away from the Ser168-
Val175 loop as indicated by the arrow.  Note that the side chain was disordered for Asp93 in the 
PA 5-FTrp structure.  This results in a change in the backbone carbonyl conformation of Asp92 
as indicated by the asterisks.  (F) Contacts between Lys117 and residues Ser168-Val175 loop.  A 
water mediated contact is formed with Thr174. 
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For example, when comparing the structure of 5-FTrp to the WT (PDB 3Q8B) and 2-

fluorohistidine (3MHZ) labeled forms [21, 82], we noticed that particular regions could be traced 

to the electron density maps in the former which were disordered in the latter two structures.  

This includes Lys72-Lys73 backbone, Glu51-Glu54 and the loop from Ser168-Val175. The 

Ser168-Val175 loop is in close proximity (3.5 to 4.0 Å) to Trp90 (Figure 26D).  This results in a 

conformational change in the nearby loop spanning Trp90 to Gln94 relative to 3Q8B and 3MHZ.  

Specifically, Asp93 moves away from the Ser168-Val175 loop as it would clash with Thr169, 

and results in a change in the backbone conformation at Asp92 (Figure 26E).  This permits the 

formation of a water mediated contact to the backbone carbonyl of Gln115.  Stabilization of the 

Ser168-Val175 loop occurs by interactions with Lys117 as shown in Figure 26F.   

 

3.5.4 Assignment of the Trp346 resonance using PRE 

Because of the instability of the Trp346Tyr mutant we could not conclusively assign this 

resonance (Figure 25), and thus used paramagnetic relaxation enhancement (PRE) to aid us in 

assigning this resonance.  We did this by generating a cysteine mutant of a nearby residue 

located in domain 4, Glu712Cys.  There are no cysteines naturally in PA and thus the mutant 

Glu712Cys is the only residue available for labeling, and does not affect the function of PA [30, 

61].  The Cα-Cα distance between Glu712Cys and Trp346 is ~16 Å (Figure 26), within the range 

capable of observing PRE [83].   

We labeled Glu712Cys with MTSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-

yl)methyl methanesulfonothioate), and compared the spectrum of MTSL labeled PA to that of 

MTSL labeled PA treated with TCEP, which reduces the paramagnetic nitroxide spin label to a 

diamagnetic species [84]. The 19F-NMR spectrum of MTSL labeled PA, in the absence and 
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presence of TCEP, is shown in Figure 27.  The resonance at -49.5 ppm exhibited the largest 

increase in amplitude in the presence of TCEP, and thus we assigned this resonance to Trp346. 

Assignment of this tryptophan was also corroborated from measurements of pH sensitivity and 

receptor binding (see below). 

 
Figure 27. 19F-NMR peak assignment through paramagnetic relaxation enhancement.  
Glu712Cys PA was labeled with the nitroxide spin label MTSL.  Cys712 is the only cysteine 
present in PA. The closest tryptophan to Cys712 is Trp346, and the Cα-Cα distance is 16.1 Å 
(Top).  Spectra with or without the reducing agent TCEP are shown.  Data were recorded at 
20oC, 150 µM in 50/25/25 mM Tris/Mes/AcOH, pH 8.0 with 10% D2O. Spectra represent 8,800 
transients, with a 5 s relaxation delay.  Data were referenced to an internal standard of 0.02 mM 
pF-Phe. 
 
 
3.5.5 

19
F-NMR experiments as a function of pH 

Figure 28A shows the effect of pH on the resonances of PA.  The most dramatic change is 

the loss of the Trp346 resonance at low pH (pH 5), and this is most likely due to an increase in 

chemical exchange.  We did not observe a significant loss in the other remaining resonances, 

suggesting that this resonance alone was sensitive to pH.  We also note that the unfolded 
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resonance at -47.2 ppm increases as the pH is lowered, and is concomitant with the decrease in 

intensity observed in the folded Trp346 resonance.  We reasoned that, since the domain 2β3-2β4 

loop binds in a groove on the receptor surface, receptor binding should result in an 

environmental change in Trp346.  Furthermore, receptor binding results in stabilizing contacts to 

the domain 2β3-2β4 loop [18], and is known to stabilize the pre-pore against variations in pH that 

result in pore formation (pH 5-6) [62], and thus the Trp346 should be less prone to undergoing 

chemical exchange when bound to the receptor.  In Figure 28B, we compare spectra of PA, and 

PA with a 2-fold excess of CMG2 at pH 8.0 and pH 5.0.  There is substantial chemical shift 

change in the Trp346 resonance (-49.6 ppm to -49 ppm) at pH 8.0, but very little change in the 

other resonances, again indicating that the resonance at -49.6 ppm is the Trp346 resonance.  At 

pH 5 the resonance has moved to -49.4 ppm, but remains visible, and there is a lack of a 

discernible unfolded resonance.  This indicates that receptor binding has stabilized the protein to 

variations in pH. 
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Figure 28.  19F-NMR spectra of 5-FTrpPA alone (A) and in the presence of the host receptor 
capillary morphogenesis protein 2 (CMG2) (B) as a function of pH.  Spectra in A represent 
12,000 transients, and were recorded at 5oC, 250 µM in 50/25/25 mM Tris/Mes/AcOH,  
10% D2O, and referenced to an internal standard of p-F-Phe (0.02 mM).  In B, spectra  
represent 16,000 transients and were recorded as in A but with 150 µM 5-FTrpPA and  
300 µM CMG2. 
 
 
3.5.6 

19
F-NMR experiments as a function of temperature 

We wanted to further explore the effect of receptor binding on the structure of the protein, 

focusing on the temperature dependence of the resonances.  Our expectation was that the Trp346 

resonance would experience an increase in chemical exchange as the temperature increased, 

reducing the resonance amplitude. The results of our temperature experiments in the absence of 
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receptor are shown in Figure 28A, and in the presence of receptor in Figure 28B.  In Figure 298, 

two of the resonances that correspond to PA20 (-43.4 ppm, -45.9 ppm) undergo a sharp increase 

at 37oC.  Also, at 37oC the unfolded resonance (-47.2 to -47.6 ppm) appears as a broad peak with 

four distinct resonances.  These are likely the unfolded resonances within the PA63 region.  For 

Trp346, this resonance experienced the largest chemical shift change, moving from -49.6 ppm at 

5oC to -49.2 ppm at 37oC.  With the exception of the PA20 resonances, the amplitude of the 

resonances decreased as the temperature increased, and by the same degree.  Thus, the Trp346 

seemed to be as sensitive to temperature as the remaining PA63 resonances.  

In Figure 28B, we added a 2-fold excess of the receptor CMG2, and carried out identical sets 

of experiments to that in Figure 28A.  Again we observe the downfield shift in the Trp346 

resonance when the receptor is bound, but as the temperature is increased the Trp346 resonance 

does not shift any further.  The major difference we observe is the significantly reduced 

amplitude of the unfolded resonances.  Furthermore, while there is a small increase in the two 

PA20 resonances (-43.4 ppm, -45.9 ppm), the increase is smaller than observed in the absence of 

receptor, suggesting that the effect of receptor binding is not simply a local effect, but can be 

transmitted to residues within domain 1.  
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Figure 29.  19F-NMR spectra of 5-FTrpPA alone (A) and in the presence of the host 
  receptor capillary morphogenesis protein 2 (CMG2) (B) as a function of temperature. 

Spectra in A represent 12,000 transients, 250 µM in 50/25/25 mM Tris/Mes/AcOH, 
  10% D2O. In B, spectra represent 9,000 transients and were recorded as in A but with 

     300 µM 5-FTrpPA and 600 µM CMG2.  Note the lack of an unfolded resonance at 37oC 
   in B compared to A.  Data were referenced to an internal standard of 0. 1 mM pF-Phe. 
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3.6. Labeling yield of PA with FTrpPA 

3.6.1. Mass spectrometry analysis of FTrpPA 

FTrpPA (500 pmol) was dissolved in 100 μL 8 M urea and 50 mM ammonium 

bicarbonate for 5 min to denature the protein. The sample was then diluted to be 2 M urea 

concentration with 50 mM ammonium bicarbonate, and digested for overnight at 37 °C by 0.75 g 

of LysC (Wako Chemicals Richmond, VA). After the digestion, the solution was acidified by 

adding 10 L of formic acid, and the digest was desalted using an Ultra Micro Spin C18 column 

(Nest Group, Southboro, MA) according to the manufacturer’s instructions. The digest was then 

analyzed by LCMS/MS using an UltiMate 3000 LC systems (Dionex, San Fransisco, Ca) 

interfaced to a LTQOrbitrap XL mass spectrometer (ThermoFinnigan, Bremen, Germany) as 

described previously (1).  

The ions for FTrp labeled and unlabeled peptides were extracted from the obtained total 

ion current chromatogram, and the chromatographic areas between labeled and unlabeled peptide 

peaks were compared to calculate the labeling yield. An example for peptide containing FTrp is 

shown in Figure 30. As can be seen, the area for labeled peptide (Fig, 30) was 24.6times larger 

than that of the unlabeled peptide. Table 4 summarizes the labeling yields of FTrp in PA. Even 

though we could not confirm the labeling yield of three tryptophan residues (Trp206, 346 and 

477), the labeling yields for other tryptophan residues (Trp65, 90, 136 and 226) were >95%. The 

results indicate that the labeling yield of PA with FTrp was >95%.  
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Figure 30. Labeling yield of FTrp226. A) Total ion current chromatogram, B) Extracted ion 
(m/z 775.82, z=2) chromatogram of FTrp labeled peptide, C) Extracted ion (m/z 766.83, z=2) 
chromatogram of unlabeled peptide.  



69 
 

Table 4. Labeling yields of F-Trp residues in PA 
 

 

a Peptide position  

 

3.7 Discussion  

PA undergoes several structural changes during the course of anthrax toxin pathogenesis, 

including receptor binding followed by oligomerization and endocytosis, and at acidic pH the 

formation of a membrane spanning pore [13].  In an effort to better understand these structural 

changes at a residue-specific level, we have carried out an initial study whereby we have 

biosynthetically incorporated 5-FTrp into the monomeric, 83 kDa form of PA, and have used 

19F-NMR to probe the structure of the protein under a variety of conditions.   

In order to determine the effect of fluorine labeling on the stability of the protein, we carried 

out pH and urea denaturation experiments, following unfolding by monitoring the changes in 

tryptophan fluorescence.  The results of these experiments, which again are summarized in Table 

2, suggest that while the 5-FTrpPA is slightly more stable to acidic pH than the WT, the 5-FTrp-
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labeled PA or PA20 domain exhibits a small decrease in the ∆G° of unfolding to urea, which 

seems mainly attributable to differences in the m values.  However, an important caveat in the 

interpretation of these differences is the fact that the fluorescence properties of the 5-FTrp and 

Trp are different [76] (see Figure 23A), and the pre- and post-transition baselines are not well 

defined.  Clearly, further work is needed to elucidate the potential thermodynamic differences 

between the fluorine labeled and unlabeled proteins.  

We also report the 1.7 Å crystal structure of the 5-FTrp labeled PA Trp206Tyr, and the 

structure shows some small differences in comparison to the WT protein, most notably that we 

are able to observe regions of electron density that are missing in the WT structure.  Importantly, 

both structures overlay well with one another (Figure 26B), indicating that 5-FTrp labeling is 

minimally perturbing to the structure.  Since the native state structures of the labeled an 

unlabeled proteins are similar, this lends strong support to the conclusions we draw with the 5-

FTrp labeled PA, that the effects that we observe by NMR (pH sensitivity, effects of CMG2 

binding, for instance) are likely to be similar to that of the WT protein.  

The ability to assign the Trp346 resonance, which lies near the interface between PA and 

CMG2 [18], allowed us to probe how this resonance changes in the presence of receptor, and 

whether the Trp346 resonance is sensitive to variations in pH.  The first crystal structure of PA 

[9] postulated that the domain 2β3-2β4 loop was sensitive to pH, that at lower pH values the 

electron density within this region became disordered.  We have also crystallized PA and 

compared structures a low and high pH, and in some structures we could observe an increase in 

disorder at low pH (~5), whereas for the WT protein, surprisingly, showed no increase in 

disorder [61].  We find that the resonance intensity of Trp346 specifically decreases as the pH is 

lowered, providing strong evidence that the domain 2β3-2β4 loop undergoes conformational 
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exchange at low pH.   The mechanism of the structural change that occurs in this loop as the pH 

is lowered has yet to be determined.   

Receptor binding clearly has a stabilizing influence on the structure of the protein. While the 

Trp346 undergoes a substantial chemical shift change (~0.6 ppm) upon receptor binding, we did 

not observe the same loss in intensity of this resonance at either low pH or at higher 

temperatures.  Also, the unfolded resonance intensity is attenuated (low pH or higher 

temperatures) when the receptor is bound.  The effects that we observe on the temperature 

dependence of the resonances suggest that the receptor stabilization is not only local to the 

binding interface, but is more long-range.  This effect is consistent with studies following 

histidine-hydrogen deuterium exchange kinetics [61], where the rates of histidine-hydrogen 

deuterium exchange were slowed upon receptor binding, even for residues >40 Å from the 

binding interface.   

 

3.8. Conclusions 

Our studies here provide an initial step toward following the conformational changes that 

occur in the anthrax toxin at low pH.  Based on the experiments here, the feasibility of using 19F-

NMR to follow structural changes in PA is warranted.  One important question we wish to 

address using this method is the order of events leading to the formation of a pore.  We have 

proposed [13] that an initial step in the formation of the pore from the pre-pore state is the 

closure of the φ-clamp, a ring of phenylalanines (Phe-427) located within the lumen of the pore 

that clamps down on its substrate (either edema factor or lethal factor) and is required for protein 

translocation[39].  In initial experiments, we have used mutagenesis to replace this phenylalanine 

with a tryptophan and have labeled the protein with 5-FTrp, and we are able to observe this 
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resonance (F-Trp427) in both the pre-pore or pore states.  Therefore, in the future we should be 

able to follow this resonance during the process of pore formation in real time [57, 58].  In any 

case, fluorine NMR opens the possibility of exploring structural changes in this protein at a 

residue-specific level. 
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CHAPTER 4 

4. MONITORING THE CONFORMATIONAL CHANGES IN 

THE PREPORE TO PORE CONVERSION OF THE ANTHRAX 

TOXIN PROTECTIVE ANTIGEN USING 
19

F-NMR 

 

 
4.1 Introduction 

Anthrax toxin is an AB toxin secreted by Bacillus anthracis, and is composed of three 

proteins: Lethal factor (LF), Edema factor (EF), and Protective antigen (PA). PA binds to a 

host cellular receptor, and is proteolytically transformed into a prepore which is composed of 7-8 

63 kDa PA subunits arranged in a donut shaped structure. The formation of the prepore allows 

EF and LF to bind PA, and then the entire complex, which constitutes the anthrax toxin, is 

endocytosed into the cell. The toxin is trafficked to low pH endosomes, at which time the 

prepore undergoes a major conformational change to form a membrane spanning pore. The 

formation of the pore is critical for pathogenesis, as it allows EF and LF entry into the host 

cytosol.  EF and LF can then disrupt host cellular processes, contributing significantly to the 

disease pathogenesis [15, 16, 40]. 

The pore consists of an extended, 14-stranded β-barrel which includes the domain 2β2-

2β3 strands that cover the transmembrane region (residues 302-325) and the 2β3-2β4 loop which 

interacts with the receptor [9, 39].  However, in early studies Sellman et al. [10] found that 

Phe427, which is located in a loop-linking domain 2β10-2β11 and is conserved among PA 

homologs, is a residue critical for EF and LF translocation [35, 49]. Elegant studies by Krantz 

have shown that Phe427 forms a narrow iris upon pore formation (Figure 31), and that this is 

important for maintenance of a pH gradient, and for interacting with EF and LF during the 
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translocation process [39, 44, 85-88].  In addition, recent electron microscopy (EM) analysis 

shows a constriction near this location, consistent with these studies [32].   

In this chapter, we have biosynthetically incorporated 5-fluorotryptophan (5-FTrp) into 

PA and have isolated the heptameric form (prepore) for 19F-NMR studies.  Our intent was to be 

able to show that there are distinct resonances between the prepore and pore states, and to 

potentially corroborate previous transfer cross-saturation NMR experiments that show that the 

domain 2 β3-β4 loop becomes disordered at pH values (~6.0) that are low, but do not induce pore 

formation.  We also mutated Phe427, a residue critical for translocation of EF and LF, to 

tryptophan and biosynthetically labeled this mutant with 5-fluorotryptophan (5-FTrp) for 19F-

NMR studies.  Because of the large MW of the prepore (~446,000 Da), the observed resonances 

are broad, however the Trp427 resonance is narrower, and approaches the chemical shift of the 

unfolded form of PA, suggesting that the Trp427 resonance is more mobile in the prepore state.  

We were also able to confirm the rather narrow linewidth of Phe-427 by site-specifically 

incorporating 19F-Phe at Phe-427 using the Fürter method.  Our data confirms the presence of an 

intermediate form of PA in which the domain 2β3-2β4 loop appears to unfold at low pH, but does 

not form a pore.  
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Figure 31. Heptameric prepore (PDB:1TZO), with seven Phe 427 residues modeled into the 
structure by overlaying the structure of PA (1T6B) with the heptamer using COOT[72, 89].  
Figure generated using PyMOL v1.3. 
 
 
 
4.2 Experimental Procedure 

 E. coli strain DL41 was obtained as a gift from the Yale E. coli genetic stock center. All 

chemicals prepared were reagent grade.   
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4.2.1 Plasmid Construction and Mutagenesis for F-Trp427 

 Plasmid pQE80-PA83 was used for generating mutations within the PA gene[66].  We 

have used the following forward primer to create the mutants Phe427Trp: (5’ to 3’) 

CAACGGGATCAAGAAAATTTTAATCTTTTCTAAAAAAGGCTATGAGATAGGA and the 

reverse primer (5’ to 3’) GTTGCCCTAGTTCTTTTAAAA 

TTAGAAAAGATTTTTTCCGATACTCTATCCT using the Quickchange mutagenesis kit from 

Stratagene.  Sequences were confirmed at the Protein Nucleic Acid Laboratory (PNACL) at 

Washington University in St. Louis, MO. 

 

4.2.2 Plasmid Construction and Mutagenesis for F-Phe427 

The E coli phenylalanine auxotroph/p-fluorophenylalanine resistant strain K10F6∆ has 

been described [90].  QuikChange mutagenesis kit was used for the mutagenesis of the Phe427 to 

an amber codon in pQE80-PA83 [66] using the following primers: Forward (5’ to 3’) 

CAATCGCATTAAATGCACAAGACGATTAGAGTTCTACTCCAATTACAATG and 

Reverse (5’ to 3’) CATTGTAATTGGAGTAGAACTCTAATCGTCTTGTGCAT 

TTAATGCGATTG. The PheRS expression cassette was obtained as a PvuII restriction fragment 

from the plasmid pRO148 [90].  This was then inserted into the SmaI site of the pQE80-PA83-

amber plasmid. The plasmid pRO117, which encodes the yeast tRNA Phe/amber-ext expression 

cassette, has also been described [90].  The resulting plasmids (pQE80-

PA83amberPheRS/pRO117) were then sequentially transformed into K10F6∆ and used for 

labeling. 
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4.2.3 Protein Production for F-Trp427 

 The pQE80-PA83 plasmid was transformed into the E. coli tryptophan auxotrophic strain 

DL41 (obtained as a gift from the E. coli genetic stock center, Yale University. Cells were grown 

in a defined media that is identical to ECPM1, but substituting the casamino acids for defined 

amino acids. Tryptophan concentration was 0.25 mM.  The grown bacteria cells to an optical 

density (OD600) of 3.0 at 32°C, were washed twice with 0.9% NaCl. After this step, cells were 

added to the same media containing 0.25 mM 5-FTrp in place of tryptophan was added to the 

cells and resuspended.  The cells were then incubated for 10 minutes prior to the addition of 

IPTG to 1 mM at 26°C. 

 

4.2.4 Protein Production for F-Phe427 

 Strain K10F6∆[90]  transformed with the plasmid pQE80-PA83amberPheRS/pRO117 was 

grown in the presence of 100 μg/mL ampicillin, 50 μg/mL kanamycin, in a defined media that is 

identical to ECPM1, but with defined amino acids instead of casamino acids.  Phenylalanine and 

p-fluorophenylalanine concentration prior to induction was 0.2 mM and 3.0 mM respectively. 

The bacteria cells grown to an optical density (OD600) of 3.0 at 32°C, and then they were 

washed twice with 0.9% NaCl. After this step, cells were added to the same media containing 

phenylalanine and ρ-Fluoro phenylalanine concentration of 0.08 mM and 3.0 mM respectively.  

The cells were afterwards incubated for 10 minutes prior to the addition of IPTG to 1 mM at 

26°C. “The cells were grown at 26°C for an additional 4 hours prior to harvesting, and the final 

OD600 was ~5. 
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4.2.5 Protein Purification 

 Preparation of PA: After induction, cells were harvested using swinging bucket 

centrifuge at 3500 rpm in a at 4°C, and the pellet was resuspended in a buffer containing 20 mM 

Tris-HCl, pH 8.0, 20% sucrose, and 1 mM EDTA for 15 min at room temperature.  Cells were 

then centrifuged for 15 min at 8,000 x g at 4°C, and the pellet resuspended in ice-cold 5 mM 

MgSO4.  Before centrifugation, 1 M Tris-HCl pH 8.0 was added to a final concentration of 20 

mM and cells were centrifuged at 4 °C (8000 x g). The supernatant was filtered (0.2 μM, 

Millipore ES) and applied to a Hi-Trap Q anion exchange column pre-equilibrated in 20 mM 

Tris-HCl, pH 8.0 (4 °C).  PA was eluted with a NaCl gradient on an Aktä Prime LC system. 

Fractions were concentrated using an Amicon Ultra-15 10 kDa centrifugal filter (Millipore), and 

then applied to a Sephadex S-200 gel filtration column pre-equilibrated in 20 mM Tris-HCl, 150 

mM NaCl, pH 8.0 (4°C).  Pure protein fractions were identified using SDS-PAGE, pooled, and 

concentrated [65]. Production of PA63 was carried out using a trypsin nicking protocol, whereby 

10 mg of PA83 protein was digested with 10 μg of Trypzean (Sigma) for 30 minutes at room 

temperature, followed by the addition of an excess of soybean trypsin inhibitor (100 μg) on ice.  

The PA63 fragment was purified over a H-Trap Q column equilibrated in 20 mM Tris pH 8.5, 1 

mM CaCl2, eluting with a NaCl gradient. “CMG2 was CMG2 was prepared and purified as 

described previously [20]. 

 

4.2.6 Circular Dichroism of PA monomer (far UV) 

Jasco J810 spectropolarimeter was used for CD measurements.  Spectra were measured 

in 10 mM HEPES pH 8.0 at a concentration of 8 μM, using a 0.1 cm pathlength cell at 20°C.  

The response time was 2 s and the scan rate was 20 nm per minute. 
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4.2.7 Conversion of Prepore to SDS-Resistant Pore State followed by SDS-PAGE 

 2 µl of 100 µM CMG2 was added to 6 aliquotes of  8 µl 12.5 µM (PA63)7 prepore and 

incubated for 15 minutes to allow complete binding at room temprerature. The final ratio of 

CMG2 to PA was 2:1. Then 10 µl of buffers added to the aliquots and incubated for 1 hour at 

room temperature. Buffers used for Pore formation Assay were 1 M Bistris pH 5, 5.5, 6, 6.5 and 

Hepes pH 7 and 8. After incubation, samples were exposed to 1.25% SDS for 20 minutes, then 4 

µl dye was added and then separated on a 4-20% Tris-Glycine gel in SDS running buffer. 

 

4.2.8
 19

F- NMR Spectra of F-Trp427 

 A Varian INOVA 400 MHz spectrometer equipped with a tunable inverse detection 

probe was used for acquiring NMR spectra.  Spectra were recorded at 20 oC, and samples were 

in 50/25/25 mM Tris/Mes/AcOH buffer at pH 8.0, 8.5 and 5.5 for monomer, prepore and pore 

respectively, and for the NMR spectra of the prepore and pore, 0.4 M NaCl and 1 mM CaCl2 and 

1 mM MgCl2 were added to the buffer.  Spectra were acquired using a 90o pulse width, a recycle 

delay of 5 s, and were referenced to an internal standard of ρ-Fluoro phenylalanine as described 

where?, and for a field frequency lock 10% D2O was added. Spectra typically required >10,000 

transients for adequate peak visualization, and were processed with 20 Hz of line broadening 

[91].   

 

4.2.9 
19

F- NMR Spectra of F-Phe427 

 Spectra were acquired on a Varian INOVA 400 MHz spectrometer equipped with a 

tunable inverse detection probe.  Spectra were recorded at 5oC, and 50/25/25 mM 

Tris/Mes/AcOH buffer 8.5 monomer and prepore with 10% D2O added for a field frequency 
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lock.  For the heptamer 0.4 M NaCl were added to the buffer. Spectra were acquired using a 90o 

pulse width, a recycle delay of 5 s, and were referenced to an external standard CF3COOH 

(trifluoro acetic acid). Spectra typically required >10,000 transients for adequate peak 

visualization, and were processed with 20 Hz of line broadening. 

 

4.2.10 
19

F-NMR studies incorporating FOS-14 Detergent  

FOS-14 (Fos-choline-14, Anatrace, Maumee, OH) in water (1 M) was added to give a 

final molar ratio of PA to detergent is 1:1000, in order to prevent aggregation [50]. However, we 

found that we required concentrations at ~1:5000 to achieve completely solubility at low pH (pH 

5.5). Samples were then incubated for one hour in the presence of FOS-14 in 50mM Tris/25mM 

MES/25mM AcOH pH 8.5 and 0.4 M NaCl. The pH was then dropped to pH 5.5–6.0 by the 

addition of 1M HCl, and the samples were incubated for 1 h prior to measurements. The pH 

values were verified before each measurement. 

 

4.2.11 
19

F NMR Spectra of F-Trp427-CMG2 Complex 

 Purified von Willebrand factor A domain of CMG2 (550 μM) was added to PA heptamer 

to give a ratio of (1 PA63 : 2 CMG2). The final concentration of PA63 was 150 μM, and CMG2 

was 300 μM. Spectra were acquired on a Varian INOVA 400 MHz spectrometer equipped with a 

tunable inverse detection probe.  Spectra were recorded at 20oC, and 50/25/25 mM 

Tris/Mes/AcOH buffer 8.5 monomer and prepore with 10% D2O added for a field frequency 

lock.  For the heptamer 0.4 M NaCl were added to the buffer. Spectra were acquired using a 90o 

pulse width, a recycle delay of 5 s, and were referenced using  0.02 mM p-fluorophenylalanine. 
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Spectra typically required > 20,000 transients for adequate peak visualization, and were 

processed with 20 Hz of line broadening. 

 

4.2.12 Summary of materials and methods for EM studies 

Samples were prepared for transmission electron microscopy (TEM) by adsorption of 3 

uL of 200 nM purified prepore to carbon-coated grids after glow-discharge at 15 mA for 30 

seconds. After adsorption, the grids were washed twice with deionized water and stained with 

2% uranyl acetate for 20 seconds, then again for 1 minute. Micrographs were obtained with a 

FEI Tecnai G2 Twin Spirit (T12) electron microscope. Digital micrographs were obtained using 

a Gatan US4000 (4kx4k) ultra-high sensitivity CCD camera. Reference-free class averages were 

developed using the image processing software, EMAN2 [92-94].  

 

4.3 Results 

  In previous work, we have utilized 19F-NMR to study the structure of the full-length PA 

protein [95] as a function of temperature and pH, in the presence and absence of the von 

Willebrand factor A domain of the receptor capillary morphogenesis protein 2. We used 

commercially available 5-FTrp to label PA, and proteins were >95% labeled as determined by 

electrospray mass spectrometry (ESI-MS). It was shown that the fluorine resonance due to 

Trp346 in PA was sensitive to changes in pH, such that at low pH the native resonance 

disappeared with a concomitant increase in the denatured resonance.  This was consistent with 

crystallographic studies that showed that domain 2β3-2β4 loop became disordered at low pH [9].  

We also show Trp346 is considerably stabilized to both pH and temperature when bound to 

receptor, which was consistent with its proximity to the binding interface.  Herein, we have 



82 
 

focused our efforts on understanding the structural change that occurs in the transition from a 

heptameric prepore to a pore at low pH.  To do this, we have again labeled PA with 5-FTrp, but 

following the resonances of the prepore state as a function of pH.  Because pore formation has 

been shown to depend, in part, on Phe 427 [48], we also created a mutant of PA in which Phe427 

was changed to tryptophan, to follow this resonance as a function of pH. 

Figure 32 shows the 19F-NMR spectra of PA and Phe427TrpPA labeled with 5-FTrp, in 

both the monomeric form (PA83) and heptameric prepore (PA63)7 states. In the prepore, we 

observe significantly broadened resonances, consistent with the larger size and slower overall 

tumbling motion of the heptamer.  The resonance at -49 ppm we assign to the 19F-Trp346 

resonance, because of proximity to the Trp346 resonance in monomeric PA83 (-49.4 ppm).  We 

also observe a loss of resonances at ~-44.9 ppm and ~-44.7 ppm, which we have previously 

assigned to the PA-20 domain.  This domain is lost upon proteolytic cleavage of PA83 to form the 

heptameric prepore [23].  For the Phe427Trp mutant, in the monomeric form we find a new 

resonance at ~-47 ppm, which we have assigned to 19F-Trp427.  Comparison of the WT prepore 

to the prepore of Phe427Trp, we observe a larger, narrower peak at -46.8 ppm.  We assign this 

peak to primarily 19F-Trp427 (in the WT we observe also a smaller peak at -47 ppm, which likely 

contributes some intensity to the 19F-Trp427 resonance).  The narrower linewidth of this peak (in 

both the monomer and heptameric forms of Phe427Trp) and close proximity in chemical shift to 

the unfolded resonance (-47.2 ppm) [95] and free 19F-Trp (-47 ppm) suggests that this resonance 

experiences a longer transverse (spin-spin) relaxation time, and may indicate increased mobility 

of this resonance.  In accord with this notion, in the crystal structure of the WT heptamer (PA63)7 

no electron density is observed for Phe427, suggesting increased mobility in this region.   
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Figure 32. 19F-NMR spectrum of Phe427Trp (PA63)7, WT (PA63)7, Phe427Trp PA83 and WT 
PA83. Concentrations were 150 µM and spectrum represent 12,000 transients in 50/25/25 mM 
Tris/Mes/AcOH, pH 8.0 for monomer and pH 8.5 for heptamer with 10% D2O. Data were 
referenced to an internal standard of 0.02 mM pF-Phe and processed with 20 Hz of line 
broadening. 

 

To corroborate this data, we have site-specifically labeled PA at Phe427 with p-

fluorophenylalanine (p-FPhe) using the Fürter method [57, 90]. We carried out our experiments 

under slightly different conditions than originally reported, since we induced at an OD600 of 2.5 

rather than 1.  To compensate for the greater OD600, we increased the amount of phenylalanine, 

from 0.04 mM to 0.08 mM, keeping the amount of p-fluorophenylalanine at 3.0 mM.  Under 

these modified conditions, we were able to achieve an ~73% yield of site-specifically labeled 

protein as determined by ESI-MS, which is within the range expected (~64-75%)[90]. 

The 19F-NMR of the F-Phe427 PA monomer (83 kDa) shows a single broad peak at -38.1 

ppm, corresponding to the F-Phe427 residue. We next converted this monomer to a heptamer 

using trypsin digestion [23], and we observe a small chemical shift change (-37.5 ppm), and the 

resonance is as narrow as the F-Phe427 resonance in the monomer state, suggesting again that 

the relaxation properties of F-Phe427 do not change significantly upon formation of the prepore.  

Interestingly, studies carried out at 500 MHz using a fluorine cryoprobe indicate that this 
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resonance is split into two observable resonances.  However, due to problems with low yields of 

this protein, for the remainder of the chapter we focus solely on the Phe427Trp mutant (Figure 

33). 

 

 

 

 

 

 

Figure 33. 
19F-NMR spectrum of (A) F-Phe427 PA83, and (B) F-Phe427 (PA63)7. Concentrations 

were 500 for the monomer and 85 µM for the heptamer. Spectrum represent 12,000 transients in 
50/25/25 mM Tris/Mes/AcOH at pH 8.0 for the monomer and 6,0000 transients at pH 8.5 for the 
heptamer with 10% D2O. Data were referenced to an internal standard of 0.02 mM pF-Phe and 
processed with 20 Hz of line broadening. 

 

4.3.1 Studies on pore formation in the presence of the detergent Fos-14 

 In order to follow pore formation at low pH, it is critical that the protein not aggregrate 

during the transition from prepore to pore.  This has been shown to be a significant problem in 

studies on pore formation, and a screen of over 100 different detergents that could potentially 

suppress aggregation (as determined by light scattering) lead to the finding of Fos-choline-14, a 

zwitterionic detergent [50].  These studies showed that if the detergent concentration is held at a 

ratio of 1:1000 protein:detergent (far above the critical micellar concentration (CMC), which is 

0.12 mM in water), that this could effectively suppress aggregation.  In Figure 34, we show 19F-

NMR spectra of Phe427Trp-labeled prepore in the absence and presence of Fos-14.  At pH 8.5, 

we find that the resonances at -42.4 ppm and -49 ppm have disappeared, and a new resonance is 

observed at -47.3 ppm.  Since the intensity of the resonance at FTrp427 has decreased while the -
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47.3 ppm has increased, we can surmise that at least a portion of the intensity is due to FTrp427.  

When the pH is lowered to 5.5, we observed a significant amount of precipitate in our NMR 

tube, and thus the loss of peak intensity (the only observable peak is a small peak at ~-47.6 ppm).  

However, if we increased the Fos-14 concentration such that the ratio was to 1:5000, the 

aggregation was largely prevented, and we see again the resonance at -47.4 ppm.  At this point 

we cannot assign this resonance to any particular F-Trp within the heptamer, only to say that it 

likely represents a fraction of the tryptophans that resonate at the unfolded form.  Since this 

resonance is also observed at pH 8.5, it seems that this detergent alone may be capable of partial 

unfolding of the prepore state.  

 

Figure 34. 19F-NMR spectrum of (from the bottom), Phe427Trp (PA63)7 pH 5.5 (1:5000 Fos-14), 
Phe427Trp (PA63)7 pH 5.5  (1:1000 Fos-14), Phe427Trp (PA63)7  pH 8.5  (1:1000 Fos-14) and 
Phe427Trp (PA63)7 pH 8.5. Concentrations were 150 µM and spectrum represent 12,000 
transients in 50/25/25 mM Tris/Mes/AcOH, pH 8.0 for monomer and pH 8.5 for heptamer with 
10% D2O. Data were referenced to an internal standard of 0.02 mM pF-Phe and processed with 
20 Hz of line broadening. 
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4.3.2 Effect of the receptor on the 
19

F-Trp resonances in Phe427Trp PA 

The soluble von Willebrand factor A domain of the receptor CMG2 has been shown to 

induce a downfield chemical shift change in the F-Trp346 resonance upon binding, and this 

chemical shift change was used in part to assign the F-Trp346 resonance[95].  In Figure 35, we 

show 19F-NMR spectra of F-Trp-labeled Phe427Trp prepore in the presence and absence of 

CMG2.  At pH 8.5, the chemical shift of the resonance at -49 ppm does not change significantly 

in comparing (+CMG2) to (-CMG2), but does become broader.  Similarly, the resonance at -42.5 

ppm has significantly broadened, and the resonance at -42.5 is missing, suggesting some 

chemical shift change upon binding. For the F-Trp427 resonance, there is a small chemical shift 

change (< 0.2 ppm), but the resonance does not broaden significantly, suggesting that the 

relaxation properties do not change significantly upon receptor binding.   

Binding of CMG2 increases the pH stability of the heptamer, such that the pH required 

for pore formation is ~1-2 pH units lower when the receptor is bound[11, 14, 22].  CMG2 also 

protects the heptamer from off-pathway interactions during the low-pH induced transition to a 

pore state[96].  Recent NMR transfer cross saturation experiments (TCS) of 2H15N-labeled 

CMG2 have shown that at pH values just prior to the transition to a pore (pH 6.0), that 

interactions with the domain 2β3-2β4 loop are lost, but not interactions with domain 4.  Because 

we could identify the F-Trp346 resonance here, and Trp346 is part of the domain 2β3-2β4 loop, 

we postulated that we may be able to determine if the F-Trp346 resonance undergoes chemical 

shift changes at low pH.  Therefore, we conducted experiments where we initially lowered the 

pH to 6.5, and then a subsequent experiment where we lowered the pH to 6.0, and the results are 

shown in Figure 35.  At pH 6.5 the resonance at -42.5 ppm is similar in chemical shift to the 

resonance at pH 8.5 (unbound), but is still very broad indicative of the bound state.  We also 
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observe a significant chemical shift change for the F-Trp427 resonance to ~-47.1 ppm.  The 

resonance at -49 ppm is barely visible.  At pH 6, the broad resonance at -42.5 has shifted upfield 

to ~-43 ppm, the resonance at -47 ppm now appears as a doublet, and the resonance at -49 ppm 

has largely disappeared.  The doublet contains a peak at -47.1 ppm, which we presume to be F-

Trp427, and a second peak, resonating at -47.3 ppm.  We tentatively assign this peak to the 

unfolded form of F-Trp346.  In previous pH-dependent studies on monomeric PA83, we could 

show that the F-Trp346 resonance disappeared at low pH, with the concomitant appearance of 

the unfolded F-Trp346 resonance, suggesting that the domain 2β3-2β4 loop becomes more mobile 

at low pH.  Therefore we surmise that the resonance at -47.3 ppm is likely the unfolded form of 

F-Trp346, providing independent evidence for an intermediate form of the prepore. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. Comparing pH dependent studies on FTrp427 (PA63)7-CMG2 Complex with FTrp427 
PA83-CMG2 using 19F-NMR.  
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4.3.3 Labeling yield of PA with F-Phe427 

4.3.3.1 Mass spectrometry analysis of F-Phe427 

 5 µL of F-Phe427 PA (300 pmol) was denatured by mixing with 10 µL of 8 M urea in 

100 mM ammonium bicarbonate. The solution was then diluted 8-times with 100 mM 

ammonium bicarbonate. 1 µg of chymotrypsin was added and incubated for 16 hr at room 

temperature. The resulting peptides were analyzed by LC-MS/MS. 

 The chymotryptic peptide that contains F-Phe427 was NAQDDSSTPITM, and the yield 

of F-Phe427 incorporation was calculated by comparing the chromatographic peak areas of 

fluorinated and non-fluorinated peptides. The yield calculated with NAQDDSSTPITM was 73%. 

See the following figure for more details (Figure 36). 

 

Figure 36. Labeling yield of  F-Phe427. NAQDDSSTPITM peptide containing F-Phe427  
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4.3.4 Studies of Prepore and Pore EM picture of F-Phe427 

 

 In order to confirm the presence of the prepore and pore states, we used electron 

microscopy, in collaboration with the Taylor group at Case Western Reserve University.  Figure 

34 and 35 show negative stain EM images of the prepore and pore state of F-Phe427 PA at pH 

8.5 and 5.5 respectively.  Because of difficulty in imaging the pore at concentrations required to 

prevent aggregation with FOS 14 (1:1000 ratio), the images were collected at a FOS 14 

concentration of 100 nM and PA was at 200 nM (Figure 37,38).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. EM structure of F-Phe427 prepore at pH 8.5 (left) and pore at pH 5.5 
 (right). Scale bars 100 nm (left) and 100 nm (right). The pore samples were prepared in 
50/25/25 Tris/MES/AA with 100 nM FOS 14, and 200 nM prepore. Scale bars 100 nm. 
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Figure 38. Single particle reconstruction of F-Phe427 pore using averages of different recurring 
views of the pore using ~650 total particles. The images were obtained at 49000X, 100,000 keV, 
and used in a program called EMAN2. 
 
 
 
4.3.5 CD studies on F-Trp427 monomer 

We utilized far-UV circular dichroism (CD) to compare secondary structural content and 

also to determine the effect of labeling on the structure and stability of PA.  The CD spectrum of 

WT and labeled proteins were nearly identical (Figure 39). 
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Figure 39.  CD spectra of F-Trp427 and WT labeled PA. 

 

4.3.6 EM Studies of Prepore and Pore of WT and F-Trp427 

 
 EM studies on prepore and pore state of WT and F-Trp427 was also done to compare it 

with NMR data in the same condition. It is interesting to see the pore are formed under low pH 

(5.5) (Figure 40). 
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Figure 40. EM structure of WT and F-Trp427 in the prepore  (Top-specified in circles) and pore 
(dow- specified in circles) states. The pore samples were prepared in 50/25/25 Tris/MES/AA 
with 200 μM FOS 14, and 200 nM PA.  
Scale bars 100 nm. 
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4.3.7 Receptor Binding Studies Using Pore Formation Assay 

 Pore formation assay shows that when heptamer is bound to CMG2 pore formation is not 

happening until pH 5.5 which means that FNMR can be done at pH 6 to follow the structural 

changes right before pore formation happens (Figure 41). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 41. Pore formation Assay on receptor-Heptamer 
 
 
 
4.3.8. F-Trp427 Heptamer-CMG2 EM pictures 

 

 EM pictures taken by Derek Taylor and his undergraduate student Harry Scott confirm 

the existence of prepore state (Figure 42). 

 

5  5.5 6 6.5 7  8 
pH 
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Figure 42. F-Trp427 Heptamer-CMG2 EM pictures. 
 

4.4 Discussion  

During anthrax toxin pathogenesis, PA undergoes several structural changes, which 

include receptor binding, oligomerization, endocytosis, and the formation of a membrane 

spanning pore at acidic pH.  In an effort to better understand these structural changes at a 

residue-specific level, we have carried out an initial study whereby we have biosynthetically 

incorporated 5-F-Trp into PA and a mutant of PA in which Phe427 is changed to Trp, and have 

used 19F-NMR to probe the structure of these proteins in the prepore and pore states [95].  In 

addition, we have site-specifically labeled PA with p-fluorophenylalanine at position 427, and 

compare monomeric and prepore states. 
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Because the linewidths of the monomeric and prepore states of F-Phe427 do not change 

significantly, this suggests that the relaxation processes in both states are similar.  It would also 

suggest that the Phe427 residue in the prepore state is rather mobile.  For the F-Trp346 

resonance, this resonance is broader than in the monomeric form, and broader than that of the F-

Phe427 resonance.  In addition, we observe very little change in the linewidth of the F-Trp346 in 

the presence of CMG2, suggesting again that the relaxation mechanism for this residue is less 

dependent on the global tumbling motion of the protein than the other F-Trp residues in the 

protein.   

In our pH-dependent experiments we utilized FOS-14, which has been shown in previous 

studies to maintain the pore state as a soluble state.  However, we find that at pH 8.5 a significant 

loss of intensity of the resonances of the prepore state, and the F-Trp427 exhibiting a smaller 

peak.  We also observe that the unfolded resonance position has increased.  Thus, at the outset of 

these experiments it was clear that FOS-14 alone was doing something to the structure of the 

protein.  Nonetheless, we carried out low pH (5.5) experiments, and only if the ratio is 

maintained at 1:5000 could we observe little to no aggregation.  We could confirm the presence 

of the pore state using EM, but only at lower FOS-14 concentrations (ratio of 1:1000) – at 1:5000 

the images by EM became a bit fuzzy.  The only observable resonance at pH 5.5, 1:5000 FOS-14 

is a resonance at -47.4 ppm.  As mentioned we tentatively assign this to the unfolded form of 

pore state.  Therefore, what we are able to conclude is that the F-Trp427 resonance disappears, 

and may become part of the resonances that are within the unfolded form.  Alternatively, the loss 

in intensity may be due to an increase in the spin-spin relaxation properties of this resonance, 

which would cause this resonance to broaden out.  Given also that there is a shape change to a 
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more elongated structure, this would cause the overall tumbling motion of the protein to 

decrease, which in turn would also cause an increase in line broadening. 

We next focused on determining if the F-Trp346 resonance in the prepore state is a) effected 

by receptor binding and b) undergoes a structural change prior to the transition to the pore state.  

In previous studies following receptor binding to the prepore by NMR, at low pH (pH 6.0) there 

is evidence for a loss of transfer cross-saturation peaks, suggesting a loss of interactions between 

domain 2 and CMG2.  Here, we show that when the pH is lowered to 6.0 (in the presence of the 

receptor), that there is an increase in the unfolded form of F-Trp346.  This was surprising to us, 

because similar pH-dependent experiments on the monomer of PA (PA83) bound to CMG2 

showed that at low pH, there was very little change in the F-Trp346 resonance.  Only in the 

unbound state (Figure 35) could we observe a loss in intensity of the F-Trp346 resonance (at pH 

5).  Thus, our studies provide additional support and a direct indication that the domain 2β3-2β4 

loop undergoes a structural change at pH 6.0 prior to the transition to the pore state.  

Why do the monomer and prepore states, bound to CMG2, differ at low pH?  One 

possibility is that in the monomer state, the domain 2-domain 4 interface is more stable, such that 

the orientation of the two-domains in maintained to facilitate receptor binding.  We find, for 

instance, that the kinetics of binding to PA increase as the pH is lowered, suggesting that while 

the domain 2β3-2β4 loop becomes more mobile, this does not prevent effective binding. 

However, if the relative orientation between the two domains is lost and there is increased 

mobility of the domain 2β3-2β4 loop, this would likely impact binding to CMG2. In support of 

this notion, fluorescence resonance energy transfer experiments to monitor binding between a pH 

stable form of the prepore (D425A) have shown that, in contrast to the monomer, binding of 

CMG2 to the prepore is significantly slower at low pH (pH 6.0).  Altogether, our data favors the 
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model put forth by Pilpa and coworkers, in which the domain 2β3-2β4 loop is mobile in the 

prepore state bound to CMG2 at low pH prior to the transition to the pore.   

 

4.5 Conclusions 

The mechanism of pore formation by PA is still unknown, but our studies here have 

provided clues as to steps that occur prior to the transition to the pore.  The Phe-427 residue is 

likely to be mobile in the prepore state, as evidenced by the linewidths of the F-Phe427 and F-

Trp427 resonances at pH 8.5.  We observe at low pH a loss of intensity of the F-Trp427 residue, 

and may be evidence for a general loss of mobility of this residue.  Seminal studies by Krantz 

have shown that the ring of Phe427 residues form a narrow iris in the pore state at low pH, and if 

these residues are sufficiently close movement may be restricted[39].  Future work will focus on 

the F-Phe427 residue by itself, to determine if this residue indeed loses mobility at pH values 

concomitant with pore formation. 
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