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ABSTRACT 

  Pathogenesis of anthrax is due primarily to the secretion of the anthrax toxin, a tripartite 

set of proteins that include protective antigen (PA), edema factor (EF), and lethal factor (LF). PA 

binds to the Von-Willebrand factor A (VWA) domain of a host cellular receptor and is then 

cleaved by a furin-like protease on the cell surface. Seven of such residues spontaneously 

oligomerizes to form a donut-shaped heptameric prepore. The prepore undergoes a major 

structural change at acidic pH that results in the formation of a membrane spanning pore, an 

event necessary for entry of EF and LF into the cell. Understanding the mechanism by which the 

protective antigen form a pore and translocate EF and LF could potentially guide the design of 

therapeutics aimed at preventing anthrax toxin entry.  

The work presented in this thesis is an attempt to understand the pH dependent 

conformational changes of the prepore and the interactions of PA with its cellular receptor 

capillary morphogenesis protein2 (CMG2). Results presented in this thesis is divided into 3 

parts.  Chapter 3 summarizes the role of the receptor in the event of pore formation. We provide 

direct evidence using 1-dimensional 13C edited 1H NMR to show that the receptor dissociates 

from heptameric prepore at low pH.  Chapter 4 summarizes the role of His residues in pH 

dependent pore formation and the temporal relationship between domain 2 and domain 4 during 

the structural transition form a prepore to a membrane spanning pore at low pH. In this section 

we provide evidence that domains 2 and 4 come closer in contact upon pore formation. Chapter 5 

discusses the influence of pH on binding of PA to the von Willebrand factor A domain of 

CMG2. Fluorescence Resonance Energy Transfer (FRET) has been used extensively in this 

section to show that the affinity of PA to CMG2 increases at low pH. 
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CHAPTER-1 

INTRODUCTION 

1.1 Anthrax 

Anthrax is a bacterial infection caused by Bacillus anthracis, a gram positive spore- 

forming rod shaped bacterium (Figure-1).  Anthrax is known to infect animals, and is a threat to 

those individuals who have close contact with farm animals or contaminated animal products 

such as wool or hide (1, 2). However, after letters containing anthrax spores had been 

intentionally distributed through the  US postal system in October of 2001, much attention was 

been drawn towards determining ways to inhibit the disease (3) 

 

  

Figure-1 Bacillus anthracis gram positive rod shape bacteria which forms pathogenic anthrax 

spores. (Figure taken from http://www.topnews.in, Wed, 08/12/2009) 

Three forms of the disease have been identified depending on the route of infection (4). 

Cutaneous anthrax, the most common type, comes from handling contaminated animal products 

such as meat, wool, or hides (5). The infection begins with a small bump, progresses to a larger 

blister in 1-2 days, followed by a black scab called an eschar (6). This form can be cured by 

http://www.topnews.in/
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treating with antibiotics without major consequences. Gastrointestinal anthrax, which results 

from ingestion of contaminated meat, is extremely rare. The symptoms of this form of anthrax 

include nausea, loss of appetite, bloody diarrhea and fever followed by abdominal pain. The 

bacteria invade through the bowel wall and the infection spreads throughout the body through the 

bloodstream with deadly toxicity.  

 

 Figure-2 Cutaneous anthrax 

Inhaling the bacterial spores can lead to inhalation anthrax, which mainly attacks the 

lungs, begins with flu-like symptoms, namely fever, fatigue, headache, muscle aches, 

and shortness of breath. Then the symptoms progress rapidly to severe cough, collapse and 

respiratory failure, often with a fatal outcome in two or three days (7).  Antibiotic treatment must 

be administrated early, and is effective in killing the bacteria, but it does not destroy the deadly 

toxin which is secreted by B.anthracis later in infection. 

 

1.2 Anthrax as a Bio-weapon 

Anthrax endospores are resistant to harsh environmental conditions such as heat, 

ultraviolet light and gamma radiation and they can survive for decades in some soil types (8). 
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Taking advantage of their durability and hardiness, anthrax spores have been developed as a bio- 

weapon by a number of nations. In the 1940‘s during World War II, Germany tried to spread B. 

anthracis among animals in Argentina, Romania, and Spain. From 1940 to 1942, several Chinese 

cities were attacked with biological weapons including anthrax and due to direct exposure more 

than 700 civilians were killed (9). In 1941 the British government tested the release of anthrax 

spores on Gruinard Island near Scotland. The island remained a hazard for decades until the soil 

was treated and sterilized with formaldehyde and plenty of sea water (10, 11).  

In April and May 1979, an unusual anthrax epidemic occurred in Sverdlovsk, Union of 

Soviet Socialist Republics and the Soviet officials attributed it to consumption of contaminated 

meat, however the U.S. agencies attributed it to inhalation of spores accidentally released at a 

military microbiology facility in the city. Epidemiological data show that most of the victims 

were from a narrow zone extending from the military facility to the southern city limit. 79 people 

were infected and 68 died in this incident (6).  Research in the US on biological weapons was 

mainly from 1950 to 1969. The largest biological weapons plant was established in Vigo, Indiana 

which had the capacity to produce 100 tons of anthrax spores per month if it were put into use 

(12).  Iraq was convicted of offensive research, production, weaponizing and storage of anthrax 

in rockets and bombs(13). These facilities were destroyed after the Gulf War.  

 The most recent anthrax attack was on October 4, 2001, just 24 days after the tragic 

events of September 11.  Letters containing anthrax spores were distributed through the US 

postal system, to at least four states (Florida, New York, Connecticut and D.C.). Thousands were 

treated for potential exposure, 11 confirmed cases of infection, resulting in the deaths of five 

people. One of the challenges of anthrax is that at the beginning of infection it is difficult to 

distinguish between flu-like illnesses and inhalation anthrax.  However, at the time the symptoms 
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develop, it is often too late to undertake an effective treatment. The only applicable course of 

action even today is aggressive supportive care including a 60 day dose of ciprofloxacine or 

deoxycycline  with a 3-dose (0, 2 weeks, 4 weeks) of anthrax vaccine, Bio ThraxT (formally 

known as AVA), which reduced the mortality rate from around 100% to a little below 50% 

during the 2001 outbreak in (14). 

 

1.3 Overview of toxin action 

Major virulence factors of B. anthracis are encoded in plasmids pXO1, which is the toxin 

bearing plasmid and pXO2.  pXO1 is 184.5 kilobasepairs in size and encodes genes that make up 

the exotoxins (15).  The toxin is composed of three proteins, protective antigen (14) (PA, 83 kD), 

edema factor (16) (EF; 89 kD) and lethal factor (17) (LF; 90 kD). As the first step of the 

intoxication process, PA binds to the von-Willebrand factor A domain of  one of two known 

cellular receptors, capillary morphogenesis protein 2 (CMG2) or tumor endothelial marker 8 

(TEM8) (18, 19).  In one potential mechanism of action, a furin like protease on the cell surface 

of host cells cleaves the protein into two fragments (63 kD and 20 kD). The 20 kD fragment 

dissociates to the medium while the cell bound 63 kD fragment (PA63) spontaneously 

oligomerizes to a seven membered ring shaped structure called the pre-pore (20). Formation of 

the pre-pore creates the binding site for LF and/or EF, with the stoichiometry of one to three 

molecules per pre-pore (21, 22). The toxin is then endocytosed into an early endosome and 

subsequently trafficked into an acidic late endosome (23). In this low pH environment (pH 5-6), 

residues 285-340 (β2-β3 strands) within domain 2 of each monomer of [( PA63)7)] inserts into the 

vesicle membrane bilayer, forming a 14-stranded extended β-barrel called the pore (24-26). EF 

and LF then enter through the narrow channel of the pore in a partially unfolded state and are 
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translocated through the pore into the cytosol (27-29). Within the cytosol EF catalyzes the 

conversion of ATP to cAMP and LF proteolytically cleaves certain MAP kinases.  

 

 

 

Figure-3  Action of anthrax toxin at the molecular level.   
(1) PA binds to a receptor,TEM8 or CMG2; (2) cleavage by a furin protease removes PA20; (3)  
PA63 self-associates to form the heptameric prepore; (4) up to three molecules of EF and/or LF 
bind to the prepore; (5) the complex is endocytosed and trafficked to an acidic intracellular 
compartment; (6) under the influence of low pH the prepore converts to a pore, and EF and LF 
are translocated to the cytosol. There, EF catalyzes the formation of cAMP, and LF 
proteolytically inactivates MAPKKs(14) 
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1.4 Anthrax protective antigen (PA) 

1.4.1 Structure 

 

 

Figure- 4 Crystal structure of PA (30). Domain 1(blue), domain2 (red), domain 3 (yellow) and 
Domain 4(green) also showing the two calcium atoms in dark blue. 

PA is an 83 kDa protein with 735 residues. Petosa and coworkers have reported the 

crystal structure of PA to 2.1 Å resolution which shows a flat four domain structure (Figure - 4) 

mainly consisting of anti-parallel β-sheets (30).  Residues 1-258 comprise of domain 1, which is 

also the site of furin cleavage. Residues 1-167 cleave off as PA20; the remaining residues 168-

258 form the N-terminus of  PA63, which contains two firmly bound calcium atoms. The calcium 

ions are believed to be important in (PA63)7 self assembly and LF/EF binding (30, 31).  

Domain 2 contains residues 259-487 and consists of a β-barrel region with a Greek-key 

motif.  The β1-β2 and β2-β3 strands play an important role in pore formation and membrane 

insertion (24, 30).  Recent studies have also shown that domain 2 also interacts with the receptor 

(19, 20, 32, 33). 
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Domain 3 (residues 488-595) has a four stranded mixed β-sheet, two smaller sheets and 

four helices. The primary role of domain 3 is believed to be the self association of  PA63 

(34).This domain adopts the same fold as ferredoxins and resembles domain A of toxic-shock-

syndrome toxin. 

Domain 4 (residues 596-735) is known as the receptor binding domain(35). Domain four 

can be expressed in isolation(36) and it consists of an initial hairpin and helix followed by a β-

sandwich with an immunoglobulin like fold. Domain 4 has limited association with the other 

three domains of the protein. 

1.5 Anthrax toxin receptors 

1.5.1 Capilary morphogenesis protein 2 (CMG2) 

The initial step of intoxication is binding of PA to specific cellular receptors. To date, 

two anthrax toxin receptors, tumor endothelial marker-8 (TEM8) and capillary morphogenesis 

protein-2 (CMG2) have been identified (18). Both are type-1 transmembrane proteins with a 

single membrane spanning domain, an extracellular domain and a cytoplasmic tail. In the 

extracellular domain there is a von Willebrand factor A (VWA) domain that consists of 

approximately 200 amino acid residues which share 60% identity between the two proteins. The 

VWA domain of these receptors is the site of PA interaction and contains a metal ion dependant 

adhesion site (MIDAS) (20, 33, 37). The MIDAS is often involved in ligand interactions and 

consists of (DxSxS..T..D) motif where x is variable amino acids. The divalent metal cations 

adopt an octahedral geometry.  

Crystal structures of the VWA domain of CMG2 (Figure - 5) which was solved to 1.8 Å 

resolution, shows a six stranded β-sheet core surrounded by six α-helices (33, 37). The protein 
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adopts a dinucleotide binding fold with homology to VWA domains and integrin -I domains. The 

β-sheet is conserved for almost all the proteins in this family whereas the register and the lengths 

of the α-helices vary. Integrin domains usually adapt two biologically and functionally important 

conformations. In the open conformation, two serine residues and a threonine residue tightly 

bind to the metal ion, and two water molecules also bind directly to the metal ion, and in the 

closed conformation, the metal ion shifts, and only the threonine can indirectly contact the ion 

via a water molecule (38).  

 

 

Figure- 5  A ribbon diagram of the structure of CMG2 VWA domain, showing the secondary 
structural elements (top) and overlap of the backbone structure of the VWA domain of CMG2 
(green) with the structure of αM integrin domain (black) to show that CMG2 VWA domain is in 
open conformation. Also shown is the closed conformation of αM integrin (blue) (37).     

The closest VWA domain of CMG2 is the open conformation of αM integrin I domain 

which shares a 24% amino acid identity and an identical arrangement of metal coordination at 

the MIDAS site (Figure- 5). In the reported crystal structure, the side chains of Ser52, Ser54 and 

Thr118 directly coordinate with Mg2+ ion whereas the side chains of Asp50 and Asp148 are 
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hydrogen bonded with water molecules which are occupied with Mg2+ ion. Even though most of 

the α-integrin-I VWA domains can adopt both open and closed conformations, there are no 

reports that CMG2 can adopt a closed conformation. That is because most of the residues 

involved in structural transformation are conserved in CMG2 (37). 

1.5.2 Tumor endothelial marker 8 (TEM8) 

The crystal structure of the extracellular VWA domain of TEM8 has been reported 

recently by Rao and co workers at 1.7Å resolution (39) (Figure- 6). The overall structure adopts 

an integrin-like fold and is structurally similar to CMG2. The main structural differences 

between TEM8 and CMG2 occurred in the α3–β4 loop and helix α6. TEM8 α3–β4 loop moved 

10 Å compared with CMG2, and the sequence of the α3–β4 loop varied between the two 

proteins. The N-termini of α6 in the two structures were located at the same position however 

this conserved helix extended in different directions (Figure- 6). 
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Figure- 6 Overall structure of the TEM8 VWA domain and its open conformation [37]. 
(A) TEM8 VWA domain structure (side view). Chelated Mg2+ ion in the MIDAS site is shown in 
light green. (B) TEM8 MIDAS site (top view). (C) TEM8 VWA domain structure (colored clay) 
was superimposed onto the CMG2-S38 VWA domain structure (colored green, PDB ID 1SHU). 
(D) The superposition (top view) between the TEM8 VWA domain structure (clay), domain I 
structure of Integrin CR3 in the open conformation (purple, 1IDO) and CR3 in the closed 
conformation (blue, 1JLM). The TEM8 VWA structure is much closer to the open conformation 
(39). 

 

1.6 PA-receptor interactions 

Even though the two cellular receptors share very similar structural features, the affinity 

towards PA is significantly different. Affinity of PA for CMG2 is approximately 1000 fold 

higher than that of TEM8 (40, 41) and the pH requirement for pore formation is one pH unit 

lower for CMG2 than TEM8 (20, 42, 43). The striking functional difference between the two 
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receptors is not well understood.  The CMG2-PA complex structure by Liddington and co-

workers (30) shows a much larger contact surface (∼2000 Å2) than a typical α-integrin–ligand 

(∼1300 Å2), and it is believed that this larger surface is responsible for the higher affinity of 

CMG2-PA binding (20, 33).  Scobie et al. used structure-based mutagenesis to identify non-

conserved 

CMG2 residues which are responsible for the differences in the pH requirement for pore 

formation (44). Most of these residues belong to either domain 2 of PA or the neighboring edge 

of PA domain 4. They found out that residues G153 and L154 located on the receptor I domain 

plays the most important role underlying the more acidic pH requirement for pore formation in 

the presence of CMG2. They further show that when these mutations were introduced to TEM8, 

the receptor-PA interactions were strengthened.  

However by using TEM8-PA complex structure model, Rao and co-workers show that 

the buried surface area between TEM8 and PA is very similar to that between CMG2 and PA 

and therefore the functionality differences between the two receptors are independent of the 

buried surface area [37]. The unusually high affinity of CMG2 to PA may be attributed to the 

interactions between the residues located in the β3-α4 region of CMG2 and the β3-β4 loop in 

domain 2 of PA. Rao and co workers further show using site directed mutagenesis that the 

residues such as L56, H57, T87, R88, D117, H154, E155 and D156 in the binding interface of 

CMG2 and PA are not conserved in the corresponding TEM8 site.  

 1.7 Proteolytic activation and oligomerization 

Upon binding to the host receptor PA is proteolytically cleaved by a cell surface furin  

like protease that is known to activate other bacterial toxins such as Pseudomonas exotoxin (PE), 

and diphtheria toxin (DT) (45, 46). PA becomes activated by furin cleavage at RKKR-167 in a 
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surface loop within domain 1 whereas PE and DT are cleaved at RQPR-279 and RVRR-193 sites 

respectively. The sequence at which the cleavage occurs corresponds to the amino acid sequence 

recognized by furin  (47). However trypsin also cleaves PA at the furin site and has been used to 

activate PA in solution.  After cleavage, PA20 dissociates from the rest of the protein through the 

rupture of a β sheet between strand 1β2 and 1β13 and exposure of a large hydrophobic surface. 

This is the reason for the ability of PA to be ‗nicked‘ in vitro at the furin cleavage site without 

dissociating into two fragments (30). 

 

 

Figure-7  PA63 monomer and heptamer.(a)  PA63 subunit. Domains 1, 2, 3, and 4 are colored in 
pink, green, yellow and blue respectively; (b)  PA63 heptamer. The heptamer is viewed from the 
bottom. Domains 2 (green) and 4 (blue) from the 3.6 Å ( PA63) PDB structure, as viewed from 
the bottom. The domain 2 insertion loop (red) projects out to bind the neighboring monomer in a 
groove between domain 2 and domain 4 (20). 

After PA20 is cleaved and dissociated, self assembly of seven or eight  PA63 monomers 

leads to formation of either heptamer (20) or octamer (48). The heptamer, also known as the pre-

pore, is water soluble at basic pH but forms a membrane –spanning pore at acidic pH. The 

crystal structure of the water soluble heptamer has been reported by Petosa et al. at 4.5 Å 

resolution (Figure - 8). The diameter of the heptamer is 160 Å and the height is 85 Å. The central 
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lumen has an average diameter of approximately 35 Å. The heptamer is a negatively charged, 

polar molecule in which the domains 1‘ and 2 packs inside the ring and domain 3 and four on the 

outside burying 2200 Å2 surface area per monomer. The hydrophobic surface formed by furin 

cleavage and heptamerization creates a suitable binding site for EF and LF which bind PA63 with 

high affinity. Mogridge and co-workers (34) show that point mutations in domain 3 (residues 

483-486 and 510-518) have a negative effect on self assembly. These findings further 

demonstrate that the function of domain 3 is to facilitate self assembly of PA. The single 

mutation D512K completely blocks oligomerization. The prepore is soluble at pH 8 or higher, 

however, when the pH drops below 8 it becomes insoluble and converts to an SDS-resistant 

pore.    A recent report by Krantz and co-workers (48) showed that PA can also form octameric 

complexes. They have utilized electron microscopy to visualize these complexes and have also 

reported the crystal structure of the octamer at 3.2 Å resolution. The structure is a ring of eight 

PA monomers consisting of four PA dimers. The mean diameter of the octamer is 10% greater 

than the heptamer and buries 3300 Å surface area per monomer.  However the residues lining the 

pore channel are similar to those in the heptamer.  They have further shown that the octamer has 

a higher stability to pH than the heptamer.  

1.8 Endocytosis and trafficking 

  After the oligomerization of PA63, the receptor mediated complex localizes to non-

caveolar lipid rafts rich in cholesterol.  This interaction is shown to be critical for the toxin 

uptake and action (49). The toxin-receptor complex is then packed into a clathrin coated vesicles. 

Abrami and co-workers (50) showed that endocytosis depends on GTPase involved in fusion of 

vesicles from the plasma membrane and clathrin accessory protein Eps15 [47]. 
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In a report by Wei et al., lipoprotein–receptor related protein 6 (LRP6) was identified as 

required for anthrax toxin lethality in mammalian cells (51).  LRP6 is a type-1 membrane protein 

with a large extracellular domain and a 220 amino acid long cytoplasmic tail. 

Immunoprecipitation experiments by Pinson and co-workers show that LRP6 could interact with 

TEM8 (52). These findings were further confirmed by Abrami and coworkers.  However, 

contradictory findings were reported by Young and coworkers [50] who showed that uptake of 

anthrax toxin was unaltered in the presence or absence of LRP6 (53).  Their results demonstrate 

that LRP6 is not necessary for PA-mediated internalization or lethality of anthrax lethal toxin. 

After the large oligomer complex, composed of (PA63)7/EF/LF, is bound to the receptor 

and endocytosed, it is trafficked to an endosomes.  The acidic pH of the endosome triggers the 

large conformational change from a prepore to a membrane spanning pore, which facilitates 

translocation of partially unfolded EF/LF through the lumen of the PA channel to the other side 

of the membrane.  

 1.9 Pore formation and Translocation  

The relationship between pore formation and translocation remains a puzzle not only for 

the anthrax toxin, but also for most of the intracellular acting toxins. One of the most widely 

studied among them is diphtheria toxin (DT) (54-56).  The pore formation process of PA shows 

similarities to that of DT, in the formation of an ion conductive channel near pH 5. Mutations in 

the membrane insertion moiety can block both pore formation and translocation because 

unfolding of the ligand is required for translocation. The major difference between the two toxins 

is that in anthrax toxin, the A moiety is not covalently bound to PA. The low-pH environment in 

the acidic compartment triggers the conformational change in the prepore that leads to formation 
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of the toxin pore.   Pore formation involves major conformational changes in the PA63 pre-pore, 

including the unfolding of the Greek-key motif formed by the β2-β3 strands of domain 2. Under 

acidic conditions seven domain 2 β2-β3 strands peel away from the ring-like structure of the  

PA63 pre-pore and insert into the cell membrane, producing a 14-stranded β-barrel (14) (Figure- 

8) 

 

 

 

 

Figure-8 Prepore-to-pore conversion and the location of F427 the prepore. (A) Upon 
acidification, the domain 2 β2–β3 strands move to the base of the heptamer to form a 14-stranded 
transmembrane β-barrel.  (B) Aerial view of the membrane-proximal face of PA heptameric 
prepore, with F427 residues modeled into the structure (20). 

 Attempts to solve the crystal structure of the pore have largely failed due to the inherent 

difficulty in keeping the pore soluble under acidic conditions (57).  A model of the pore was 

made available recently (58), which was consistent with biochemical data on the pore structure 

(25) In 2008 Fisher and co-workers published images obtained using negative-stain electron 

microscopy (EM) of the structure of the pore bound to GroEL at 25 Å resolution. The structure 

was a mushroom shaped object with a diameter of 125 Å, but importantly the 70 Å long stem 

that formed the pore was present, consistent with earlier reports and pore models. Interestingly, 
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in the EM pictures domain 4 of the pore was missing, and was attributed to flexibility of domain 

4 in the pore structure (26).  In addition, the free pore EM structure in domains1 and 3 did not 

match the surface of the PA pore derived from the published model. The same group in 2010 

reported the EM picture of the PA pore inserted into nanodiscs and lipid vesicles (Figure- 9).  

This report supports the earlier published idea that Phe427 forms a constriction within the pore 

that is important for translocation (59).  

 

 

 
 

Figure- 9 Three-dimensional reconstruction of PA WT pore inserted in nanodiscs (A–D) and in 
vesicles (E–H). The reconstructions were low-pass filtered at their nominal resolutions of 22 Å. 
Surface representations of PA WT incorporated in nanodiscs (A) and vesicles (E). The yellow 
arrows denote the positions of domain 3. Surfaces displayed to include 100% of the molecular 
volume. (B and F) Central cuts of the reconstructions are made to display the interior structure. 
The white arrows mark the location of the prominent flange seen in all cross-sections of the pore. 
(C) and (G) represent projections of the structures. (D) and (H) represent central slices (59).  
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   The lumen diameter of the pore is large enough to accommodate polypeptides in a 

partially unfolded form one at a time (60, 61).  Using cysteine-scanning mutagenesis, Krantz et 

al. (28) found that modification of F427 to cysteine results in blocking the translocation of LFN, 

a shortened version of LF that is simply the N-terminal PA binding domain. Further studies 

showed that the seven F427 residues from the seven subunits move close to each other during the 

prepore-to-pore transition and presumably form an aromatic ring which they called ―φ-clamp‖ 

that constricts the pore (Figure- 9B). The rate of translocation through the pore decreases 

tremendously when Phe427 is replaced by a small residue such as Ala. They further show that 

the removal of the ―φ-clamp‖ makes translocation less efficient. This suggests that the ―φ-clamp‖ 

plays a dual role in constricting the pore and translocation. Krantz et al., suggest that the ―φ-

clamp‖ serves a chaperone-like function, where it grabs the successive hydrophobic segments in 

EF and LF when they are pulled through the pore. (Figure-10)  

Another study by Sun also reports that mutation of F427 into a Gly or a charged residue, 

such as Arginine, strongly inhibited pore formation (62).  Mutation of F427 to histidine, 

threonine or serine did not alter pore formation but strongly inhibited translocation. However, to 

date it is not clear how these residues selectively inhibit pore formation. 
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Figure- 10 A detailed illustration of the translocation of EF/LF through the narrow channel. 
Hydrophobic segments (blue) in the unfolded toxin proteins (EF and LF) bind  in succession to 
an aromatic ring or a φ clamp promoting translocation into the host cell cytoplasm (63). 

 

1.10 Lethal Factor  

LF is a Zn2+ metallo-protease which cleaves mitogen activated protein kinase kinases 

(MKKs). LF inhibits the activation of MKK activity by cleaving the N-terminal proline rich 

region of the kinase domain, disrupting a protein-protein interaction site involved in assembling 

of signaling complexes (17, 64). The crystal structure of the protein shows four domains (Figure 

11). Domain 1 is the binding domain to PA63 and consists of residues 28 through 263.  This 

domain consists of a12-helix bundle packed against one face of a mixed 4-stranded β-sheet and 
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shows less interaction with the rest of the protein. Domains 2-4 are connected with each other 

and may represent a single folding domain (65).  

 

 Figure-11 Crystal structure of lethal factor (66). 

Seven residues in LFN (D182, D187, L188, Y233, H299, L235 and Y236) have been 

identified by Lacy et al. as important in binding to the pre-pore (67). The action of lethal toxin 

(LeTx) in host cells is as yet unclear (14). It has been reported that it suppresses pro-

inflammatory cytokine production in mouse macrophages.  Increase permeability to ions and 

rapid depletion of ATP in J774 cells has been reported to be associated with LeTx, and 

eventually lysed by colloid-osmosis (16, 68).  Reports by Bhatnagar et al. (69)  and Tang et al. 

(70) show that protein synthesis and proteasome activity are required for expression of the 

toxicity of LF.  
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1.11 Edema factor 

EF is a Ca2+ calmodulin (CaM) dependent adenylate cyclase, with a 1000-fold higher 

catalytic rate than that of mammalian CaM-activated adenylatecyclase(16). All known adenylyl 

cyclases have been classified into four groups. EF represents the class 2, however it does not 

share any significant homology with mammalian adenylyl cyclases or other proteins. EF 

significantly contributes to cutaneous and systemic anthrax.  Although much of the function of 

EF has yet to be discovered it is believed that edema toxin (EdTx) does not cause much damage 

to tissues. However it is assumed that comparing the function of other such toxins that elevate 

cAMP concentration, the main role in pathogenesis is to impair phagocyte function (71). 

 

Figure-12   Crystal structure of EF(72). 

The crystal structure of the catalytic portion of EF in the presence and absence of CaM 

was reported by Drum et al. (72). The catalytic portion of EF is comprised of three globular 

domains (Figure -12). The active site lies at the interface of two domains which makes up the 

catalytic core. The third domain is connected to the first through a short peptide linker. The 

bound and unbound structures are significantly different. This is attributed almost entirely to the 
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differences induced by CaM. The mechanism proposed for EF is different from the mechanism 

proposed commonly for other adenylyl cyclases of the family. On CaM binding, a EF domain 

with 15 kDa undergoes a 15Å translation and 30o rotation away from the catalytic domain which 

leads to stabilizing a disordered loop, which ultimately leads to enzyme activation. 

1.12 Development of a vaccine for anthrax. 

The only vaccine available to date for anthrax is BioThrax (also called AVA), an 

aluminum hydroxide adsorbed formaline treated culture supernatant of a toxigenic, non-

capsulated nonproteolytic strain of B.anthracis strain V770-NP1-R. The major component of the 

supernatant is PA (73).  AVA was initially developed in 1950s when purified components of B. 

anthracis were not available. However the effectiveness of AVA was significant. Following the 

use of vaccine, the staff of the wool disinfection station in Liverpool-England was free of 

anthrax.  AVA also protects laboratory animals and cattle from both cutaneous and inhalational 

anthrax. Even though AVA is effective, several limitations are also associated with the vaccine 

(74).   The major problem associated with AVA is that it has been difficult to maintain 

consistency mostly due to the fact that standardization of AVA is based on the manufacturing 

process and therefore PA content varies from batch to batch and it is not quantified. The 

vaccination schedule for AVA is given at 0, 2, and 4 weeks and 6, 12, and 18 months with 

subsequent yearly boosters. The schedule was introduced in the 1950s and was designed for 

rapid induction of immunity. However, recent findings show that this is probably not optimal and 

is associated with side effects (75-77). Frequent boosters, therefore, are needed for continuous 

immunity. Thus the development of a well characterized vaccine that induces rapid immunity 

after a single injection remains a challenge. 
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Designing monoclonal antibodies against PA represents a promising approach to block 

toxin action (78-81). Most of these, however, are slightly modified PA or PA receptors. Several 

attempts were made to develop low-molecular-mass inhibitors of enzymatic function of EF and 

LF (82, 83). 

Another class of inhibitors is domain negative mutants.  These are residues in domain 2 

which are capable of blocking either pore formation or translocation. In particular F427A, 

D425K and the double mutant K397D/D425K have been shown to have the greatest 

effectiveness (84, 85).  Mourez and co-workers (86) in 2001 reported (87) an unusual type of 

inhibitor; a chemically synthesized 12 residue peptide, which binds to  PA63 pre-pore but does 

not interact with PA monomer. However, the effective inhibition was low, therefore, the peptide 

was covalently linked to a flexible polyacrylamide backbone and the resulting polyvalent 

inhibitor showed 7000 fold higher potency than the monomeric peptide.          
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CHAPTER-2 

RESEARCH BACKGROUND AND GOAL 

The pathogenesis of anthrax is well recognized to be mediated by three secreted proteins 

namely PA, EF and LF, whose functions are highly pH-dependent (14).  Toxicity is initiated by 

the binding of PA to one of its host cell receptors, CMG2 or TEM8 (18, 88). The 83 kDa PA is 

proteolytically cleaved to PA20 and  PA63, allowing spontaneous oligomerization of  PA63 into a 

heptameric structure termed the prepore, ( PA63)7 (25) (47).  The formation of the prepore creates 

binding sites for edema factor (EF) and lethal factor (LF), and the entire complex, the anthrax 

toxin, is taken into the cell by receptor-mediated endocytosis. Once the pH of the endoxome 

lowers to pH ~5-6, there is a major conformational change in which pore formation occurs. 

Residues 285-340 of domain 2 of each of the seven monomers of (PA63)7 form a 14-stranded 

extended β-barrel, termed the pore, which inserts into the vesicle membrane bilayer.  Partially 

unfolded EF and LF transit through the narrow channel into the cytosol where the proteins refold 

and disrupt normal cellular physiology (14, 89). 

2.1 Current understanding of pore formation 

The pH-dependent conformational change leading to the pore structure of ( PA63)7 is 

greatly influenced by the presence of the receptor. When in the presence of CMG2, the pH 

required for pore formation is ~5-6, whereas in the absence of CMG2 pore formation can occur 

at pH ~7.  At the present time, however, neither the physical-chemical basis of this pH-

dependent conformational change that occurs in PA, nor the mechanism by which CMG2/TEM8 

modulates this change, are well understood.   
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Figure- 13 pH dependent conversion of prepore to pore (20) 

  In Figure-13, resistance to sodium dodecyl sulfate (SDS) was used as a reporter for pore 

formation (20). At pH 7 or higher, the heptamer dissociated into monomers, but it converted to 

an SDS-resistant pore at below pH 7. This conversion occurred only around pH 6 or lower in the 

presence of CMG2, since the pH at which pore formation occurs is near the pKa of histidine, it 

has been proposed that pore formation requires the protonation of histidine residues. In addition, 

four of the 10 His residues in PA (nine in PA63) are in the domain 2 β2-β3 loop (His299, His304, 

His310 and His336) which is known to form the β-barrel portion of the pore (Figure-14).  
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Figure-14  Structure of WT PA. Eight of the 10 His residues are shown. The domain 2 β2-β3 
strand that forms part of the transmembrane pore is shown in red (90). 
 

Using immunoprecipitation experiments, Rainey et al. [41] showed that the pH threshold 

for conversion of the prepore to the pore and translocation is approximately one pH unit higher 

when CMG2 is bound. They further showed that PA dissociates from the receptor upon pore 

formation (42). Liddington and coworkers in 2004 reported the crystal structure of PA bound to 

CMG2 and they hypothesized that the release of the receptor from the toxin complex during pore 

formation is due to protonation of histidine 121 in CMG2 (33). However there was no direct 

evidence to support this hypothesis due to the difficulty in monitoring the receptor release from 

the PA, CMG2 complex during pore formation. Understanding the process by which anthrax 

toxin pore formation and translocation could potentially guide the design of therapeutics aimed 

at preventing anthrax toxin entry. It has also been identified as a very good model to study the 
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translocation process of similar AB toxins that are required for microbial disease pathogenesis. 

The work presented in this thesis is an attempt to understanding pH dependent conformational 

changes of anthrax toxin protective antigen and pH dependent interactions of PA with its cellular 

receptor CMG2.  

Chapter 3 of this thesis shows NMR evidence for the release of the receptor from PA at 

low pH. The role of His 121 in receptor dissociation has also been discussed. In chapter 4 we 

summarize the mechanism of pore formation using Fluorescence Resonance Energy Transfer 

(FRET). We further show using site-directed mutagenesis and uniform incorporation of 2-F 

His in to PA that protonation of a single histidine residue does not have a significant impact on 

pore formation. Chapter 5 describes the affinity of PA as a function of pH and the 

thermodynamic parameters have compared with a pH stable PA variant where histidines were 

uniformly labeled with 2-F His and a pH unstable PA variant where the domain 2 β3-β4 loop has 

been mutated at 346 residue (W346F).    
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CHAPTER-3  

Monitoring anthrax toxin receptor CMG2 dissociation from the protective 
antigen by NMR and the role of CMG2- H121 in pore formation. 

3.1 Introduction 

The binding of PA to the host cell receptor is the first step toward the formation of the 

anthrax toxin. PA is cleaved by a furin-like protease on the cell surface followed by the 

formation of a donut-shaped heptameric prepore.  After binding of up to three residues of EF 

and/ or LF, the prepore undergoes a major structural transition at acidic pH that results in the 

formation of a membrane spanning pore, an event which is dictated by interactions with the 

receptor and is necessary for entry of EF and LF into the cell. Early in vitro studies (91, 92) have 

shown that the purified prepore can form a pore by lowering the pH from 8 to 7, leading to the 

hypothesis that pore formation involves the protonation of histidine residues (which have a pKa 

of ~6). However, more recent studies have shown that when the prepore is first bound to the 

isolated VWA domain of the receptor, the pH required for pore formation is lowered to ~5–6.6, 

(42) . In addition, the pH threshold necessary to induce pore formation is dependent on the type 

of receptor VWA domain bound to the prepore, which also exhibit differences in binding affinity 

for PA. For instance, the dissociation constant for the VWA domain of ATR/TEM8 is ~130 nM 

and the pH required for pore formation is ~6, whereas the dissociation constant for VWA domain 

of CMG2 is ~0.15 nM and the pH is lowered to ~5 (40, 42). Although the receptor lowers the pH 

threshold for pore formation, experiments based upon immunoprecipitation of PA-CMG2 or PA-

ATR/TEM8 complexes as a function of pH have shown that the receptor VWA domain 

dissociates from the prepore at the same acidic pH which induces pore formation (42). Whether 

dissociation is a prerequisite to pore formation, or happens as a consequence of pore formation, 
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is not understood. The crystal structures of the PA and prepore-CMG2 complexes are virtually 

identical with identical interfaces (Figure -15), indicating that little change in the interface occurs 

after the initial binding event of PA to CMG2.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure-15 Overlay of structures of PA (purple) bound to CMG2 (green) and of prepore (orange) 
bound to CMG2 (blue) (pdb 1T6B and 1TZN, respectively). The gray region comprises the β3-β4 
loop and the β2-β3 strands from Domain 2. The red sphere is manganese. The figure was 
generated using Pymolv.99. 

 

On this basis we hypothesized that if protonation of receptor interface residues was the 

cause of receptor dissociation, then release of the VWA domain of CMG2 should occur when 

low pH binding is monitored between either monomeric PA or prepore.  This chapter describes 

the use of 1-dimensional (1D) 13C-edited 1H NMR to monitor binding of a carbon-13 labeled 

CMG2 to PA and prepore as a function of pH. Our results are consistent with a model whereby 
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the large structural change that occurs in the prepore to pore transition at low pH induces 

dissociation of the receptor. 

This novel technique was developed by Rizo and coworkers in 2003 (93) .  SMRC 

measures the intensity of the strongest methyl resonance (SMR), observed at 0.8-0.9 ppm for 

most of the proteins mainly due to leucine, valine and isoleucine residues. In this method one 

protein is uniformly labeled with 13C and the strongest methyl resonance (SMR) of the 13C-

labeled protein is monitored with 1D 13C-edited 1H NMR spectra and will thus be called the 

SMRC.  

When two proteins interact, the signals from the unlabeled protein do not contribute to 

the NMR spectra. Therefore, if the two proteins do not interact, addition of the unlabeled protein 

should not affect the SMRC of the 13C-labeled protein. However, if they interact with each other, 

binding should result in substantial resonance broadening and a consequent decrease in the 

SMRC intensity (Figure - 16A). If the two proteins have a similar molecular mass, a decrease 

of 50% in SMRC intensity is expected assuming an approximately linear relationship between 

line width and molecular mass. If one of the two proteins is much larger than the other, the 

method is much more sensitive when the small protein is labeled with 13C since its resonances 

should experience more severe broadening upon complex formation. 

Application of this method to the BIR3−Smac interaction is illustrated in Figure-16B. 

Addition of increasing amounts of unlabeled Smac results in a progressive decrease in the 

intensity of the SMRC of 13C-labeled BIR3. A complete titration of the intensity changes as a 

function of Smac concentration (Figure - 32C) shows that binding is saturated, and the data fit 

well to a 1:1 binding model with a dissociation constant of 0.6 ± 0.3 μM. These were in 

agreement with the values reported in literature (93). 
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Figure 16 SMRC method for studying protein−protein interactions. 

SMRC is highly sensitive allowing nanomolar to micromolar concentrations to be used in 

binding assays. A protein binding event causes line broadening and a subsequent decrease in 

peak height due to an increase in molar mass. 

In the experiments described in this section CMG2; the protein which is smaller in size, 

was labeled uniformly with 13C using M9 minimal media in which glucose is replaced with U-

13C glucose. Receptor dissociation is observed in 13C labeled, 2FHis CMG2, indicating that 

protonation of H121 is not a mechanism for receptor release. Dissociation was likely caused by 

the structural transition upon formation of a pore from the prepore state rather than protonation 

of residues at the receptor PA or prepore interface. 
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3.2 Materials and methods 

Reagents and buffers 

Tris d11, cacodylic acid-d7, Bis-Tris-d19, and β-D-octyl-glucoside-d24 were purchased from 

Cambridge Isotope Laboratories (Andover MA). D2O, Tris, Bis-Tris, Cacodylate 

Citrate (sodium salt) was from Sigma. 

Buffer E- 20 mM Tris d11, pH 8.0, 0.4 M NaCl 

Buffer F- 20 mM Tris d11 pH 8.5, 0.4 M NaCl.  

Buffer G- 200 mM cacodylic acid-d7, Bis-Tris-d19 and Tris-d11, 1.0% β-D-octyl-glucoside-d24, 

and 12.5% D2O 

Buffer H- 10 mM BisTris / Hepes (sodium salt) / cacodylic acid (sodium salt) / citric acid 

3.2.1 Strongest Methyl Resonance of 13C (SMRC) experiments. 

All experiments were performed at 20oC. 13C-labeled CMG2 or 13C-labeled, 2-FHis-

CMG2 in PBS pH 7.4 was incubated in buffer E alone or with either PA or  PA63 (in the prepore) 

in buffer F in a volume of 100 μL. The binding reaction was incubated overnight at room 

temperature, to which 400 μL of universal buffer G at pH 8, 7, 6, or 5 was added. 1D 1H-13C-

HSQC spectra were acquired on a Varian INOVA 700 MHz spectrometer and represent 512 

transients. 
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3.2.2  19F NMR spectroscopy 

Spectra were acquired at 20 °C on a Varian INOVA 500 MHz spectrometer using a 

dedicated Varian 19F-CryoQ probe operating at 20 K. Spectra represent 4096 transients with a 

recycle delay of 4 s and were referenced to an external standard of 5 mM trifluoroacetic acid. 2-

FHis-CMG2 (47.4 μL) in PBS was incubated with 52.6 μL of either buffer E or with PA (same 

buffer) to give final concentrations of 200 μM 2-FHis-CMG2 and PA. The binding reaction was 

incubated overnight, to which 400 μL of buffer G at pH 8 or 5 was added. Final concentration of 

PA and 2-FHis-CMG2 was 40 μM. No spectra were recorded at pH 5 due to aggregation. 

3.2.3 Stability of CMG2, 2-FHis-CMG2 to pH 

  1 ml protein samples at 0.8 µM concentration were made in universal buffer H with 

desired pH. The samples were incubated overnight at 4°C prior to the analysis. Data were 

acquired on a Cary Eclipse spectrofluorimeter. Samples were maintained at at 20°C using a 

Peltier cooling system. Total fluorescence of each sample was measured by exciting at 280 nM. 

The buffer was subtracted from the protein to get the fluorescence traces for each sample. The 

data were fit according to the Henderson-Hasselbalch equation assuming a two-state protonation 

equilibrium: 

    Fl(obs) = (Fl(N) + Fl(I) 10pH-pK
app)/(1 + 10pH-pK

app)  

Where pKapp represents an apparent pKa encompassing all of the titratable sites.  

The fitted curves gave a pKapp of 3.4 ± 0.1 for the WT protein and 2.7 ± 0.2 for the 2-FHis 

labeled protein. We note that very little change occurs in the peak max of either protein down to 

pH 4. 
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3.2.4 Mass spectrometry 

The mass for CMG2 (residues 38–218, plus an N-terminal Gly from the thrombin 

cleavage) is 19,876 (expected 19875.8) and 2-FHis-CMG2 is 19,894 (expected 19893.8). For 

LC/MS measurements of whole protein mass, an aliquot of protein (˜20 picomoles) in 5% acetic 

acid was applied to a reversed phase column (Zorbax 300SB-C3 2.1 × 150 mm, Agilent), the 

column was washed for 25 min (0.2 mL/minute 5% acetic acid in water), and then eluted with a 

steep gradient (3.6%/minute to 95%). Starting solvent was 5% acetic acid in water and the 

elution solvent was neat acetonitrile. The HPLC system was an HP1100 (Agilent) stack with 

degasser and column heater (the column was heated at 40°C). The protein eluted into an HP 

MSD single quad mass spectrometer (Agilent), which was set up to scan between 500 and 1700 

M/Z beginning after the first 25 min. LC/MS data were analyzed using the Chemstation software 

package. A prominent peak appearing only in the sample run was summed together and 

subjected to the transform program present in the software package. 

3.2.5 Native PAGE binding assay 

WT PA (1.6 μL of 31 μM) was placed into Eppendorf tubes and either WT CMG2 (15 

μM) or 2-FHis-CMG2 (52 μM) was added in increments to give final concentrations of 2.5 

μM PA and 0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.75 μM CMG2 proteins. The volumes were 

brought up to 20 μL by adding appropriate amounts of 10 mM Tris-HCl pH 8. Glycerol (80%) 

was then added to each sample to a final concentration of 5% and incubated at room temperature 

for 1 h. The protein samples were then loaded (20 μL) onto a 4–20% native PAGE gel and run at 

constant 40 V for 17 h at 15°C. 
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3.3 Results and discussion  

In this study, 1-dimensional (1D) 13C-edited 1H NMR  technique developed by Rizo and 

coworkers [109]  was used as a tool to monitor binding of a carbon-13 labeled CMG2 to PA and 

prepore as a function of pH. 

  PA and (PA63)7 were expressed and purified according to the methods described in 

Appendix B and the purity was 95% or more. Biosynthetic incorporation of 13C and 2-FHis into 

CMG2 is also described in Appendix B and were isolated at high purity. The protein yields were 

relatively lower for these two species than WT CMG2. This may be attributed to the toxic nature 

of 2-FHis and limited amount of 13C glucose used per growth. Approximately 5-6 mg of pure 

protein could be isolated from 2.6 L of media. 

3.3.1 Stability of CMG2 proteins to pH 

First, 2-FHis labeled CMG2 was compared with WTCMG2 to check for the functional 

similarities of the two proteins. Stability of the two proteins to pH was monitored by 

fluorescence as in Figure-17. The data were fit according to the Henderson-Hasselbalch equation 

assuming a two-state protonation equilbrium: Fl (obs) = (Fl(N) + Fl(I) 10pH-pKapp)/(1 + 10pH-pKap) 

where pKapp represents an apparent pKa encompassing all classes of titratable sites. The fits 

(solid lines) gave a pKapp of 3.4 ± 0.1 for the WT protein and 2.7 ± 0.2 for the 2-FHis labeled 

protein. This result indicates that doth proteins exhibit relatively similar stability to pH. 
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Figure 17 pH dependence of WT CMG2 and 2-FHis CMG2.   WT CMG2 ( ) and 2-FHis-
CMG2 (•) pH dependence on fluorescence (Ex. 280 nm) was monitored by following the peak 
maximum wavelength. Data were acquired on a Cary Eclipse fluorescence instrument, and 
samples maintained at 20°C with a Peltier cooling system. Protein concentration was 0.8 μM, 
and the buffer consisted of 10 mM each of BisTris / Hepes / cacodylic acid / citric acid.  

 

3.3.2 Binding of CMG2 to PA by gel shift assay 

The binding of CMG2 and the 2-FHis CMG2 to PA was checked using a gel shift assay 

as in Figure-18. In this assay, a fixed amount of PA was placed in an Eppendorf tube and an 

increasing concentration of CMG2 was added to each tube so as the PA: CMG2 ratio increased 

from 0 to 1.5. The proteins were incubated at room temperature for 2 hours and were 

electrophoresed on a 4-20% gel under native conditions.  
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Figure- 18 Binding assay of WT PA with varying molar ratios of WT-CMG2 (top) and 2-FHis-
CMG2 (bottom). Free refers to free PA and bound refers to the PA—CMG2 complex. 

In the absence of CMG2, free PA is represented by the thick band at the bottom of the gel 

as in figure-35. When CMG2 was added, an upper band which represents the PA+CMG2 

complex could be observed.  When the concentration of CMG2 increased the intensity of the 

upper band also increased showing the formation of more and more bound complex.  At [CMG2] 

/ [PA] 1:1, a band representing free PA cannot be observed. This shows complete binding of the 

two proteins. Both gels showed similar binding patterns where complete binding was seen at PA: 

CMG2 1:1 ratio. Results of these assays showed that incorporation of 2-FHisdid not alter the 

binding to CMG2. 

3.3.3 SMRC experiments. 

SMRC experiments were performed for the protein PA and PA63 in the presence of 13C 

labeled CMG2 according to standard 700 MHz NMR instrument methods and the data obtained 

are shown in Figure-19. The SMRC signals for the unbound protein for both pH 8 and 5 are 

shown in red. A significant decrease in SMRC intensity of 13C-CMG2 (4 µM) was observed at 

pH 8 upon addition of PA (4 µM) indicating the formation of 13C-CMG2 complex. A similar 
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decrease in SMRC intensity was observed upon binding of 13C-CMG2 (6.25 µM) to the prepore 

(3.1µM). In the latter case, a twofold higher stoichiometry of 13C-CMG2 to prepore was used. 

This was done in order to be more quantitative in terms of degree of binding, because binding 

of 13C-CMG2 (˜20 kDa) to prepore (444 kDa) resulted in a complete loss of SMRC intensity.  

At pH 5, however, although a very little change was observed in the intensity of the 

resonance of 13C-CMG2 bound to PA, a significant increase in the SMRC peak intensity was 

observed for the prepore complex, indicating that a large proportion of the receptor present in 

solution was no longer associated with the prepore. This is the first direct evidence that the 

receptor dissociates from the prepore at low pH and is consistent with a model in which the 

prepore-to-pore structural transition induces dissociation. 
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Figure 19 (A) SMRC of 13C-labeled CMG2 (4 μM), either in the absence (red) or presence (blue) 
of PA (4 μM) at pH 8.0 (left spectra) or pH 5 (right spectra). (B) SMRC of 13C-labeled CMG2 
(6.25 μM), either in the absence (red) or presence (blue) of prepore (3.1 μM PA63) at pH 8.0 (left 
panel) or pH 5 (right panel). Spectra represent 512 transients 20°C. 
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3.3.4  Role of His-121 in pore formation 

An early hypothesis for low pH mediated release of CMG2, based on the crystal 

structures of PA-CMG2 and prepore-CMG2 complexes, focused on His-121 in CMG2 as a likely 

candidate for the pH sensor that governs pore formation (20, 33). His-121 is within 5 Å of Arg-

344 in PA, a residue adjacent to the domain 2 β2-β3 strands that form the transmembrane pore 

(Figure-15). Thus, it was thought that protonation of His-121 in CMG2 at low pH resulted in 

charge repulsion of Arg-344, triggering the release of the domain 2 β3-β4 loop from the CMG2 

surface and allowing insertion of the domain 2 β2-β3 strands into the membrane. Experimentally, 

mutagenesis of His-121 (to Ala, Asn and Glu) only slightly shifted the pH required for pore 

formation to higher values (0.2–0.6 pH units), and a His-121 to Gln mutant behaved in a manner 

similar to WT CMG2 in cytotoxicity assays (44, 94). The role of His-121 was also investigated 

by labeling this residue with 2-fluorohistidine (2-FHis), an isosteric analog of histidine with a 

reduced side chain pKa (95) which not only allowed  probing  the role of this residue in pH-

dependent pore formation, but also permitted  probing  pH-dependent interactions with PA or 

prepore by 19F NMR (90, 96) 

2-FHis is isosteric for histidine and is perhaps the most conservative change one could 

make for this residue. However, 2-FHis possesses a side chain pKa of ˜1, and thus prevents 

protonation at low pH (96).  The fluorine nucleus is small and in general structurally 

nonperturbing, but is highly sensitive to local environmental changes and should allow the 

detection of CMG2 binding to PA or the prepore via 19F NMR (97, 98).  In this study, CMG2 

was labeled with 2-FHis, and the degree of labeling was confirmed to be >90% by mass 

spectrometry, as had been observed previously when the periplasmic chaperone PapD was 

labeled with this residue (96). 19F NMR experiments were carried out in a manner similar to that 



40 
 

used to monitor binding by the SMRC technique. As seen in Figure-20A.  19F NMR experiments 

showed that PA (40 μM) bound to 2F-HisCMG2 (40 μM) at pH 8, as indicated by a large 

chemical shift change from δ = −35 ppm (unbound) to δ = −30.9 ppm (bound). However, when 

the pH was lowered to 5, a visible precipitate was observed in the NMR tube, preventing 

observation of the spectral changes at this pH. 

 

 
Figure-20 (A) Binding 2-FHis-CMG2 (40 μM) in the absence (blue) and presence (red) 
of PA (40 μM) monitored by 19F NMR. Spectra were acquired at 20°C, pH 8.0 and 
represent 4096 transients. (B) SMRC of 13C-2-FHis-CMG2 (12.5 μM), either in the 
absence (red) or presence (blue) of prepore (6.25 μM  PA63), as a function of pH. Spectra 
represent 512 transients acquired at 20°C. 
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Given that dissociation of CMG2 from PA could not be detected using 19F NMR, CMG2 

was co-labeled with carbon-13 and 2-FHis, and receptor binding to the prepore was monitored as 

a function of pH using the SMRC technique. As shown in Figure- 37B, binding was observed 

for 13C-2-FHis-CMG2 (12.5 μM) to prepore (6.25 μM  PA63) from pH 8 to 6, but at pH 5 there is 

a ˜30% increase in SMRC intensity, indicative of receptor dissociation. Our results are consistent 

with studies showing that protonation of His-121 is not a mechanism for receptor dissociation 

and provide further support for a model in which the structural transition from a prepore to a 

pore induces receptor dissociation. 

3.4 Conclusions 

In this study, we provide direct evidence using NMR for low pH induced dissociation of 

CMG2 from the prepore form of PA. Because dissociation is not observed at low pH when 

monitoring association of CMG2 to full-length PA, this suggests that the structural change in the 

prepore to pore conversion, rather than protonation of residues at the receptor-PA or prepore 

interface, is the cause of receptor dissociation. Indeed, recent cryo-EM studies of the pore bound 

to GroEL, induced in 1M urea, indicate a large-scale global conformational change that is not 

just specific to Domain 2, which contains the transmembrane segment, but Domain 4 as well 

(26). In fact, Domain 4 is not observed in the cryo-EM images. Therefore, receptor-prepore 

interactions may be lost through the global unfolding of the prepore to a pore, but rather than 

being initiated by protonation of residues in the receptor, is likely initiated by protonation of 

residues within the prepore. 

Recent studies from our laboratory have shown that labeling PA with 2-FHis prevents 

unfolding from pH 8 to 5, but does not inhibit the prepore to pore conversion at pH 5 (90). 
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 However, if the 2-FHis-labeled prepore is first bound to CMG2, we observe that both low pH 

induced receptor release and pore formation is blocked (99). This supports the model proposed 

herein, whereby protonation of histidine residues within the prepore (bound to CMG2) causes a 

structural transition from a prepore to a pore, and either in a concomitant or subsequent 

timeframe, dissociation of CMG2. By using the SMRC method, it should be possible to probe 

the timing of release of the receptor in relation to pore formation, thereby possibly determining 

which residues in the PA initiate pore formation. 
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CHAPTER- 4 

Understanding the role of Histidine residues and domain – domain 
interactions of PA during pore formation. 

4.1 Introduction. 

Central hypothesis governing that first half of this chapter is that the formation of a 

membrane spanning pore in the presence of the cellular receptor is critically dependent on the 

protonation of one or more specific histidine residues.  

Studying the role of histidine in biological processes is challenging because of its shape, 

which gives rise to a unique vanDerWaals volume, and its hydrogen bonding and salt bridge 

capabilities which tune to the pH of the local environment (97).  Because of the pKa of the 

imidazole ring of histidine, protonation and deprotonation can occur within the physiogical pH 

range.  No other amino acid residue can provide the same pH-dependent chemical properties, and 

therefore, substitution of histidine using mutagenesis techniques will not yield satisfactory 

outcome.  Furthermore, finding a suitable substitute is difficult due to the unique structure of 

histidine.  Thus, while a phenylalanine or tyrosine may simulate the ring-like structure of 

histidine, neither account for the greater polarity of His. While a serine, threonine or asparagines 

residue may provide hydrogen-bonding capabilities, the structures are completely different and 

one cannot achieve the specific pH dependent properties of histidine residues alone.  

  In 1972, the photochemical Schiemann reaction was developed by Kirk et al. to 

synthesize 4-fluoro- and 2-fluorohistidine (95, 100) (Figure-15). Although highly 

electronegative, the fluorine atom is small (slightly larger than a hydrogen) and, thus, is expected 

to have little impact on the native structure of proteins (101). Furthermore, the high sensitivity of 
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the fluorine nucleus to its local environment is advantageous for protein-folding studies, 

allowing changes in local environment that can occur during the folding process.  

2-FHis is also a suitable substitution to study pH dependent properties without 

significantly altering the structure of Histidine.  A unique feature of 2-FHis is the lowered pKa of 

the side-chain imidazole, which is shifted to ~1.  Therefore incorporation of 2-FHis into proteins 

is a promising method to analyze the role of histidine protonation at low pH (96, 100, 102). 

 

Figure-21 Structure of Histidine and 2F-Histidine 

Biosynthetic incorporation of fluorinated amino acids into proteins can be achieved most 

easily using an auxotroph of the amino acid to be incorporated.  Eichler et al. in 2005 were the 

first to biosynthetically incorporate 2-FHis into a recombinant protein, PapD. They showed that 

bacteria auxotrophic for histidine readily incorporated 2-FHis, but not 4-FHis, into PapD.  They 

further show that the  folding properties of PapD were not altered significantly by this 

modification (96). 

Preliminary work done by Zhou et al. (MSc thesis) showed that 2-FHis can be uniformly 

incorporated into PA. Wimalasena et al. studied the stability of the modified protein to pH and 
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urea by fluorescence and CD (90). These studies indicated that the 2-FHis labeled PA analog is 

more stable to low pH and urea than its WT counterpart. Further, by using SDS-PAGE assays 

and potassium release assay the authors showed  that both WT and  2-FHisPA were able to form 

pores at a similar pH in vivo and could be inserted into the membrane in the absence of the 

receptor (90).  However the translocation studies in planner lipid bilayers showed that 2-FHisPA 

could not translocate LFN through the pores into the cytosol of CHO-K1 cells. This observation 

indicates that the pore formed by 2-FHi sis biologically inactive. These observations agree with 

the conclusion that histidine plays a role in translocation but does not alter the pore formation in 

the absence of the receptor. Preliminary results by SDS-PAGE assays of Zhou  (99)  show that in 

the presence of CMG2, 2-FHispre-pore does not form a pore at low pH. (Figure-22)  

 

 

Figure-22 pH dependent conversion of prepore to pore for WT and 2-FHis- PA63 in the presence 
of CMG2. ( Haiying Zhou MSc. thesis). 

Site directed mutagenesis has been utilized to mutate His residues in PA to glutamine, 

asparagines or threonin. Pore formation was confirmed for these mutants. Then, the proteins 

were uniformly labeled with 2-FHis so that all the His residues except the mutated one were 
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labeled with 2F-His. SDS-PAGE and native PAGE techniques were utilized to check the pore 

formation to identify Histidine residues which can block pore formation. 

The main focus of the second half is to understand the process of pore formation at low 

pH.  Fluorescence was used to determine the temporal relationship between domain 2 and 

domain 4 of  PA63 when it converts from a prepore to a pore at low pH. Non-radiative energy 

transfer from W346 in domain 2 to a fluorescence probe in domain 4 was utilized extensively in 

this section to study this pore formation event.  E712C PA labeled with AF350, which was used 

in Chapter 3, was chosen as the acceptor fluorophore. W346 in domain 2 was chosen as the 

donor fluorophore. E712 is in close proximity to Trp 346 in domain 2 (18-20 Å), sufficient to 

allow energy transfer to E712 AF350. There are four Trp residues in PA63 and only W346 is 

within the requisite distance for efficient energy transfer to occur (Figure - 38). We hypothesized 

that significant energy transfer should occur between AF350 and W346 when the two domains 

were intact however in the event of pore formation these domains should change their relative 

distance and we should have seen a change in the emission signal. 
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(A) 

 
(B)                                                          (C)    

 
 

Figure- 23 Structure of  PA63 heptamer (top) with side chains of Glu 712 (light blue sticks) and 
the tryptophans, Trp346 and Trp477 (blue sticks). Note the close proximity of Glu 712 to Trp 
346 within one monomer (18.21 Å) and between monomers (35 Å). Excitation and emission 
spectra of AF350 (B) and efficiency of energy transfer between AlexaFluor 350 dye and 
ryptophan (C). Expected efficiencies of Trp 346 within a monomer (>90%) and between adjacent 
monomers (<25%) are shown.  
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Quantum yields were measured for heptamer and monomer forms of PA WT, and W346F 

proteins and we show that 50% of the natural fluorescence was due to W346 in domain 2 of PA. 

We have also reported the interactions of these proteins with lipids and detergents and quenching 

of fluorescence in the presence of acrylamide. We observed that in the absence of the receptor, 

quenching of fluorescence of  PA63 at pH below 7.2 is due to the formation of the pore and the 

two domains come close together during this event. We also report the pH jump experiments 

which enabled us to measure the rates associated with the structural transition of (PA63)7  at low 

pH.  

4.2 Materials and methods. 

Reagents and buffers 

L-palmitoyal -2-oleyl-sn-glycero-3-phosphocholine (POPC) was purchased from Avanti polar 

Lipids, Inc. N-acetyl tryptophanamide (NATA) and acrylamide are from Sigma. 

Buffer I - 20mM Tris / Bis-Tris / cacodylate / 0.2M NaCl pH 8 

Labeling E712C PA, E712C/W346F-PA with Alexa Fluor 350 and monobromobimane was done 

according to the method discussed in 3.14. 

Preparation of heptamer of the proteins was done according to the procedure explained in 

Appendix B. 

4.2.1 Pore formation assay using native / SDS- PAGE gel electrophoresis. 

pH dependent conversion of ( PA63)7 from a prepore to an SDS-resistant state was 

accomplished by incubating ( PA63)7 (10 µL of 2.7 µM in 20 mM Tris-HCl pH 8.5 supplemented 

with 0.4 M NaCl) with 10 µL each of 1 M buffers (BisTris, pH 5- 6.5 and HEPES, pH 7- 8) at 
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room temperature for 1 h. After incubation, 22% DDM was added to get a final concentration of 

2% if running native gels. For SDS-PAGE gels, 10% SDS was added to get a final concentration 

of 1.25%. The proteins were incubated at room temperature for additional 20 minutes. The 

proteins were then applied to a 4-20% gradient SDS-PAGE gel which was run for 20 h  at 

constant voltage (40 V) at 4oC. 

4.2.2 Circular Dichroism (CD) analysis.  

Circular dichroism spectra were acquired on a Jasco-J-810 spectropolarimeter equipped 

with a temperature-controlled water bath. Samples of WT PA, E712CPA and W346F PA (~8-10 

µM) in 10mM HEPES/ Bis-Tris/ cacodylic acid at pH 8 were placed in a 0.1mm CD cell. Spectra 

were recorded at 20oC from 260-180 nm at a scan rate of 20 nm/min with a response time of 4 S. 

Spectra were recorded after incubating each sample in the appropriate buffer overnight at 4oC 

and five scans were averaged. Data were normalized to the mean residue ellipticity based on a 

value of 734 peptide bonds. 

4.2.3 Large unilamellar vesicle (LUV) preparation 

POPC was dissolved in appropriate amount of CHCl3 to give final concentration of 20 

mg/ml and were aliquated into smaller vials and CHCl3 was removed under a stream of N2 gas to 

form a lipid film. The lipid film was then dried under high vacuum for at least 3 h to remove 

trace amounts of CHCl3. Thereafter the lipid film was rehydrated in 20 mM Tris / Bis-

Tris/cacodylate/ 0.2M NaCl pH8 (Buffer D) by stirring overnight at room temperature.  

 



50 
 

 

 

Figure- 24 Extrusion of POPC vesicles using mini extruder from Avanti polar lipids inc. 

The lipid suspension was then subjected to five freeze-thaw cycles by freezing on liquid N2 and 

thawing on ice. Freezing and thawing had to be done about 5 times. Then the lipid solution was 

extruded 21 times through polycarbonate filters with a pore size of 100 nm using a mini extruder 

as shown in Figure-24 (Avanti polar lipids). The vesicles were stored at 4oC up to five days.  

4.2.4 Determination of Quantum yield (ΦF) of proteins 

Quantum yield of PA monomer and heptamer, W346F PA monomer and heptamer in the 

presence and absence of LUV were measured in buffer D. UV-Vis absorbance spectrum of a 

chosen sample was collected after buffer substraction and the absorbance was recorded. 

Fluorescence emission spectra of the same sample was collected and the integrated fluorescence 

intensity was calculated. The above procedure was repeated for 5 more samples with different 

protein concentrations. A Cary-Eclipse spectrofluorimeter was used with an Excitation 

wavelength of 295 nm to eliminate the contribution from AA residues other than Trp. The 

samples were maintained at 20 oC with a peltier cooling system and the EX and EM slits were set 
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to 5 nm. The fluorescence of the protein samples was measured with an optical density of less 

than 0.1 at 295 nm to avoid the inner filter effect.  A graph of integrated fluorescence intensity vs 

absorbance was used to calculate the quantum yield of proteins as follows. 

                                Φx= Φst [mx / mst][ηx
2/ηst

2] 

Where st = standard sample, X = test sample, m = slope of the straight line, η = refractive 

index of the solvent. 

The QY for the Trp fluorescence of proteins were determined with N-acetyl 

tryptophanamide (NATA) in water as reference. The absolute QY value of NATA in water was 

taken as 0.13 (103). 

4.2.5 Acrylamide quenching of Trp 346 fluorescence 

Solvent accessibility of Trp 346 in the presence  and absence of LUV were determined by 

quenching of  tryptophan fluorescence with acrylamide.  Emission spectra of 225 nM  PA63 in 

the prescence and absence of LUV (protein/LUV ratio kept 1:800) were collected at 20oC upon 

excitation at 295 nm. For these measurements acrylamide from a 4 M stock solution was used to 

give a final concentration of 0, 0.02, 0.04, 0.08, 0.1, 0.2, 0.3, 0.4 M and the samples were 

incubated overnight at 4oC. The spectra were collected and analyzed using Stern-Volmer 

equation for collisional quenching as described previously (104, 105). 

4.2.6 pH titration and light scattering experiments 

All experiments were carried out in a universal buffer system 20 mM Tris/Bis-

tris/Cacodylate pH 8 + 200 mM NaCl.  Data were acquired on a Cary-Eclipse fluorescence 

instrument and samples were maintained at 20oC with a Peltier cooling system. Protein 
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concentrations were 225 nM unless otherwise mentioned.  100 μl aliquots were iteratively 

removed and 100 μl of 20 mM Tris/Bis-tris/Cacodylate pH 8+200 mM NaCl was added and 

equilibrated for 10 minutes at 20 oC before acquiring data. Data were acquired for EX 295 EM 

330, EX 295 EM 440,  EX 350 EM 440 for proteins labeled with Alexa-Fluor 350 and EX 295 

EM 330 and EX 385 EM 470 for proteins labeled with MBBr. A correction was done for the 

decrease in fluorescence intensity due to the continual dilution of the protein.  

Light scattering was monitored for protein concentrations 50 nM, 100 nM, 225 nM and 

500 nM by exciting at 500 nm as a function of pH. Slits were set 2.5nm and the experiments 

were carried out in the presence and in the absence of DDM. Relative light scattering was 

calculated by subtracting out the light scattering of the buffer under similar experimental 

conditions. 

4.2.7 Stopped-flow pH jump experiments. 

pH jump experiments were performed at 20oC using Applied Photophysics SX.18 MV 

instrument. Simple mixing mode with 1:5 mixing was utilized with two syringes where 0.5µM 

PA was kept in one (syringe A) and desired pH of buffer I  was kept in syringe B.  Excitation 

was set at 295 nm for both MBrB and AF 350 labeled  PA63 proteins and the emission was 

monitored above 305 nm (quenching of fluorescence of Trp 346 was monitored by EX 295 nm/ 

EM 330 nm) for  PA63 MBrB and 375 nm (energy transfer between Trp 346 and AF 350,  EX 

295 / EM 440)  for  PA63 AF350 using appropriate cutoff filters. The proteins were equilibrated 

in the universal buffer either in pH 8 or 7 overnight at 4 oC prior to each experiment.  Upper 

margin (pH 8 to 8 jump) was established by rapidly mixing protein at pH 8 with buffer at pH 8 

with 1:5 mixing. Lower margin (pH 7- 7 jump) was also established by mixing the protein at pH 
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7 with buffer at pH 7.  pH  jump from 8-7 was established by mixing the protein at pH 8 with 

buffer at pH 5. The final pH of the protein solution was ~7. 

In each experiment 1000 data points were recorded over the course of the reaction. Total 

shot volumes were 250 µl and the instrument dead time was 2.7 ms.  Each trace in figure 

represents an average of three to four overlapping kinetic traces.   The pH jump from 8-7 kinetic 

traces were then fit to either single exponential or double exponential fit and rate of the structural 

change was determined. 

4.3 Results and discussion. 

4.3.1 Site-directed mutagenesis and protein preparation. 

Single mutants of PA were made at histidine sites H211, H256, H263, H299, H304310, 

H336, H597 and H616 to glutamine. All these mutations were made using Quikchange 

mutagenesis kit and the sequences were verified at Washington University Protein Nucleic acid 

Laboratories.  

The proteins were expressed and purified according to the procedure in Materials and 

methods. All His mutants except H263 PA expressed in high yields. H263Q mutant failed to 

express PA even in small amounts indicating that H263Q is a conserved mutation. The study 

therefore limited to only 7 His mutants. The mutant proteins were then uniformly labeled with 2-

FHis according to the methods described and were purified. All the mutants gave high protein 

yields and were more than 95% pure. 

E712CPA was labeled with AF350 and monobromobimane (MBrB) as described in 

Chapter 3 and were isolated in the pure form. CMG2 also was expressed and purified to 95% or 
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more according to the procedure described in Appendix B. Zhou et al. (MSc. thesis) in our lab 

carried out SDS resistant pore formation assay for PA63 WT protein in the presence and absence 

of CMG2 as a function of pH (Figure- 25). In these assays, PA63 (2.5 µM) was incubated with 

buffer or with 5 µM CMG2 for 20 minutes at room temperature. Then the buffers with desired 

pH were added and incubated for an hour to allow the pore formation event to occur. 10% SDS 

was then added to get a final concentration of 1.25% and was further incubated for 20 minutes at 

room temperature. The samples were then loaded to a 4-20% gradient SDS-PAGE gel and were 

run for 3-3.5 hours at constant 200 V.  

 
 

Figure- 25 pH dependent conversion of  PA63 prepore to an SDS-resistant pore in the presence 
and absence of CMG2 (Haiying Zhou, MSc. Thesis). 
 

The results of this assay show that pore formation takes place in the heptamer at pH 7 and below 

when it is not bound to CMG2. However when it is bound to CMG2, the pH requirement for 

pore formation drops to pH 6.  
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4.3.2 Pore formation assay of PA mutants 

A similar procedure was used to study pore formation of the His->Gln mutants to check 

whether mutation of any of the His residues to Gln may have an impact on the ability for the 

protein to from a pore.  

 

 
Figure- 26 pH dependent conversion of  PA63 prepore of four His-Glu mutants to an SDS-
resistant pore in the presence and absence of CMG2.  
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The mutants include H211Q, H299Q, H304310Q and H597Q, and the results are shown 

in Figure-26. All proteins showed a similar pattern in pore formation. In the presence of CMG2 

pore formation occurred at pH 6 and below whereas in the absence of the receptors pore 

formation was observed at pH 7 and below, similar to the results obtained for the PA63 WT 

protein (Figure- 27). Similar results were obtained when this assay was repeated for other 

mutants such as H253Q, and H616Q (data not shown). It was thus concluded that these 

mutations did not affect the function of the protein. This observation indicates that none of these 

His residues altered the pore formation. However an anomalous result was observed for H336Q 

and H336F mutants.  

 
 

 Figure-27 pH dependent conversion of  PA63 prepore of H336Q and H336F mutants to an SDS-
resistant pore in the presence and absence of CMG2.  
 

Pore formation for both mutations took place even at pH 8 in the absence of the receptor. It 

however showed normal function in the presence of the receptor. This result was observed 
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repeatedly for these two mutants. Then the proteins were uniformly labeled with 2-FHis and the 

similar assay was carried out for all the above mutants. 

 

 
 

Figure-28 pH dependent conversion of  PA63 prepore of H299Q and H304310Q mutants and 2-
FHislabeled proteins to an SDS-resistant pore in the absence of CMG2. 
 

According to Figure- 28 uniform incorporation of 2-FHis into mutants H299Q and 

H304310Q did not alter either the pore formation or the pH requirement for pore formation in the 

absence of the receptor. The faint high molecular weight band for H299Q 2-FHispH 8 may be 

due to leaking of the protein from the previous well. It is safe to assume so because a thick 

monomer band is visible at the bottom of the gel for pH 8 indicating that the pore formation has 

been blocked for pH 8. Similar results were obtained for H253Q 2-FHis, H597Q 2-FHis proteins. 
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Figure-29 pH dependent conversion of  PA63 prepore of H336Q mutant and 2-FHislabeled 
protein to an SDS-resistant pore in the absence of CMG2. 
 

The results for H336Q (Figure-29) indicate that regardless of the 2-FHis incorporation, a 

conformational change from a prepore to a pore occurs even at pH 8. This result further 

confirmed the altered function of this mutant in the absence of CMG2.  

4.3.3 Modified pore formation assay with DDM as detergent. 

Picking the right detergent is key to these pore formation assays due to the tendency of 

the prepore and the pore to aggregate. In order to circumvent the use of SDS, which dissociates 

the heptamer into monomers prior to pore formation, we developed a method which could both 

monitor binding to the receptor as well as low-pH induced pore formation. Four different non- 

denaturant detergents; 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), 

n-octyl-β-D-glucoside (OG), n-dodecyl α-D maltoside and N-tetradecylphosphocholine  (FOS14) 
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/(FC) were used for following the effect of these detergents on the mobility in a Native PAGE 

assay.  PA63 WT was incubated in buffers containing 2% of OG, DDM, FC and 1% of CHAPS 

so as to get a final concentration of detergent to be 1% for OG, DDM and FC and 0.5% for 

CHAPS. The samples were run under native conditions at constant 200V overnight and the 

following results were obtained. (Figure -30) 

 
 

Figure- 30 pH dependent conversion of WT PA63 to a pore in the presence of different 
detergents under native conditions. 
 

The results in Figure- 30 indicate that FC induced pore formation even at pH 8 and it is not a 

suitable detergent for these assays. Even though CHAPS, OG and DDM did not induce pore 

formation at pH 8, CHAPS and OG showed a higher molecular species apart from the heptamer. 

Only DDM showed a single band for PA63 heptamer which is indicative of having the prepore in 

soluble form at pH 8.Therefore, DDM was chosen over other detergents for the modified pore 

formation assay. 
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Figure- 31pH dependent conversion of WT  PA63, H299Q and H304310Q proteins and 2-
FHisincorporated proteins in the absence of CMG2 under native conditions. DDM was used as a 
detergent. Fe is referred to ferritene which has a molecular weight of 440 KDa, a protein which 
is comparable to (PA63)7. 
 

  Results obtained for H299Q and H304310Q and 2-FHisi ncorporated proteins are shown 

in Figure- 32. WT and 2-FHis proteins formed pores at pH 5, 6 and 7 but pore formation was 

blocked at pH 8.  Similar results were obtained for H253Q and H597Q (data not shown).  These 

results show that detergent DDM has no significant effect on the pore formation.  
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Figure- 32 pH dependent conversion of WT  PA63, H299Q and H304310Q proteins and 2-
FHisincorporated proteins in the absence of CMG2 under native conditions. DDM was used as a 
detergent. Fe is referred to ferritene which has a molecular weight of 440 KDa, a protein which 
is comparable to (PA63)7 in size. 
 

 
Figure- 33  pH dependent conversion of WT  PA63, H299Q and H304310Q proteins and 2-
FHisincorporated proteins in the absence of CMG2 under native conditions. DDM was used as a 
detergent. Fe is referred to ferritene which has a molecular weight of 440 KDa, a protein which 
is comparable to (PA63)7. 
 

Pore formation assays performed under different conditions showed that when H336 was 

mutated to Gln pore formation occurred at pH 8 (Figure-33). Similar results were obtained when 

2-FHis is incorporated into the protein. Therefore, it can be concluded that mutation of His336 

allows pore formation to occur at higher pH values than in the WT protein. However all the other 

WT and 2-FHis incorporated His - Gln mutated PA proteins were able to function normally. We 

also noted that the pore formation did not alter in the presence of DDM which indicates that 

detergent has no effect on structural transition of PA from a heptamer to a pore at low pH.   
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4.4 Identifying specific regions within PA that undergo pH-dependent structural changes 

that result in pore formation.  

In an attempt to understand the conformational changes that occur in the formation of a 

pore from a pre-pore, PA was modified with a fluorescent probe by introducing a single cysteine 

into the domain 4 at E712C.  PA was labeled with the fluorophore AlexaFluor 350 maleimide 

(AF350).  

Trp346 in domain 2 is in close proximity ~ (20 Å) to the fluorescence dye AF350 in 

domain 4, so that efficient energy transfer should occur between the donor (Tryptophan) and the 

acceptor (AF350). The Ro value for this pair is 30Å, and the measured distance in the crystal 

structure is ~18-19 Å (33). As a control, donor fluorescence was eliminated by making a W346F 

mutant.   

Proteins were expressed and purified according to the methods described. 

Electrophoretically pure proteins were obtained in high yield for E712C mutant but expression of 

E712CW346F was comparatively low.  E712C was then labeled with AF 350 and the labeling 

efficiency was 95% or higher. PA proteins were then digested with trypsin as described 

previously to get the heptameric prepore ( PA63)7 (92). The yield was low (~20%) for the 

E712CW346F mutant.  

4.4.1 UV-Vis and Fluorescence spectra of PA and  PA63 variants. 

UV absorption and fluorescence emission spectra were recorded for all the proteins. 

Figure-34  A and B show the UV absorbance spectra and the fluorescence emission spectra of  

monomer  WT, E712CAF350PA, W346F proteins.  Figure-54 C and D shows the UV 

absorbance spectra and the fluorescence emission spectra of pre-pore proteins WT, W346F, 
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E712CA350, and E712CW346F A350 respectively.  The labeling efficiency of the proteins 

AF350 labeled proteins was calculated to be greater than 95 % based on the manufacturer‘s 

instructions (Invitrogen).  These spectra were acquired by matching the absorbance at 280 nm for 

all proteins as shown in figure- 49 A, C so that the fluorescence emission spectra can be 

compared to each other. Decrease in the fluorescence intensity of PA and  PA63 WT proteins 

followed by the increase of fluorescence at 488 nm of PA 83/63 AF 350 labeled proteins showed 

that efficient energy transfer between Trp 346 and AF350 takes place at pH8. Fluorescence 

emission spectra of W346F PA and PA63 are red shifted than the WT protein. When it is labeled 

with AF350 the heptamer protein was more blue shifted than the WT protein.  
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Figure-34 UV absorbance (A) and fluorescence emission spectra (B) of PAWT, W346F PA, 
E712CPA AF350 labeled protein and UV absorbance (C) and fluorescence emission spectra (D) 
of  PA63WT, W346F  PA63, E712C PA63 AF350, and E712C PA63 AF350 labeled protein were 
recorded. All measurements were carried out at 20oC in 20 mM Tris / Bis-Tris / Cacodylate +0.2 
M NaCl at pH 8 and the slits were set at 5 nm.  
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4.4.2 Determination of quantum yields. 

Quantum yield (ΦF) is the ratio of photons absorbed to photons emitted. The quantum 

yield was determined for PAWT, W346FPA,  PA63WT and W346F  PA63 proteins as described 

in the materials and methods. Protein concentrations were varied from 0.002 to 0.01 μM and 

fluorescence emission spectra were recorded by exciting Trp at 295 nm (Figure-35 A and Figure 

36A). Integrated fluorescence emission values were plotted against UV absorbance to obtain a 

straight line (Figure-35B and Figure 36B). Quantum yield of each protein was measured with N-

acetyl-tryptophan amide as the standard and the values are listed in Table-1. 

 

 

 

Figure-35  Determination of Quantum yield of  PA63 WT and standard NATA. Fluorescence 
emission spectra of different concentrations of  PA63 and NATA (A) and the plot of integrated 
fluorescence intensity vs UV absorbance (B). All data were acquired on a Cary-Ecplise 
spectrofluorimeter at 20 oC. The proteins were kept in a buffer system containing 10 mM Tris / 
Bis-Tris / cacodylic acid pH 8 and NATA was dissolved in water. The slits were set at 5 nm. 
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Table-1 Quantum yield of PA and  PA63 proteins 

 

WT PA had the highest Φ value of 0.24, however, when Trp 346 is mutated to Phe, Φ 

dropped to 0.11, almost a 50% decrease in the fluorescence of the WT protein. This may be a 

consequence of the high quantum yield of Trp 346, or may be a consequence of the instability of 

the Trp346Phe mutant.  Φ for PA63 WT was 50% lower than its monomer counterpart, however, 

the W346F PA63 showed the least value of 0.04. This is a loss of ~ 70% of the fluorescence of 

the original molecule. Quantum yields were also determined for the above proteins in the 

presence of the POPC vesicles and are summarized in Table-2.  

 

 
protein 

 
QY of PA 

 
QY of  PA63 

   
 

PA WT 
 

0.24 
 

0.125 
 
 

W346F PA 

 
 

0.11 

 
 

0.04 
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Figure- 36 Determination of Quantum yield of WT and W346F monomer proteins in the 
presence and absence of POPC vesicles. NATA was used as the standard. Fluorescence emission 
spectra of different concentrations of PA WT in the presence and absence of POPC (A) and the 
plot of integrated fluorescence intensity vs. UV absorbance (B). All data were acquired on a 
Cary- Ecplise spectrofluorimeter at 20oC. Proteins were kept in a buffer system containing 
10mM Tris/Bis-Tris/cacodylic acid pH8 and NATA was dissolved in water. The slits were set at 
5mm. 
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Table-2  Quantum yield of PA and  PA63 proteins in the presence and absence of 
POPC vesicles. 

 

 
Protein 

 

 
-POPC 

 
+POPC 

 
 

PAWT 
 
 

 
0.24 

 
0.22 

W346FPA 
 

0.11 0.09 

 
 PA63WT 

 

 
0.125 

 
0.10 

 
W346F PA63 

 

 
0.04 

- 

 

Quantum yields for all proteins in the presence of lipid were slightly lower than those in the 

absence of lipid vesicles (Table-2). This may be attributed to the Trp residues not interacting 

significantly with lipids or the environment associated with these Trp residues do not change in 

the presence of lipid vesicles. 

4.4.3 Acrylamide Quenching experiments. 

Since 70% of the natural fluorescence of  PA63 is due to the W346 residue, acrylamide 

quenching experiments were carried out to understand the pH-dependent interactions of W346 

with membranes. AC quenching experiments are routinely used to determine the solvent 

accessibility of Trp residues in macromolecules.  To determine the degree of quenching of Trp 

fluorescence in the presence of acrylamide, a membrane impermeable quencher is measured as a 

function of increased quencher concentration. If the Trp residues are more exposed, more 

quenching will be observed and vice versa.  The hypothesis was that at low pH,  PA63 undergoes 
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pore formation and the domain 2 region inserts into the membrane.  If Trp346 in domain2 inserts 

into the membrane, less fluorescence quenching should be observed. Fluorescence emission 

spectra were collected for PA63 proteins in the presence and absence of POPC vesicles for pH8 

and 7.2 at increasing concentrations of acrylamide as shown in Figure-37A.  

According to Stern-Volmer relationship 

F0/F=1+Ksv [Q] where 

F0= Fluorescence intensity in the absence of quencher 

F= Fluorescence intensity in the presence of quencher 

Ksv= Stern-Volmer quenching constant 

[Q]= quencher concentration 

A plot of F0/F vs [Q] should yield a straight line where the slope represents the Stern-Volmer 

quenching constant. 
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Figure-37  Solvent accessibility of tryptophan residues in solution and in the presence of lipid 
vesicles. (A) Fluorescence spectra (EX295 nm) of  PA63 in the presence of POPC vesicles at pH 
8 as a function of acrylamide concentration. (B) Plot of F0 / F vs acrylamide concentration for  
PA63 in the presence and absence of POPC vesicles for pH 8 and 7.2.  
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The data does not fit to a simple Stern-Volmer plot for dynamic quenching. This upward 

curvature represents combined dynamic and static quenching of the same sample population. 

Data fit well to a polynominal equation which represents the equation  

F0 / F= 1+ (KD+KS) [Q] + KD KS [Q] 2. 

Correlation coefficients were 0.99 for the polynominal fits. All data were acquired on a Cary-

Ecplise spectrofluorimeter at 20oC. The proteins were kept in a buffer system containing 10 mM 

Tris / Bis-Tris / cacodylic acid pH 8 and 7.2. The slit widths were set to5 nm. 

  Plot of F0/F vs [Q] (Figure- 37B) gave a plot with an upward curvature, concave 

towards the Y-axis. This type of quenching is due to combined dynamic and static quenching 

(106). Positive deviations from the Stern-Volmer equation are frequently observed when the 

extent of quenching is large.  Eftink et al. (104, 105, 107) analyzed the quenching of NATA by 

acrylamide. The upward curvature of F0/F vs [Q] was attributed to both static and dynamic 

quenching.  The Stern-Volmer quenching constant for NATA by acrylamide was determined to 

be 0.28 M-1.  According to Eftink this value implies that quencher concentration near 0.3 M is 

required to quench half of the fluorophores by a static process. Such weak association suggests 

that fluorophore and quencher do not form ground state complexes.  Instead, the static 

component is due to the quencher being adjacent to the fluorophore at the moment of excitation. 

This type of quenching can be interpreted as ―sphere of action‖ within which the probability of 

quenching is unity. This situation can be explained using the modified form of the Stern-Volmer 

equation as follows. 

F0/F= (1+KD [Q]) exp ([Q] VN/1000) 

Where V=volume of the sphere. 
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Therefore, in the case of PA, highest quenching was observed in the absence of lipid at pH 8. 

This observation may be attributed to partial unfolding of  PA63 when increasing the acrylamide 

concentration and, therefore, Trp residues get exposed to the quencher. However, in the presence 

of lipid, quenching is reduced, indicating that lipid helps stabilize the protein. When pH is 

reduced below 7.2, quenching is minimized and there is no significant difference in the presence 

or absence of lipid, indicating that after the pore forms accessibility of Trp is reduced. This 

observation may indicate that W346 or other tryptophans are buried after the structural transition 

from a pre pore to a pore.   

4.4.4 pH titration experiments 

These experiments were carried out in order to monitor the structural change of the PA 

heptamer to a pore at low pH.  3 ml of heptamer protein solution (0.25 µM) were placed in a 

cuvette and the fluorescence spectra were recorded. Then a 100 µl aliquot of the protein was 

removed and an equal volume of pH 5 buffer consisting of 20 mM Tris / Bis-Tris / cacodylate / 

0.2 M NaCl was added to lower the pH. After incubating 10 minutes, fluorescence spectra were 

recorded. A correction was made for fluorescence intensity due to the continuous dilution of the 

protein and the actual fluorescence was calculated by subtracting the fluorescence measured 

from fluorescence calculated.  

Figure 38 A, B and C shows the pH titration of E712C AF350 PA, E712C AF350 PA and of 

E712CW346F AF350PA proteins. Fluorescence emission spectra of the three proteins were 

measured at 330 nm and 440 nm by exciting at 295 nm and 350nm respectively. 
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Figure-38 pH titration experiment for E712CPA-AF350 (A), E712C PA63-AF350 (B) , 
E712CW346F PA63-AF350 (C), labeled proteins (0.225 μM). Fluorescence intensity was 
measured as a function of pH. All measurements were carried out at 20oC in 20 mM Tris/Bis-
Tris/Cacodylate +0.2 M NaCl. Fluorescence emission spectra were collected for EX295 nm / 
EM330 nm, EX295 nm / EM 440 nm and EX350 nm / EM440 nm. The slits were set at 5 nm. 
The experiments were done in the absence of POPC vesicles or detergents.  
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The emission spectrum with excitation at 295 nm, emission 330 nm indicates the overall 

change in Trp fluorescence of the protein. Excitation at 295 nm, emission at 440 nm measures 

the acceptor fluorescence upon excitation of the donor. We also monitored the change of the 

fluorescence of AF350 by exciting at 350 nm and measuring the emission at 440 nm.   

In Figure -38A, when the fluorescence of full-length PA is monitored as a function of pH, 

little change was observed in the fluorescence emission.  However, when fluorescence of the pre-

pore was monitored (Figure- 53B), the intensity dropped when the pH fell below 7.3 and did not 

decrease any further after pH 7 for PA heptamer.  Surprisingly, the fluorescence of all three 

excitations decreased, indicating quenching of both tryptophan and the AF350 fluorescence. This 

result was unexpected because if domain 2 and domain 4 fall apart at low pH, the FRET signal 

(EX 295 EM 440) should decrease while the excitation of the donor (EX 295 EM 330) should 

increase. Meanwhile the fluorescence of the probe AF 350 (EX 350 EM 440) should not change 

or change only slightly. 

Nevertheless, quenching of the fluorescence of the pre-pore suggests that the protein is 

going through a conformational change at low pH, and is consistent with previous studies 

showing a pH transition within this pH range in the absence of CMG2 (20, 42). However, when 

the donor was eliminated, from the pre-pore protein as shown in figure-53C, a change in 

fluorescence was not observed.    This observation indicated that a specific interaction between 

tryptophan and AF350 caused the quenching. 

 To check the concentration dependence of fluorescence quenching of the PA heptamer, a 

series of pH titrations were performed at 50 nM (Figure -39A) and 500 nM (Figure - 39B). All 

the data at different protein concentrations showed a similar trend in fluorescence quenching as 
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shown in Figure-39B. However, at very low protein concentrations (50 nM) the fluorescence 

drop shifts to a slightly more acidic pH compared to high protein concentrations (500 nM), 

indicating that the protein shows a slightly higher stability to pH at low protein concentrations.   

 

Figure- 39 A pH titration experiment for E712C PA63-AF350 labeled protein 0.5 uM (A) and 
0.05 uM (B). Fluorescence intensity is measured as a function of pH. All measurements were 
carried out at 20oC in 20mM Tris / Bis-Tris / Cacodylate +0.2 MNaCl. Fluorescence emission 
spectra were collected for EX 295 /EM 330 (red), EX 295 nm / EM 440 nm (blue) and EX 350 
nm /EM 450 nm (green) in the absence of POPC or detergent. Slits were set at 5 nm for (A) and 
for (B) EX slit was set to 5 nm and the EM slit was set to 10 nm.  
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4.4.5  Light scattering experiments. 

It may be argued that the quenching of fluorescence observed in the previous experiments 

is due to protein aggregation and as a result total fluorescence of the molecule drops. On the 

other hand it may also be argued that if the quenching is due to protein aggregation, W346F 

fluorescence should also quench regardless. In order to clarify this conflict, the degree of 

aggregation was measured  by measuring light scattering as a function of pH for 50 nM, 225 nM 

and 500 nM protein concentrations and relative light scattering was calculated by subtracting the 

light scattering of the buffer as shown in Figure-40.  

 

 

Figure-40  Light scattering experiment for E712C PA63-alexa fluor350 labeled protein.0.5 uM 
(red), 0.225 uM (blue) and 0.05 uM (green). Light scattering (EX500 nm) and EM500 were 
measured as a function of pH.  All measurements were carried out at 20oC in 20 mM Tris / Bis-
Tris / Cacodylate +0.2 M NaCl. Light scattering was measured in the absence of detergent. Slits 
were set to 2.5 nm. Relative light scattering was calculated by subtracting the light scattering of 
the buffer under the same experimental conditions. 
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A significant increase in light scattering was observed at 500 nM, which occurs within 

the same pH range as that observed when monitoring the emission (Figure- 40).  Both 225 nM 

and 50 nM proteins show a small shift in relative light scattering from pH 7-7.2. This indicates 

that a small amount of protein aggregation occurs and tends to increase at concentrations above 

225 nM.  However, because the extent of aggregation is small at 50 nM, while the change in 

fluorescence is still observed, this strongly suggests that the decrease in fluorescence is 

independent of protein aggregation.  

pH titration experiments were also carried out in the presence of POPC vesicles and also 

detergent DDM in order to assess whether the structural change at low pH would be altered in 

the presence of membranes or detergents. 

 

Figure- 41 A pH titration experiment for E712C PA63-alexa fluor350 labeled protein (0.225 
µM). Fluorescence intensity was measured as a function of pH. All measurements were carried 
out at 20oC in 20 mM Tris/Bis-Tris/Cacodylate +0.2 M NaCl. Fluorescence emission spectra 
were collected for EX295 nm/ EM330 nm, EX295 nm/ EM 440 nm and EX350 nm/EM440 nm. 
The slits were set to 5 nm. The experiment was done in the presence of POPC vesicles. 
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Figure- 42 pH titration experiment for E712C PA63-AF350 labeled protein (0.225 µM). 
Fluorescence intensity is measured as a function of pH. All measurements were carried out at 
20oC in 20 mM Tris/Bis-Tris/Cacodylate +0.2 M NaCl. Fluorescence emission spectra were 
collected for EX295 nm/ EM330 nm, EX295 nm/ EM 440 nm and EX350 nm/EM440 nm. The 
slits were set to 5 nm. The experiment was conducted in the presence of detergent (n-dodecyl-
beta-D-maltopyranoside). 

 

4.4.6  pH titration experiments under equilibrium conditions. 

 Fluorescence intensity was also measured under conditions in which the samples were 

allowed to incubate overnight at the respective pH values. Samples containing 100 nM PA were 

incubated with at the desired pH overnight at 4 oC prior to measuring the fluorescence. Samples 

were excited at 295 nm and fluorescence emission was measured at 440 nm. Experiments were 

carried out both in the presence of the receptor figure-43 (black) and in the absence of the 

receptor (red).   
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Figure- 43 Change in fluorescence intensity as a function of pH for PA63 AF350 (A) and W346F  
PA63 (B) under equilibrium conditions.  PA63 heptamer (1.0 µM) in the presence (red) and 
absence (black) of 5 µM CMG2.  All measurements were carried out at 20°C in 20 mM Tris/Bis-
Tris/Cacodylate buffer system using an excitation wavelength of 295 nm and slits= 5 and 5 on a 
Cary Eclipse spectrofluorometer.  
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Again we observed a drop in fluorescence below pH 7.3 for PA63, either with or without CMG2, 

and the decline in fluorescence was not observed until pH 6.3 in the presence of CMG2. This 

observation is consistent with the previous findings that the pH requirement for pore formation is 

one pH unit less in the presence of CMG2. A significant change in fluorescence was not 

observed for W346F in the presence or absence of the receptor, further strengthening the results 

obtained in the pH titration experiments. 

4.4.7 pH titration experiments with monobromobimane (MBrB) 

The observation that the fluorescence of Trp346 is quenched in the presence of AF350 at 

low pH suggests that the distance between domain 4 and domain 2 decreases.  As an independent 

method to determine whether the quenching is distance dependent, E712C and E712CW346F 

proteins were labeled with monobromobimane (MBrB).   

MBrB is relatively small, uncharged fluorescent label about the size of a tryptophan with 

an absorption max at 390 nm and an emission max at 470 nm (Figure-44). This probe has been 

well characterized by Kosower and co-workers (108).  Furthermore, London and coworkers have 

recently shown that bimane is an excellent probe for use in site directed fluorescent labeling  

studies of membrane proteins (109). Studies done with T4 lysozyme as a model system  by 

Farrens and co workers show that fluorescence of this probe is quenched  by Trp when they are 

at a distance less than 18 Å (110-112).  
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Figure-44 Structure (Top) and absorption and fluorescence emission spectra of  
monobromobimane (MBrB) conjugated to glutathione (GSH) in pH 8.0 buffer 
(www.Invitrogen.com). 

 

 E712C PA was labeled with monobromobimane (MBrB) and the labeling efficiency 

was 95% or higher.  pH titration experiments were carried out in a similar manner for MBrB 

labeled  PA63 and W345F  PA63 proteins ( Figure- 45). 

http://www.invitrogen.com/
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Figure- 45 pH titration experiment for E712C PA63-MBrB (A), E712CW346F PA63-MBrB (B), 
labeled proteins (0.335uM). Fluorescence intensity is measured as a function of pH. All 
measurements were carried out at 20oC in 20mM Tris/Bis-Tris/Cacodylate+0.2MNaCl. 
Fluorescence emission spectra were collected for EX295 nm/ EM330 nm, and EX385 
nm/EM470 nm. The slits were set at 5 nm. The experiment was done in the absence of POPC 
vesicles or detergents. 
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 Again, we observed that as the pH fell below (in the case) pH 7.4, the fluorescence of 

both Trp 346 and AF350 dropped, indicating that the fluorescence of both chromophores was 

quenched in a distance dependent manner. This observation was only possible if the two domains 

got close together. These experiments confirm that the distance between domain 2 and domain 4 

gets shorter than 10Å during pore formation. 

 However, the W346F mutant, labeled with MBrB, does not show any change in 

fluorescence, again, strengthening the observation in Figure-45C. By labeling the proteins with 

two different fluorescent probes, we also show that the results we see are probe independent.   

Similar results were obtained for the experiments done under equilibrium conditions as shown in 

Figure-46. 

 

Figure-46 Change in fluorescence intensity as a function of pH for PA63 MBrB under 
equilibrium conditions. All measurements were carried out at 200C in 20mM Tris/Bis-
Tris/Cacodylate buffer system using an excitation wavelength of 295 nm and slits= 5 and 5 on a 
Cary Eclipse spectrofluorimeter.  
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4.4.8 Determination of the rate of pore formation. 

  To determine the kinetics of the structural transition of PA at low pH stopped flow pH 

jump experiments were carried out at 20oC from an initial pH 8 to a final pH 6.8.  PA63 proteins 

labeled with either AF 350 or MBrB were incubated at pH 8 and 6.8 overnight at 4oC and the 

data were collected by rapid mixing of protein at pH 8 to establish the upper margin which 

represents the maximum fluorescence before the structural transition. Then the protein at pH 7 

was mixed rapidly with buffer at pH 7 and the lower margin which represents the minimum 

fluorescence after structural transition was established.  Next the protein at pH 8 was rapidly 

mixed with buffer pH 5 (in 1:5 ratio) so as to achieve a final pH of 6.8 in the reaction mixture 

and the drop in fluorescence was measured using a cutoff filter for 100 S to obtain a  kinetic 

trace as in Figure -47B and D. A Similar set of experiments was carried out for PA63 labeled with 

MBrB. The results are summarized in Figure-47 A and C. 
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Figure-47  Fluorescence traces obtained for pH jump experiments. 

  

The E712C  PA63 AF 350 (A and C) and E712C  PA63 MBrB (B and D) from pH 8 to 6.8. 

The pH jump traces for PA63 MBrB were fitted to a monoexponental to get a rate of 0.134± 

0.001 and  PA63AF350 to a double exponential to get a faster phase of 0.196± 0.003. However 

the slower rate had a higher percentage of error associated with that value. All measurements 
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were carried out at 20oC in 20mM Tris/Bis-Tris/Cacodylate +0.2MNaCl on an Applied 

Photophysics SX-18MV stopped flow instrument.    

4.5 Conclusions 

In this chapter we study two important aspects associated with low pH pore formation of 

PA. In the first half, relationship between protonation of histidine residues in PA and pore 

formation has been studied. His residues in PA have been mutated to glutamine using site 

directed mutagenesis and pore formation was assayed. H336Q mutant protein showed pore 

formation at pH 8 in the absence of the receptor. However, in the presence of the receptor 

H336Q protein behaved as WT protein. All the other His-Gln mutant proteins behaved as WT 

protein. Next 2-FHis was incorporated into the mutant PA proteins and pore formation was 

assayed. Interestingly, H336Q-2-FHis protein formed pores at pH 8 as previously. All the other 

proteins behaved as the WT protein. Therefore, we could not identify any single histidine 

residues which plays an important role in pore formation. Further studies are underway to 

determine whether protonation of His residues in domain 2 are playing a collective role in pore 

formation.          

The second half of Chapter 5 is an attempt to understand the mechanism of pore 

formation. During pore formation β2-β3 strands in domain 2 should peel away from its original 

position and insert into the membrane. For this structural rearrangement to occur domain 4 

should shift its position from relative to domain 2 and the receptor also should shift its position.  

Therefore, we hypothesized that, if the distance can be monitored between domain 2 and domain 

4 during pore formation it may provide insight into the mechanism by which the pre-pore forms 

a membrane spanning pore at low pH. We utilized FRET to monitor these distances. A Trp 
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residue (W346) was chosen as the donor and a fluorescent probe (AF350) was incorporated to 

E712C in domain 4. We hypothesized that efficient energy transfer should occur between these 

residues if they are at ~ 20 Å apart. A slight change in distance between the two domains should 

result in a change in fluorescence. Our results indicate above pH 7.4 FRET occurred between the 

donor-acceptor pair. However when pH is lowered further, fluorescence quenched unexpectedly 

for all the excitation wavelengths indicating that fluorescence of the donor as well as the 

fluorescence of the acceptor quenched. These experiments were repeated in the presence of the 

detergents and lipid vesicles to mimic membrane environment however, quenching of 

fluorescence did not change. We rule out the possibility of protein aggregation by light scattering 

experiments. To understand the reason for quenching of fluorescence of all three excitations we 

incorporated monobromobimane a fluorescent probe which is used to quench tryptophan 

fluorescence when the probe is at a distance closer than 9Å apart. We observed fluorescence 

quenching below pH 7.4 indicating that the distance between the dye and Trp 346 is getting 

shorter. These observations lead us to the conclusion that during the pore formation, the distance 

between domain 2 and domain 4 gets shorter. The rate of the pore formation was also determined 

using stopped-flow pH jump experiments. Our results are in agreement with a mechanism in 

which domain 2 and domain 4 are coming close together during pore formation.        
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CHAPTER-5 

Conformational barriers to association between the anthrax protective 
antigen and receptor 

5.1 Introduction 

The association of the full-length, monomeric 83 kDa anthrax protective antigen (PA) to the 

host receptor is a key step leading to the formation of the anthrax toxin.  Based on the crystal 

structures of PA (33) or the heptameric prepore ( PA63)7  state bound to the VWA domain of the 

receptor capillary morphogenesis protein 2 (CMG2) [20], the contact interfaces between the two 

proteins are well defined. Domain 4 of PA has been shown to be required and sufficient for 

binding to CMG2 (18, 36).  Domain 4 also accounts for the largest binding interface, and 

contributes an aspartic acid (D683) to the coordination of a magnesium ion that sits in a metal-

ion dependent adhesion site (MIDAS) on the surface of CMG2.  Domain 2 also contributes to the 

binding interface by inserting a small loop, the domain 2 β3-β4 loop, into a groove on the surface 

of CMG2 (Figure 19 A).  Residues in CMG2 that contact this loop have been shown to modulate 

the pH required for pore formation (44, 94).    

The first crystal structures of PA (30), solved at pH 7.5 and 6 by Petosa and coworkers, 

indicate that the domain 2 β3-β4 loop becomes disordered at pH 6, suggesting that this loop is 

sensitive to pH.  However, in the structure which is bound to CMG2, the loop is visible. This 

indicates that the binding of CMG2 stabilizes that region. Interestingly, the 2-FHis PA overlays 

very well with the receptor bound PA structure and the loop is visible in this form (Figure-48 B).  
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Figure-48 (A) Structure of PA bound to CMG2 (PDB: 1T6B) with side chains of E712C (PA) 
and the R40C (CMG2) shown as grey sticks.   The distance between E712C in domain 4 (green) 
and R40C in CMG2 is shown (44 Å). W346 within the domain 2 β3-β4 loop is also shown (dark 
blue).  (B)  Overlay of the crystal structures of PA WT (blue), PA WT+CMG2 (green) and 2-
FHisPA (purple) are shown.  All three structures overlay very well. Also notice the missing b3-
b4 loop of PA WT in domain 2.  (Figure was rendered using Pymol v 0.99). 

 

Little is known about the influence of pH on the interactions between PA and CMG2 and the 

contribution of the β3-β4 loop to binding.  

Site-directed labeling methods combined with fluorescence resonance energy transfer 

(FRET) have been utilized extensively in these studies to monitor the effect of pH on binding of 

PA to CMG2. Site-directed labeling methods are powerful techniques to study protein structure 

and dynamics. Generally, these methods involve introducing cysteine residues into defined 

regions of a protein and then attaching fluorescence probes to the free cysteine to obtain 

information about the local environment around each probe molecule. This approach generates 
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an array of data from which the solvent accessibility and secondary structure of the region can be 

inferred (113-115). 

FRET based methods are excellent tools for determining interactions of biological 

macromolecules (116) . Protein-Protein interactions can be studied extensively by using a 

fluorescent donor-acceptor pair. With the help of FRET, molecular dimensions and distances 

between certain residues can be determined. FRET methods also can be used in live cells, thus 

providing information that would be impossible to obtain with other classical approaches such as 

electron microscopy. The theory of FRET was introduced by Förster in the late 1940s; however, 

it did not become widespread in biomedical studies until Stryer‘s popularizing article (106). The 

FRET process is a long-range dipole-dipole interaction in which an excited donor fluorophore 

transfers its energy to a neighboring acceptor molecule in a non radiative way. The main 

application of FRET as a spectroscopic ruler is based on the rate of energy transfer, which is 

proportional to the inverse sixth power of the separation of the two interacting molecules as 

described in the following equation.  

Kr (r) =1/tD (R0 / r)6 

Where tD is the decay time of the donor in the absence of the acceptor, R0 is the Förster distance 

and r is the distance between the donor and the acceptor.  

Förster distances ranging from 20-90Å are convenient for studying biological 

macromolecules. Spectral overlap of the emission of the donor with the absorption (excitation) of 

the acceptor is an important requirement for FRET to occur (Figure-49). Any condition that 

affects the D-A distance has a great influence on the rate of energy transfer allowing the change 

in distance to be quantified.  
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Figure-49 Spectral requirements for fluorescence resonance energy transfer (FRET). Schematic 
excitation (dotted) and emission (solid) spectra for a donor species (gray) and an acceptor species 
(black) are shown. The region of spectral overlap is shaded (117).  
 

In the present study PA was mutated at Glu712, a residue in domain 4, to obtain a unique 

cysteine (PA has no cysteines) and was labeled with Alexafluor 350 maleimide.  This dye has a 

very high quantum yield and is relatively insensitive to changes in local environment such as pH 

or hydrophobicity (118).  CMG2 was also modified to substitute a single cysteine at R40 and 

was labeled with Alexafluor 488 maleimide, which has an excitation spectrum that overlap with 

the emission spectrum of AF350 (Figure-50). This protein pair was used for our stopped flow 

FRET experiments to monitor CMG2 binding to PA by exciting the AF350 probe at 350 nm and 

measuring the emission at 516nm.  
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Figure-50  Structure, absorption and emission spectra of Alexa Fluor 488 C5 maleimide and 
Alexa Fluor 350 C5 maleimide fluorescent probes (www.invitrogen.com). 

To investigate the role of the β3-β4 loop in CMG2 binding, E712C PA was mutated at 

W346 to Phenylalanine, a residue in the loop. The double mutant protein thus obtained was less 

stable to pH than its WT counterpart. We have also investigated the role of this loop by isolating 

domain 4 of PA in which the loop was completely eliminated. Williams et al. have  shown 

previously  that the isolated domain 4 is structurally and functionally similar to PA (36).  

In addition, we compare the data obtained on the E712C protein to E712C labeled with 2-

fluorohistidine (2-FHis), an isosteric analog of histidine with a reduced side-chain pKa  [76, 83] 

which shows higher stability to pH. 

 

 

http://www.invitrogen.com/
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5.2 Materials and methods 

Reagents and buffers 

Dithiotritol (DTT), N-ethyl maleimide (NEM), from Sigma, TCEP from Across 

Buffer C- 20 mM Tris-HCl/0.5 mM TCEP pH 8 / NaCl. 

Buffer D-10 mM each Tris/MES /HEPES/HOAc supplemented with 0.1mg/ml BSA and 2 mM 

MgCl2.  

Expression and purification of E712C PA, E712CW346F PA, E712C 2-FHis PA, E712C CMG2 

and E712C D4 are summarized in Appendix B 

5.2.1   Fluorescence labeling of Proteins 

Buffer C was degassed by sparging with N2 for 15 min. A S-200 gel filtration column 

was pre equilibrated with buffer C. Approximately 5-10 mg of either E712C, 2-FHisE712 or 

E712C W346F PA were purified to remove excess DTT, which would otherwise react with the 

maleimide activated fluorophores.  

A 10 mM stock solution of either AF350 or AF488 was prepared in N2 degassed water 

immediately prior to the labeling. Sufficient protein modification reagents were added to each   

protein to give approximately 15 moles of reagent for each mole of protein; where a 10-fold 

molar excess of TCEP is present. The reaction was allowed to proceed for 2 h at room 

temperature while rocking. Upon completion of the reaction 10-fold molar excess of 

mercaptoethanol was added to eliminate any excess reactive substances during the purification 

step. The labeled proteins were subsequently purified from the free dye by a second S-200 gel 

filtration in Buffer C in the absence of TCEP.  
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Protein solutions were assessed for labeling efficiency using extinction coefficients 

19,000 and 72,000 for AF350 and AF488 fluorophores at their respective absorbance maxima 

and at 280 nm. Labeling efficiency was calculated according to manufacturer guidelines 

(Cysteine reactive probes handbook- Invitrogen) and was 95% or greater. Fractions containing 

pure protein were identified by SDS-PAGE, pooled and concentrated and kept on ice. For the N-

ethyl maleimide (NEM) labeling of CMG2 and PA, a similar labeling procedure of AF350/488 

was used.  

5.2.2 Fluorescence equilibrium Stoichiometry titration. 

PA proteins were diluted to 100 nM in 2 ml universal buffer containing 10 mM each 

Tris/MES/HEPES/HOAc supplemented with 0.1mg/ml BSA and 2 mM MgCl2 (buffer D). 100 µl 

aliquots were removed after the addition of substiochiometric quantities of CMG2 to increase the 

molar ratio of CMG2: PA from 0.1 to 5.9.  Each 100 µl aliquot was incubated overnight at 4oC to 

ensure complete binding.  400 µl of buffer D was then added to each tube, mixed and incubated 

at 20oC for 30 minutes.  Fluorescence emission spectra were recorded for each aliquot in a Cary-

Eclipse spectrofluorimeter at 20oC.   The donor fluorophore was excited at 350 nm and the 

emissions at 440 nm and 516 nm were recorded. The excitation slit was set at 5 nm and the 

emission slit was set at 10 nm. 10 scans were averaged to get the apparent FRET signal. The 

fraction bound was defined by the ratio of the acceptor (λ= 516 nm) to donor (λ=440 nm) 

fluorescence emissions.  

5.2.3 Association kinetics using Stopped-Flow FRET 

All kinetics experiments were performed at 20oC using an Applied Photophysics SX.18 

MV instrument. Simple mixing mode with 1:1 mixing was utilized with two syringes where 40 
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nM PA was kept in syringe A and varying concentrations of CMG2 were kept in syringe B. 

Excitation was set at 350 nm and the emission was monitored above 475 nm using a cutoff filter. 

In each experiment 1000 data points were recorded over the course of the reaction. Increase of 

the FRET signal was monitored for 200 seconds under pseudo first order reaction conditions 

using minimum five-fold excess of the ligand, CMG2. All proteins were diluted into buffer D 

and incubated one hour at room temperature. Total shot volumes were 250 µl and the instrument 

dead time was 2.7 mS. Three to four overlapping kinetic traces were averaged per rate 

determination. The experiment was repeated for 12 different CMG2 concentrations starting from 

50 fold excess of CMG2 to 5 fold excess. The kinetic traces were then fit to a single exponential 

fit and an observed rate was obtained. A plot of observed rate vs CMG2 concentration gave a 

straight line with a slope representing the association constant (ka). Association was monitored 

for E712CPA, 2FHis E712C at pH values 8, 7.5, 7, 6, and 5 whereas pH 8 and 6 for 

W346FE712CPA. 

5.2.4 Dissociation kinetics. 

  A Cary-Eclipse spectrofluorimeter was used at 20oC to determine the ultra slow 

dissociation kinetics of PA variants. A 1.5 ml sample was made in buffer D containing 50 nM 

PA. 100 nM CMG2 was added while stirring and the association was monitored by determining 

the ratio of fluorescence EM 440/ EM 516 until 1X104 S. 20 fold excess of unlabeled CMG2-

NEM was then added manually and the fluorescence ratio was monitored for 3X104 S. 

Dissociation was monitored by the loss of the FRET signal due to the presence of 20 fold excess 

of unlabeled CMG2-NEM.  The ratio method was used in these experiments. Excitation slit was 

set at 5 nm and the emission slit was set at 10 nm.   
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5.2.5 Determination of activation energy. 

 Activation energy of E712C and 2-FHis E712C were determined for pH 8, 7.5, 7, 6 and 5 

whereas for W346FE712C PA 83, experiments were carried out for pH 8 and 6 only.  40 nM PA 

was placed in syringe A and 1.6 µM CMG2 was placed in syringe B. experiments were carried 

out in a similar fashion to ka measurements with increasing temperature from 5oC to 23oC. 

Protein solutions were equilibrated at the desired temperature for 20-30 minutes before collecting 

data. For each data point 10-15 kinetic shots were collected. Each observed ka value represents 

3-4 overlapping kinetic traces. 

 5.2.6 Data analysis. 

For association kinetics, pseudo first order conditions were employed by maintaining 

five-fold or higher CMG2 concentration. Observed kinetic rate constants (kobs) were averaged 

and fit to single exponentials to obtain observed rates for each CMG2 concentration. Observed 

rates were plotted against different CMG2 concentrations. ka was calculated using the 

relationship:  

kobs =k1[A0]+k-1. 

The observed dissociation rate constants were obtained by fitting to a monoexponential 

model. Equilibrium dissociation constant (Kd) was calculated from kinetic measurements of the 

association and dissociation rate constants according to Kd= kd/ ka. 

The activation energies were calculated using the slope of the Arrhenius plots according 

to the following relationship  

                       ln (kobs)= -Ea/RT+ ln(A). 
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5.3 RESULTS AND DISCUSSION 

The main focus of this section is to understand the effect of pH on binding of PA to 

CMG2. Biophysical parameters such as association constant (ka), dissociation constant (kd) and 

the equilibrium dissociation constant  (Kd) and activation energies were determined for 

E712CPA 83, 2-FHis E712C PA (will be called 2-FHis PA); a pH stable variant of PA (95, 114) 

andE712C W346F PA (will be called W346F PA); a pH unstable variant of PA (pH stability 

discussed in section 4.2.3 ).  R40CCMG2 will be called CMG2 and E712C D4 will be called D4.  

Proteins were expressed and purified as described in general methods under reduced conditions 

using DTT and TCEP. E712C PA yielded about 40 mg from 2.6 L of media while W346F PA 

yielded only about 20 mg out of 2.6 L of media. CMG2 was also expressed and purified under 

reduced conditions as described. Expression of E712C D4 however was not straightforward. The 

protein yield was very low under normal conditions at 37oC. Therefore, the temperature was 

reduced to 30oC. This improved the yield moderately, as 1-2 mg of D4 were obtained from 5.2 L 

of ECPM-1 medium. All proteins were >95% pure. The proteins were then labeled at the reactive 

cysteine with donor/acceptor fluorophores to utilize FRET experiments.   

5.3.1 Protein labeling with fluorescent probes. 

PA proteins were labeled with AlexaFluor 350 (AF350) which is the donor fluorophore 

and CMG2 was labeled with AlexaFluor 488 (AF488), which is the acceptor fluorophore. Each 

protein preparation was allowed to incubate at room temperature for 2 hours in the presence of 

10 fold excess of TCEP and 10-20 fold excess of dye and was subsequently purified by size 

exclusion chromatography to obtain a fraction which contained the protein labeled with the dye. 

Free dye was eluted with the column volume as shown in Figure -51. Each fraction was then 

analyzed by UV-Vis spectroscopy to determine the degree of labeling (DL). In a successful 
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labeling a peak corresponding to the protein as well as the dye should be observed as shown in 

Figure- 52. DL can be determined as follows 

DL= UV abs (Dye) / ɛ (dye)*M, where 

M=UV abs (protein) – [UV abs (dye)* ɛ (Dye)/1000] / ɛ (protein) 

ɛ of PA was used as 80220 M-1cm-1, W346F PA as 74720 M-1cm-1, D4 as 

12045 M-1cm-1, AF350 as 19000 M-1cm-1 and AF488 as 72000 M-1cm-1 

 

 

Figure-51 Sephadex S-200 gel filtration of PA AF350. Protein labeled with the fluorescent 
probe was eluted at 70 minutes whereas the free dye was eluted with the column volume. 
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Figure-52 UV-Vis spectrum of AF350 PA. The absorbance values at 280 nm and 350 nm were 
used to calculate DL.  

In a successful labeling DL should be ~ 1. This indicates the presence of single dye 

molecule per protein molecule. A similar procedure was followed for the labeling of CMG2 with 

AF488. The DL for all the proteins was approximately 1 indicative of successful labeling of the 

proteins with the appropriate fluorescent probe. 

5.3.2 pH stability of proteins. 

The pH stability of  E712CPA and W346F PA was compared with WTPA  by measuring 

the fluorescence intensity of the proteins by exciting at 280 nm. Protein samples were incubated 

at desired pH overnight at 4oC before the data were acquired.  Fluorescence intensity was plotted 

against pH and the data were fitted to Henderson-Hasselbalch equation assuming two state 

protonation equilibrium:  

Fl (obs) = (Fl (N) 10(pH – pKapp)/ (1+10(pH-pkapp)) 
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where  pKapp represents an apparent pKa encompassing all titratable sites (Figure- 53). The curve 

fits gave a pKapp of 5.4±0.1 for PAWT, 5.3±0.1 for E712CPA and 6.6± 0.2 for W346F PA 

proteins.  The results indicate that mutation in the β3-β4 loop greatly affected the pH stability of 

W346F protein by shifting the pKapp by one pH unit. However when 2-FHis was incorporated 

uniformly to PA it showed a higher stability (1 pH unit) to pH. 

 

Figure-53 Fluorescence total intensity (EX280 nm) as a function of pH. All measurements were 

carried out at 20oC in 20 mM Bis-Tris/HEPES/Cacodylate/Citrate universal buffer system in a 

Cary Eclipse fluorescent instrument. 

5.3.3 Equilibrium binding of PA with CMG2 

  Equilibrium binding of PA to CMG2 was determined by exciting the donor fluorophore 

at 350 nm and binding was reported by measuring the emission at 516 nm under equilibrium 
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conditions. The Foster distance R0 for these fluorophores is ~ 50 Å. The fluorescence spectra of 

PA protein is represented by a solid line in Figure-54. The dotted line represents the emission 

spectra of PA+CMG2 complex. Quenching of the donor fluorescence at 350 nm followed by the 

increase of the acceptor fluorescence at 516 nm indicated efficient energy transfer (FRET) 

between the donor-acceptor pair (Figure-54). 

 

Figure -54 FRET emission spectra (350 nm excitation) of PAE712C-AF350 solid line and a 1:1 
complex of PAE712CAF350 and CMG2C40-AF488 (dashed line).  Spectra were acquired at 
20oC in 20 mM Bis-Tris/HEPES/Cacodylate/Citrate universal buffer system on a Cary Eclipse 
fluorescent instrument 

The equilibrium binding experiments were carried out with 100 nM PA, a protein concentration 

which is way above the Kd reported previously (40). Increasing concentrations of CMG2 were 

added stepwise until [CMG2] was six fold higher than [PA].  Fluorescence spectra were acquired 

for each sample by exciting at 350 nm. The ratio of emission (516 nm) to emission (440 nm) was 

then determined. In a separate experiment, N-acetyl tryptophanamide was titrated with 

increasing amounts of CMG2 and the background fluorescence was subtracted out to obtain a 



102 
 

binding curve as in Figure-55.   Successive additions of the acceptor (CMG2) increased the 

FRET signal until all PA was bound to CMG2 and the FRET signal did not change upon further 

addition. This indicates that all the binding sites in PA are saturated with CMG2. 

                         

Figure-55 Fluorescence equilibrium titration assay. Fluorescence equilibrium binding titration of 
PA WT, 2FHisPA and W346F PA; Molar ratio is defined by [CMG2] / [PA].  Data were 
acquired on a Cary-Eclipse fluorescent instrument and the samples were maintained at 20oC with 
a peltier cooling system. 

The intersection of two separate linear fits to the sub stoichiometric and saturation data 

yields a PA: CMG2 ratio of ~1 for all PA proteins indicating that either the uniform labeling 

with 2FHis or W346F mutation did not significantly alter the equilibrium binding of PA to 

CMG2.    

5.3.4 Association kinetics of CMG2 and PA 

The stopped-flow FRET method was utilized to monitor the association kinetics of 

WTPA, 2FHisPA and W346FPA and D4. The binding of PA to CMG2 was determined by 

exciting donor fluorophore AF350 which is attached to PA, at 350 nm and the emission of the 
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donor was measured at 516 nm using a 475 nm cutoff filter. The experiments were carried out 

under pseudo first order reaction conditions where concentration of CMG2 was kept at a 

minimum of 5 fold or higher than PA. The resulting FRET signal was monitored for 200 seconds  

and the kinetic traces were obtained as in Figure-56.  

 

 

Figure-56 Stopped flow FRET traces of association of PA WT, 2-FHisPA and W346F PA with 
CMG2. (CMG2 concentrations were varied from 1uM to 200 nM. Representative traces were for 
20 nM PA: 800 nM CMG21, pH 8 (red) and pH 5 (blue),   (A) WTPA, (B) 2FHisPA and (C) 
W346FPA. All association experiments were carried out in a universal buffer containing 10 mM 
each Tris / MES / HEPES / HOAc supplemented with 0.1mg / ml BSA and 2 mM MgCl2 at 
20oC).  
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These traces were then fitted to a single exponential curve as described in the materials 

and methods and the observed rates were plotted against different CMG2 concentrations and the 

slopes of these linear fits were used to calculate ka (Figure- 57).  

 

 

 

Figure-57 Stopped flow FRET  binding kinetic experiments as a function of CMG2 
concentration for (A) WTPA, (B) 2FHisPA, (C) W346FPA  for pH 8 (red), pH 7.5 (pink), pH 7 
(green), pH 6 (black) and pH 5 (blue) are shown. Association rate constants (ka, listed in Table -
1) were calculated using the slope of the linear fits using pseudo first order conditions where the 
[CMG2] was kept at a minimum 5-fold  excess, using the relationship  kobs =ka[A0]+kd. All 
kinetic experiments were carried out at 20°C in a universal buffer system containing 20 mM 
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Tris/ MES/ HEPES/ HOAc with 0.1mg/ ml BSA and 2 mM MgCl2 on an Applied Photophysics 
SX-18MV stopped flow instrument.   

The association rate of WT PA was 2.9 X 104 M-1S-1 at pH 8 (Table-1). When the pH 

dropped, a gradual increase in the association rates from 3.6 X 104 at pH 7.5 to 4.2 X 104 at pH 7 

could be observed. When the pH was dropped to 6, the ka increased to 6.5 X 104, almost twofold 

from its value at pH 8. Interestingly at pH 5, the association rate increased to 13.6 X 104, which 

is a fourfold faster rate than at pH 8.  The association rate of 2-FHis protein was 3.5 X 104 at pH 

5; a slightly higher value than that of WTPA. The trend we observed for WTPA could be 

observed similarly for 2FHisPA when the pH dropped to lower values. Interestingly, the ka was 

37X104, a rate which is 10 fold faster than the rate at pH 8 for 2FHisPA and almost threefold 

faster than the rate of WTPA at pH 5. The association rates were significantly reduced for 

W346F. The association rate at pH 8 was calculated to be 6.3 X 103 and it increased slightly to 

1.0X104 at pH 6. Protein concentrations had to be doubled in order to see a detectable rate for 

this mutant. In the case of D4, association rate of 1.25 X 104 M-1S-1 was obtained. Measuring 

observed ka for CMG2 concentrations below 250 nM was challenging due to the very slow rates. 

Therefore the rate was plotted with [CMG2] only from 1µM to 500 nM and the ka was 

calculated. The interesting observation in these experiments is that ka of W346F PA and D4 are 

in the same range which may be attributed to the importance of the β3-β4 loop in binding of PA 

to CMG2. The association is significantly reduced for both W346F and D4. In the former case 

the loop is disrupted by the single mutation W346F and in the isolated domain 4 the loop region 

is entirely missing. A rate of association for D4 at pH 6 could not be established most likely due 

to the pH unstability of D4 at low pH. Further to demonstrate that these rates are independent of 

the ionic strength of the universal buffer system used, ka of WTPA was measured at pH 8 and 6 

in a constant ionic strength buffer (CIS buffer) system which consisted of 100 mM Tris/ 50 mM 
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MES/ 50 mM acetic acid. However no significant changes to the association rates were observed 

in the new buffer system. These measurements showed that these rates we observe are 

independent of the buffer system or the ionic strength of the buffers.  

5.3.5 Dissociation kinetics of CMG2 and PA 

Taking advantage of our FRET based system, ultra slow dissociation kinetics were 

measured  for WTPA, 2-FHisPA and W346F proteins at pH8 and 5 (or 6).  A 20-fold excess of 

non-fluorescent CMG2-NEM (where the reactive cysteine was blocked with n-ethyl maleimide) 

was added to the PA: CMG2 complex (which was pre incubated for 1 X 104 S) and the loss of 

FRET signal, which indicates the exchange of CMG2-AF488 to CMG2-NEM was monitored 

over the course of 3 X 104 s. The single exponential fits of the kinetic traces are shown in Figure-

58. 
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Figure-58  FRET based dissociation kinetic experiments of WTPA (A), 2-FHis PA (B) and 
W346F PA (C) for pH 8 (red) and pH 5/6 (blue / black). Fluorescently labeled PA: CMG2 
complex (50 nM) was competed with 2 µM CMG2-NEM. Dissociation was monitored by 
monitoring the loss of FRET signal due to the presence of 20-fold excess of unlabeled CMG2. 
All experiments were conducted at 20°C in a universal buffer system containing 20 mM Tris / 
MES / HEPES / HOAc with 0.1 mg/ml BSA and 2 mM MgCl2 in a Cary Eclipse 
spectrofluorometer.  

The rate of dissociation of WTPA was determined to be 4.0X10-5 s-1 at pH 8. The 

dissociation rate did not significantly change when the pH was decreased to 5. However the 

dissociation rate for 2FHis PA increased by a factor of 2, from 4.4 X 10-5 at pH 8 to 10.5 X 10-5 

at pH 5. A significantly higher dissociation rate (38.4 X 10-5) was obtained for the W346F 
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mutant at pH 8 and it increased slightly to 48.3 X 10-5 at pH 6. The dissociation rate of D4 was 

53.3 X 10-5 which was again comparable to W346F PA. As a general observation the 

dissociation rates were largely independent of pH for all three proteins compared to the 

association rates. The significantly large dissociation rates for the W346F mutant and for D4 

indicate that the stability of the β3-β4 loop plays a major role in receptor binding events in PA.  

The equilibrium dissociation constant (Kd) was determined to be 1.38 nM for WTPA at 

pH 8 and the affinity increased to 320 pM at pH 5. A similar trend was observed for 2-FHis PA 

where the 1.26 nM affinity increased to 280 pM at pH 5. However the affinity of the W346F 

mutant significantly declined to 610 µM at pH 8. It was further reduced to 480 uM at pH 6. 

5.3.6 pH dependent   activation energy of PA and  CMG2 binding. 

Activation energy was determined by stopped flow using the same FRET system used in 

previous sections. The observed rate (kobs) was measured as a function of temperature and 

Arrhenius plots were used to calculate the activation energies of WTPA, 2-FHis PA and 

W346FPA at different pH values (Figure-59).  

Activation energies of all three proteins decreased with pH; in particular for WTPA, Ea at 

pH 8 was 44.8 and 30.0 at pH 5. For 2-FHis PA Ea was 49.2 a slightly higher value than WTPA 

and was 34.7 at pH 5.  Ea for W346F was 51.0 at pH 8 and was 23.8 at pH 6 (Table-1). These 

values were consistent with a faster rate of association when the pH is lowered from 8 to 5/6.  

The activation energies measured correlated with the higher rate of association for all the 

proteins. This indicates that the energy barrier for the association decreased at low pH. As a 

result, association was faster. However a relationship could not be established between the 

association rates of WTPA, 2-FHisPA and W346FPA and their respective activation energies. 2-
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FHis PA exhibits the highest ka at pH 5 however its activation energy is a little higher than the 

WTPA. On the other hand W346F,  the protein which had the slowest rate of association at pH 6 

has the lowest activation energy. Activation energy of D4 was established only at pH 8 and was 

54KJ/mol, which is in the range of other proteins.  

 

 

Figure-59  Arrhenius plots showing the effect of temperature on the association rate constants 
for  WTPA, 2-FHisPA and W346FPA determined at 5, 10, 12.5,15, 17.5, 20, 23 and 25 oC at pH 
8 (red) , pH 7.5 (pink), pH 7 (green), pH 6 (black) and pH 5 (blue). The activation energy (Ea) 
for the ligand-receptor binding was determined from the slope of the best fit line described by 
The Arrhenius equation, lnKa= lnA- [(Ea/R)] x (1/T)]. Each data point plotted represents an 
average of 3-4 kinetic traces of 25 nM PA: 600 nM CMG2. All experiments were carried out in a 
universal buffer system containing 20 mM Tris / MES / HEPES / HOAc supplemented with 0.1 
mg/ml BSA and 2 mM MgCl2 on an Applied Photophysics  SX-18MV Stopped flow instrument.  
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5.3.7 Crystal structures of PA WT, 2-FHisPA and W346F as a function of pH 

(Crystallization and crystallographic analysis was done by Scott Lovell at Protein Structure 

Laboratory, Del Shankel Structural Biology Center, University of Kansas, Lawrence. Please see  

Appendix- F for information on Crystallization, Structure Solution and Refinement) 

To provide a potential molecular interpretation for how low pH may lead to a decreased 

energetic barrier to association, we crystallized the WT, W346F, and 2-FHis PA at basic and 

acidic pH values, and determined their three-dimensional structures (Appendix-F). The structures 

all belonged to the same space group, were crystallized under similar conditions, and had similar 

unit cell parameters.  We have reported recently the structure of 2-FHisPA (PDB: 3MHZ), which 

was determined to 1.7 Å at pH 8.2 (99).  The structures are nearly identical to one another, with 

differences occurring primarily in the domain 2 β3-β4 loop (Figure-60). 

Focusing on the domain 2 β3-β4 loop, for the WT PA, only residue L340 was missing 

electron density, at either pH 9 or 5.5 (Figure- 60A). For the 2-FHisPA, the electron density for 

all residues thin the domain 2 β3-β4 loop was observable at pH 8.2; at pH 5.8, residues G342-

R344 are missing (Figure-60 B).  In contrast, for the domain 2 β3-β4 loop of W346F, electron 

density for residues L340-A341 was missing at pH 8.5 and at pH 5.5 residues S339-G351 were 

missing (Figure-60 C).  In comparison to the other structures, the larger extent of missing 

electron density at either high or low pH suggests that for W346F, the domain 2 β3-β4 loop is 

less stable.  It is also noted that, aside from the domain 2 β3-β4 loop, domain 4, the receptor 

binding domain, undergoes very little change at acidic pH.  Therefore, our results are 

qualitatively consistent, at least for the 2-FHisPA and W346F proteins, with an increased degree 

of motion within the domain 2 β3-β4 loop at low pH. 
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Figure-60 Overlay of WT (A), 2-FHis-labeled (B), and W346F (C) PA mutant crystal structures 
at basic (light blue) and acidic (green) pH values.  Shown also in the overlay is the structure of 
the complex (PDB: 1T6B) between PA (dark blue) and CMG2 (grey) (33).  The Mn2+ ion is 
shown as a purple sphere, along with D683 from domain 4 that coordinates the metal.  W346 and 
D683 (domain 4) are shown as sticks. Note the movement of Phe 439 (sticks) in domain 2 
toward domain 4 as the pH is lowered.  
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Table 3.  Kinetic and Arrhenius values of binding PA to CMG2 as a function of pH 
 

 
PA variant pH 

ka (x 10-4) 

M-1 s-1 
kd (x 105) 

s-1 
KD

1
 

M 
EA 

kJ mol-1 

WT 

8 2.9 (0.02)2 4.0 (0.08) 1.38 x 10-9 44.7 (0.07) 
83 3.0 (0.05)    
7.5 3.6 (0.02)   41.0 (0.13) 
7 4.2 (0.01)   40.2 (0.05) 
6 6.5 (0.02) 4.6 (0.16) 7.0 x 10-10 30.2 (0.04) 
63 5.9 (0.04)    
5 ND 4.4 (0.08) ND 30.0 (0.12) 

W346F 8 0.63 (0.03) 38.4 (0.16) 6.1 x 10-8 51.0 (0.10) 
6 1.0 (0.05) 48.3 (0.21) 4.8 x 10-8 23.8 (0.23) 

2FHis 

8 3.5 (0.01) 4.4 (0.08) 1.26 x 10-9 49.2 (0.10) 
7.5 4.3 (0.02)   48.2 (0.12) 
7 4.7 (0.02)   41.5 (0.07) 
6 10.0 (0.004) 3.1 (0.16) 3.1 x 10-10 41.9 (0.02) 
5 37.0 (0.02) 10.5 (0.16) 2.8 x 10-10 34.7 (0.15) 

 
1. The equilibrium dissociation constant is calculated from the association and dissociation rate constants 
according to KD=kd/ka. 
2. Error is in parentheses. 
3. Measured using 100 mM Tris/50 mM MES/50 mM Acetic acid (119). 

 

5.4 CONCLUSIONS 

The influence of pH on the kinetics of association and dissociation indicate that lowering the 

pH increases the rate of association of PA to CMG2, with little influence on the rate of 

dissociation.  The activation barriers to association and linearity in the Arrhenius plots are 

consistent with the barriers for loop formation observed in small peptides (120).  The crystal 

structures of 2-FHisPA and W346F also indicate that at low pH, the domain 2 β3-β4 loop is 

sensitive to pH, as has been observed previously for the WT PA (30).   

Although a decrease in the electron density was observed around the domain 2 β3-β4 loop for 

the 2-FHisPA and W346F proteins, very little change can be observed in the domain 2 β3-β4 

loop in the crystal structures of the WT protein at either acidic or basic pH.  This discrepancy is 
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likely not attributable to differences in crystal contacts, since all these proteins crystallized in the 

same space group with similar lattice constants (Appendix-E).  Therefore, the influence of pH on 

the rate of association cannot be attributed solely to the domain 2 β3-β4 loop.  In addition, 

although the activation barriers of association lower for each of the proteins as the pH were 

lowered, there were some discrepancies.  For instance, in comparing the activation energies and 

rates of association at pH 6, we find that the 2-FHisE712C is ~40 kJ/mol, E712C is ~30 kJ/mol, 

and E712C/W346F is ~20 kJ/mol – yet the rate of association is fastest for 2-FHis (10 x 104 M-1 

s-1), and slowest for W346F (1 x 104 M-1 s-1).  This is unusual, since higher activation barriers 

typically coincide with slower rates.   

In comparing the low pH structures, the remaining electron density within the 2-FHisPA 

domain 2 β3-β4 loop most closely assumes the conformation of the PA-CMG2 complex (Figure 

31B).  In addition,  F439, which contacts the domain 2 β3-β4 loop and is in close proximity to 

W346, overlays in both the 2-FHisPA and W346F structures (at acidic pH) with the F439 of the 

PA-CMG2 complex, but not at basic pH (Figure 31).  Therefore, we propose that as the pH is 

lowered, the bound conformation of the entire PA molecule (including the domain 2 β3-β4 loop) 

becomes more energetically accessible.  However, while the bound conformation may be more 

energetically accessible, there may be a range of additional conformations of similar energy that 

are also accessible at low pH.   

In the case of the W346F mutant, the bound conformation is more energetically accessible 

(lower activation barrier), but not as stable.  This is supported by the crystallography data, which 

shows that at low pH, very little electron density is observed in the domain 2 β3-β4 loop.  In the 

case of the 2-FHisPA protein, while the bound conformation is less energetically accessible 

(higher activation barrier), it is more stable.  Thus, low pH may lead to conformational selection, 
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whereby the bound conformation is favored prior to receptor binding, leading to an increase in 

the kinetics of association  (121-123). 

Recent studies have shown that, upon binding to CMG2, the rate of H-D exchange of the C-2 

hydrogen of histidines within domain 2 decreases, with one histidine (H299) exhibiting a 3-fold 

decrease in the rate of exchange, despite being ~40 Å from the binding interface (99).  If receptor 

binding can induce a change at a site distant from the binding interface, low pH may also induce 

a change (protonation) at a site distant from the binding interface, favoring a more bound-like 

conformation of PA.  

The effect of the W346F mutant on the pH stability of PA and on the kinetics of association 

is intriguing, since the crystal structure shows that, at least at high pH, the F346 assumes a 

conformation similar to that of the W346 in the WT protein (Figure 31C).  The overall topology 

of domain 2 is similar to the β-barrel of superoxide dismutase (SOD), and it has been 

hypothesized by Hazes and Hol that the SOD barrel, indeed all Greek key β-barrels, initiate 

folding from the ―β-zipper‖, the B and C strands which are connected by a short loop(124).  In 

PA, the B and C strands correspond to the β3-β4 strands, and the short loop is the β3-β4 loop.  

Thus, we speculate that, by disrupting contacts important for folding (those residues which 

contact W346), the pH stability of the entire domain 2 is decreased. 

For 2-FHisPA, we could achieve a ~10-fold increase in the rate of binding at pH 5 versus at 

pH 8 (Table- 1).  If the origins of this pH dependence were understood, it may be possible to 

engineer mutations that selectively enhance the rate of binding to CMG2.  This may be important 

in the development of improved anti-toxin therapeutics based on non-functional PA molecules 

that can more effectively compete with the WT protein for binding to CMG2.   
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APPENDIX A 

Procedures in molecular biology 

A.1 Preparation of competent cells 

5 ml of LB media was inoculated with a single colony of a desired bacterial strain and allowed to 

incubate at 37oC overnight while shaking. The cells were then diluted 1:100 into 50 ml of LB 

and grew to an OD600 of 0.4-0.6. The cells were centrifuged at 3750 rpm at 4oC and were 

resuspended in 10 ml of ice cold, sterile 0.1 M CaCl2 and were incubated on ice for 30 minutes. 

The cells were spun down at 4oC, resuspended in 2 ml of ice cold 0.1 M CaCl2 of if storing the 

cells resuspended in 200 uL of 85% CaCl2/ 15% glycerol (v/v) and aliquoted into 50ul portions 

into Eppendorf  tubes and were frozen in liquid N2 and stored at -80oC. 

A.2 Transformation into XL-10 gold/UTH 780 cells 

The frozen aliquotes of compentent cells were removed from the freezer and thawed on 

ice for about 10 minutes. 450 uL of ice cold sterile 0.1 M CaCl2 was added to the cells and 100 

µL of cells were aliquated out into pre chilled culture tubes. 10-50 ng of plasmid DNA was 

added to (+) tube and nothing to (-) tube which is the control. The tubes were incubated on ice 

for 30 minutes and heat shocked for 45 S at 42oC. The tubes were incubated on ice for another 2 

minutes. 250 ul of LB was added to each tube and were incubated at 37oC for 1 hour while 

shaking. 100 µl aliquots were removed and spread on appropriate antibiotic plates and incubated 

at room temperature for 15 minutes. The plates were inverted and incubated at 37oC overnight.  
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A.3 Plasmid construction 

A.3.1  PA 

  The histidine auxotroph UTH780 was obtained from the E.coli genetic stock center at 

Yale University (New Haven, CT). The protective antigen gene in pET22b(+) which is under T7 

promoter was moved to the plasmid PQE80 (Qiagen) by removing the EcoR1 site in the 

protective antigen gene  using the Quikchange mutagenesis kit (Stratagene) with primers (5‗-

GCAGGATTTAGTAATTCGAACTCAAGTACGGTCGC-3‗ and 5‗-

GCGACCGTACTTGAGTTCGAATTACTAAATCCTGC-3‗ (Sigma Genosys) that directed a 

silent change from GAATTC (AAT = Asn) to GAACTC (AAC = Asn). PCR was then used to clone 

the full-length PA gene (including the phoA signal sequence from pET22b (+)) as an 

EcoR1/KpnI fragment into pQE80 (forward primer, 5‗ 

CCCGAATTCATTAAAGAGGAGAAATTAACTATGAAATACCTGCTGCCGAC C-3‗; 

reverse primer, 5‗ GGGGGTACCTCAGCTAATTATCCTATCTCATAG-3‗). 

A.3.2 GST-CMG2 

A DNA sequence encoding residues 35-225 of the GMG2 VWA domain was cloned into 

PGEX4T-1 (Amersham Biosciences) which has a thrombin cleavable glutathione s-transferase 

onto the amino terminus of the expressed protein  using ‘BamH1and3‘Not1 restriction sites.  

This plasmid was transformed into either E.coli strain BL21 or UTH780 which is a histidine 

auxotroph. 

  Truncated version of PGEX-4T1-CMG2 was then generated using PCR, BamH1 and 

Not1 which includes residues 38-218 (R40CCMG2).  This truncated version eliminated the natural 

disulfide bond of CMG2 and two successive rounds of site directed mutagenesis were carried out 
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to mutate C175, a buried cysteine to alanine and R40 was mutated to Cysteine to get a unique 

Cysteine in the more exposed amino terminus of CMG2. This truncated version was used to label 

CMG2 with AF488. 

A.3.3 GST-D4 

The gene encoding Domain 4 (D4) was cloned using the PCR (Proofstart DNA 

polymerase kit Qiagen) from using the full length PA gene as a template. The region 595-735 

comprising D4 was sub cloned into the Not1/BamH1 restriction sites in the plasmid pGEX-4T1 

(GE-Healthcare). After confirming the DNA sequence, the plasmid D4 was transformed into 

E.coli strain BL-21 or UTH-780. 

A.3. 4 Site directed mutagenesis of PA/ CMG2 and D4 

Mutagenesis of H211Q, H253Q, H263Q, H299Q, H304310Q, H336Q/F, H597Q, 

H616Q, H299QH336F, E712C, W346F, and E712CW346F in PA were carried using the Quick-

change mutagenesis kit (Stratagene, La Jolla, CA) with oligonucleotide primers obtained from 

Sigma Genosys. R40 of CMG2 was mutated to cysteine to obtain a solvent exposed single 

cystine in the protein and E712 of D4 was mutated to get a single cysteine in D4. Oligonucliotde 

primers were from sigma and the mutations were carried out using Quick-change mutagenesis 

kit. All sequences were verified by the Protein and Nucleic Acid Chemistry Laboratory 

(PNACL) at Washington University (St. Louis, MO). 
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APPENDIX B 

Protein expression and purification 

B.1 Bacterial cultures 

Bacterial cultures were grown from a single colony picked from a freshly streaked 

selective plate which has been incubated at 37°C overnight. A single colony was then transferred 

into 5 ml of Lauria Bertani (LB) media containing 100 ug/ml ampicilin and was incubated with 

vigorous shaking for 6-8 hours at 37°C. A 100 ml culture of desired media supplemented with 

ampicilin was then inoculated 1:1000 with the 5 ml culture and was incubated overnight at 37°C. 

These cultures were used to inoculate the 650 ml cultures for protein expression.  

For regular expression of PA/ CMG2 / D4 proteins 650 ml cultures of ECPM-1 media 

(Appendix-1) supplemented with 100 µg/ml and 0.9 mM CaCl2/ 2 mM MgCl2 were used. The 

cultures were inoculated with bacterial cells grown overnight and were incubated at 32°C for PA 

and 37oC for CMG2 and D4 to an OD600 of 3. The cultures were then induced with 1 mM  

isopropyl β-D-thiogalactopyranoside (IPTG) and were incubated at 26°C for PA and 37°C for 

CMG2 and D4 respectively for 3 hours or until one doubling of  OD600 was achieved. The cells 

were harvested in a centrifuge equipped with a swinging bucket rotor (3000 g) for 10 min. PA 

proteins were immediately used for periplasm isolation whereas CMG2 and D4 cells were frozen 

at - 20°C. 

B.2 Labeling with 2F-His. 

UTH780 cells were grown in a modified version of ECPM-1 media supplemented with 

defined amino acids and glucose instead of NZ amines, yeast extract and glycerol (Appendix-1). 

The cells were grown in Fernbach shaker flasks at 32°C for PA and 37 °C for CMG2 to an OD600 
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of 3. The cells were then washed twice with 0.9% NaCl. The same media containing 0.2 mM 2-

FHisin place of histidine was added to the cells and resuspended. The cells were then incubated 

10-15 minutes at 26°C for PA and 37°C for CMG2 prior to the addition of IPTG to 1 mM. The 

cells were harvested in a centrifuge equipped with a swinging bucket rotor (3000 g) for 10 

min.PA proteins were immediately used for periplasm isolation whereas CMG2 cells were 

frozen at - 20°C. 

B.3 Labeling with 13C  

  Cultures of the E. coli strain BL21, harboring pGEX-4T1-CMG238-218, were grown in M9 

minimal media (Appendix-1) supplemented with 0.2% U-13C-glucose at 37 °C. Cultures were 

grown to an A600 of 2.0 and induced with 1 mM IPTG, grown for an additional 3 h at 37 °C, and 

then harvested.  

For the combined (13C and 2-FHis) labeling, strain UTH780 was used instead,  and 

cultures were grown  in M9 minimal media supplemented with 0.2% U-13C-glucose and 0.2 

mM histidine(since UTH 780 is a His auxotroph). Cultures were grown to an A600 of 2, 

harvested, washed twice with 0.9% NaCl, and resuspended in fresh M9 media containing 0.2% 

U-13C-glucose, supplemented with 0.2 mM 2-FHis. Cultures were incubated for 10-15 min, 

induced with 1.0 mM IPTG for 3 h at 37°C, and then harvested. Cells were frozen at −20°C prior 

to purification. Continuous monitoring and adding extra glucose if necessary is a key for 

successful expression of proteins in this method. Expression of E712C D4 was very poor in the 

conditions used to grow regular D4. Therefore a lower incubation temperature (30oC) was used 

instead.  

 



132 
 

B.4 Protein purification 

 B.4.1 PA purification 

Cells were resuspended in 1L (if using 8 Fernbach flasks) of 20 mM Tris/Hcl, pH 8, 20% 

sucrose and 1mM EDTA, and incubated for 15 min at room temperature with gentle stirring. The 

cells were centrifuged for 15min at 4°C (8000 g), the supernatant was removed, and cells were 

resuspended in ice-cold 5 mM MgSO4 and stirred for 15 min at 4 °C. 20 ml 0f  1 M Tris-HCl pH 

8.0 were then added  to activate a final concentration of 20 mM and  the cells were centrifuged 

again at 4 °C (8000 g). The supernatant was removed,  filtered through a Millipore 200 µm filter 

under suction and applied to a Hi-Trap Q anion exchange column (GEHealthcare) which was 

equilibrated with 50 ml of  20mM Tris/HCl (buffer A)  pH8 ,  50 ml of  20mM Tris/Hcl+1M 

NaCl pH8 (buffer B) followed by  50 ml of  buffer A at 4°C. The protein was eluted with a NaCl 

gradient on an AktaPrime LC (GE Healthcare) using a  salt gradiet of 30% buffer B over 120 ml 

(Figure- 61). 
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Figure- 61 Typical Hi-Trap Q column elution of PA (A). The prominent peak at 15-22 minutes 
is identified as PA by 12.5% SDS-PAGE gel electrophoresis (B). Gels were stained with Simply 
Blue Safe stain from Invitrogen.  

 PA protein start to elute at 15% B. SDS-PAGE analysis was done in order to identify the 

fractions. The fractions with PA were pooled, concentrated to 1 ml using a 10 kDa, Amicon 

Ultra-15 cutoff centrifugal filter (Millipore), and then applied to a Sephadex S-200 gel filtration 

column (GE-Healthcare) where it further purified the protein on the basis of size.  The column 

was equilibrated in 20 mM Tris-HCl, 150 mM NaCl, pH 8.0 (4°C) prior to introducing the 

protein samples. PA elutes at 65-80 minutes as the most prominent peak (Figure- 62). As evident 

from Figure-62B, PA purified according to the above procedure yielded electrophoretically pure 

protein with an appropriate molecular weight of ~ 83KDa in 12.5% SDS-PAGE gels. The 

fractions were pooled and concentrated. Protein concentration was determined using a calculated 

extinction coefficient of 80 220 M-1 cm-1 (23). The pure protein was then aliquated and stored at 

-20°C. 
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Figure- 62   Sephadex S-200 gel filtration of PA (A) and the SDS-PAGE analysis of  the 
fractions (B). 

This method was successfully utilized as the general method for the purification of all PA protein 

variants. 40-50 mg of PA could be obtained using ~ 2.6 L of media. 

For purification of E712C mutants with a single Cys, the  periplasmic isolation was  

slightly modified. The periplasmic lysates were buffered with 20 mM Tris-HCl pH 8 and 

supplemented with 1mM dithiothreitol to prevent oxidation of the Cys residue in PA.  The 

proteins were purified by anion exchange chromatography (Q Sepharose) with a 0-30% NaCl 

gradient using buffer A and B supplemented with 1mM DTT. The proteins were further purified 

by Sephadex S-200 gel filtration column equilibrated in 20 mM Tris-HCl, 1mM DTT, and 150 

mM NaCl pH 8. Fractions were pooled, concentrated and stored at -20oC.  
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B.4.2 CMG2 purification 

  Frozen cells were thowed  on ice for about 30-45 min and  were resuspended in 30 ml 

(for  a bacterial pellet of 2, 650 ml Fernbach flasks) of  phosphate buffered saline (PBS) pH 7.4  

and lysed using a sonicator (Branson) for about 5 min or until the bacterial lysate turned a 

slightly darker color and the sound of the sonication changed. The lysed cells were centrifuged at 

15,000 g for 45 min at 4 °C. The supernatant was filtered through a Millipore 200 µm filter 

under suction and applied to a 5 × 5 ml Glutathione–Sepharose (Hi-Trap GST) HP column (GE 

HealthCare) with a flowrate of 2 ml/min.  The GST column was equilibrated prior to use 

according to manufacturer‘s protocol. Briefly, the column was washed with 2 column volumes of 

6 M guanidine hydrochloride followed by washing with 5 column volumes of PBS. Next 2 

column volumes of 10 mM reduced glutathione in 20 mM Tris-pH 8 were passed through the 

column immediately followed by washing with 5 column volumes of PBS.  

Elution of the protein was achieved using thrombin (80 Units/mL; GE Healthcare), which 

cleaves between CMG2 and glutathione. Thrombin was dissolved in 500 µl of PBS. 400 µl was 

aliquated and diluted in 4.6 ml of PBS to get a final volume of 5 ml. This solution was injected 

into the column and incubated at room temperature for 16 hours.  

The GST column was then attached to a pre equilibrated benzamidine column (5 X 5 ml) 

which traps GST and was eluted with PBS to obtain pure CMG2 (Figure- 63).  
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Figure-63 GST-Trap Elution chromatogram of CMG2. 

D4-GST was expressed and purified using a similar procedure used for the purification of 

CMG2. E712C D4 was purified similarly as R40C CMG2.The protein was concentrated and 

further purified by size exclusion chromatography. SDS-PAGE analysis indicated that the 

isolated CMG2 was elecrophoretically pure (Figure- 64). Therefore this method was successfully 

employed in all the CMG2 purifications including WTCMG2, 13CCMG2, 13C2-FHisCMG2 and 

R40C GMG2. Protein concentration was determined using a calculated extinction coefficient of 

12039 M-1cm-1 (23). 10-15mg of WT protein was isolated using ~ 2.6 L of media. However for 

the mutants and other labeled versions of CMG2, protein yield varied from 5-8 mg for 2.6 L of 

media. Pure protein was concentrated and stored at -20oC. 
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  Figure – 64 Sephadex S-200 gel filtration of CMG2 (left) and the SDS-PAGE analysis of     the 

fractions (right). 

A similar elution pattern as in Figure-64 was obtained for D4-GST purification. High yield of 

electrophoretically pure protein could be obtained. However, the overall yield was very low for 

the mutant E712C D4. 

For R40C CMG2, which has a single Cys residue, the same procedure was followed but 

after elution, the protein was concentrated and 10 fold excess of TCEP was added to protect the 

free thiol group, and stored at 4oC.  

B.4.3 Trypsin cleavage of PA.  

Conversion of PA and 2-FHisPA to the heptameric prepore ( PA63)7 and (2-FHis 

PA63)7, respectively, was performed at room temperature for 30 min by the addition of trypsin 

(Trypzean,Sigma-Aldrich) using a ratio of 1µg of trypsin to 1 mg of PA.  10-fold excess of 

soybean trypsin inhibitor was added to inhibit further digestion and was equilibrated at room 

temperature for 30 minutes.  Trypsin-activated PA was then loaded onto a Hi-Trap Q column 
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equilibrated in 20 mM Tris, pH 8.5 supplemented with 1mM CaCl2. ( PA63)7 or (2-FHis PA63)7 

was purified using a NaCl gradient of 50% B over 120 ml volume (Figure-65) 

 

Figure- 65 Purification of (PA63)7using anion exchange chromatography (A) and the SDS-

PAGE analysis of the fractions (B).   

Final purification was accomplished by applying the preparation to a Sephadex S-200 gel 

filtration column (GE-Healthcare) equilibrated in 20 mM Tris-HCl, 400 mM NaCl, pH 8.5.When 

5 mg of PA WT was digested, approximately 3 mg of  PA63 could be isolated. However, the  

PA63 yield varied with the modification done to the protein. 2FHis labeled protein gave a lower 

yield of  PA63 but some of the mutants such as H211Q, H253Q, and H616Q yielded about the 

same yield as WT protein. Heptamer formation was greatly affected by some of the mutations, 

which showed significant alterations to the structure or the function of the protein. Proteins 

which showed similar  PA63 yields as WTPA were structurally and functionally similar to WT 

protein. 
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B.4.4  Determination of protein concentrations. 

After isolation of pure protein, a UV-Vis spectrum (Figure- 66) was used to calculate the protein 

concentration according to the following relationship (Beer-Lamberts law). 

A= ɛ* c* l 

     Conc. of protein= (Abs280) / (molar extinction coefficient of protein) X (path length) 

 

 

Figure-66  UV –Vis spectrum of PA WT at a 1:10 dilution.  

UV absorbance at 280 nm was determined and the concentrations were calculated using a pre 

determined extinction coefficient for each protein.  
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APPENDIX C 

Liquid media used for E.Coli protein expression 

 

C.1 LB medium (Luria-Bertani medium) 

 

25g of LB (Sigma) was dissolved in 1liter of DI water. The media was aliquated into 200 ml 

portions and autoclaved for 30-35 minutes. This media can be stored at room temperature for 

several months if handled carefully. 

C.2 ECPM-1 medium 

4 g K2HPO4 (dibasic, SIGMA# P-3786) 

1 g KH2PO4 (monobasic, SIGMA# P-0662) 

1 g NH4Cl (SIGMA# A-0171) 

2.4 g K2SO4 (SIGMA# P-9458)  

10 ml trace element solution 1 (see recipe below)  

20 g Casamino Acids (enzymatic hydrolysate; use N-Z Amine AS from SIGMA. SIGMA# N-

4517)  

3 g yeast extract (Difco# 212750)  

 40 g glycerol (VWR# MK509208)  

Ingredients were mixed and the volume was adjusted to 1 liter, and sterilized by autoclaving. Just 

prior to use 2 ml of 1 M MgCl2·6H2O (VWR# MK595804)/0.45 M CaCl2·2H2O SIGMA# C-

7902 (sterilized by autoclaving) was added.  A precipitate formed, but it went into solution with 

stirring.  Once sterilized, the medium can be stored up to1 month at 4oC. 

 

http://80-www.mrw2.interscience.wiley.com.ezp1.harvard.edu/cponline/tserver.dll?command=doGetContent&sUI=BDA891BA5353EE08&database=CP&useScheme=WIS_Framed.Scheme&getContent=24965-24965&queryId=0&matchNum=0&getSearchResults=0-0&numMatches=0
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C.3 Trace element solution 1  

5 g EDTA (Malinckrodt 5958- VWR# MK595804) 

0.5 g FeCl3·6H2O (SIGMA# F-1513) 

0.05 g ZnO  (SIGMA# Z-0385) 

0.01 g CuCl2·2H2O  (SIGMA# 307 483-100G) 

0.01 g Co(NO3)2·6H2O NOTE: Oxidizer Shelf (SIGMA# C-2769) 

0.01 g (NH4)6Mo7O24·4H2O (SIGMA# A-7302) 

  EDTA was dissolved in 700 ml water. Each element was separately dissolved by adding 

just enough 10 N HCl to bring it into solution. Each element in solution was then added one after 

the other to the EDTA solution. Final volume was adjusted to 1l and pH was adjusted to 7.0 with 

concentrated NaOH. The solution was autoclaved and stored in the dark at 4oC. 

C.4 Collier’s medium 

Ingredients 1 through 26 were mixed in 800 ml of DI water and autoclaved for 45 

minutes and allowed to cool down to room temperature. Ingredients 27 through 33 were mixed 

separately in a container and once they were well dissolved, the final volume was adjusted to 200 

ml and was sterile- filtered into a bottle which was autoclaved previously. Just prior to starting 

the bacterial cultures, the two components are mixed and appropriate volumes were placed in 

flasks. Histidine was added to get a final concentration of 0.2g/l and was used for the first half of 

the labeling. 2-FHiswas added to a final concentration of 0.2g/l after the cells were washed with 

0.9% NaCl in the second half of the labeling.This media can also be used to label proteins with 

other unnatural amino acids such as fluoro tryptophan of fluoro-phenylalanine with slight 

modifications. In such situations histidine should be present as a regular amino acid in the 

medium.  
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Ingredient MW Conc. (mM) g/l 
1. alanine 89.1 5.612 0.5 
2.arginine 210.7 2.296 0.5 
3. aspartic acid 133.1 3.005 0.4 
4. cystine 240.3 0.208 0.05 
5. glutamine 146.1 2.738 0.4 
6. glutamic acid 147.1 4.419 0.65 
7. glycine 75.07 7.326 0.55 
8. isoleucine 131.2 1.753 0.23 
9. leucine 131.2 1.753 0.23 
10. lysine hydrochloride 146.2 2.873 0.42 
11. methionine 149.2 1.676 0.25 
12. Phenylalanine 165.2 0.8 0.13 
13. proline 115.1 0.869 0.1 
14. serine 105.1 19.981 2.1 
15. threonine 119.1 1.931 0.23 
16. tyrosine 181.2 0.938 0.17 
17. valine 117.1 1.964 0.23 
18. adenine 135.1 3.701 0.5 
18. guanosine 283.2 2.295 0.65 
20. thymine 126.1 1.586 0.2 
21.uracil 112.1 4.46 0.5 
22. cytosine 111.1 1.8 0.2 
23. NH4Cl 53.49 9.348 1 
24. K2PO4 174.2 60.276 4 
25. KH2PO4 

  
1 

26. K2SO4 
  

2.4 

    Sterile Filter: 
  27. Glucose 180.2 
 

5 
28. Trace element 
solution 0 

 
10 

29. MgCl2/CaCl2 solution 2 
1M/0.45M 

  30. thiamine (B1) 337.3 0.148 0.05 
31. niacin 123.1 0.406 0.05 
32. biotin 244.3 0.004 0.001 
33. tryptophan 204.2 0.245 0.05 
34. 2-F-Histidine 173 0.2 0.035 
35. Histidine 165 0.2 0.033 
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C.5 M-9 medium 

 

5X M9 salts 200ml 

1M MgSO4 2ml 

20% carbon source 20ml 

1M CaCl2 0.1ml 

Sterile deionized water To 980ml 

 

5X M9 salts 

                

Na2HPO4.7H2O 64g 

KH2PO4 15g 

NaCl 2.5g 

NH4Cl 5.0g 

 

 

5X M9 salts were dissolved in 1 liter of DI water and was autoclaved for 35-40 minutes.  

To make the media the components were mixed and diluted up to 980 ml.  
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APPENDIX D 

Preparation of buffers and reagents. 

 

D.1 1M Tris stock solution 

 

Dissolve 121.1 g of Tris (base) in 800 ml of MQ water and adjust the pH to 8 by adding 6N HCl. 

The final volume is then adjusted to 1 liter. The buffer was sterile filtered through a 0.22 µm 

Milipore filter and stored at room temperature. 

D.2 20 mM Tris/HCl pH 8 

 

20 ml of 1 M stock solution of Tris pH 8 was diluted into 1 liter of MQ water, sterile filtered 

using a 0.22 µm filter and stored at 4oC.  

D.3   20 mM Tris/HCl, 1M NaCl pH 8 

 

20 ml of 1M stock solution of Tris pH 8 was diluted into 900 ml of MQ water and 58.4 g of 

NaCl was added and mixed well. Then the volume was adjusted to 1 liter. The buffer was passed 

through a 0.22 µm filter and stored at 4oC.  

D.4   20 mM Tris/HCl, 150 mM  NaCl pH 8 

 

20 ml of 1 M stock solution of Tris pH 8 was diluted into 900 ml of MQ water and 8.8 g of NaCl 

was added and mixed well. Then the volume was adjusted to 1liter. The buffer was passed 

through a 0.22 µm filter and stored at 4oC.  

D-5   20 mM Tris/HCl, 1 mM CaCl2 pH 8.5 

A stock solution of 1M Tris/HCl pH 8.5 was made as described previously. 20 ml of the stock 

was diluted to 900 ml of MQ water and 147 mg of CaCl2 was added and mixed well. The final 

volume was adjusted to I liter and was sterile filter and stored at 4oC. 
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D.6   PBS pH 7.4  

Dissolve 8 g of NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4 in 800 ml of MQ water and 

the final pH was adjusted to 7.4 by adding 6 N HCl. Final volume was then adjusted to 1 liter. 

The buffer was then sterilized filtered into in 800 ml of MQ water and adjust the pH to 8 by 

adding 6 N HCl. The final volume is then adjusted to 1liter. The buffer was sterile filtered 

through a 0.22 µm Milipore filter and stored at 4oC. 

D.7  Universal buffer systems 

 

These buffer systems were used to achieve buffering capacity over a wide range of pHs. 

 

D.7.1   Tris/Bis-Tris/ Cacodylate  

 

6.06 g of Tris (base), 10.46 g of Bis-tris and 7.5 ml of 1 M stock solution of cacodylater were 

mixed and final volume was adjusted to 50 ml using a volumetric flask. Then the stock buffer 

solution was divided into two 25 ml portions. pH of one portion was adjusted to pH 8 and the 

other to pH 5 and the final volumes were adjusted to 50 ml using a volumetric flask so that the 

molarity of each solution is 0.5 M.  

50 ml each of 20 mM Tris/Bis-Tris/ cacodylate pH 8 and 5 were then prepared by mixing 2ml of 

stock solution with 48 ml of MQ warter. 

To prepare other pHs of this buffer such as pH 7.5, 7, 6.5 and 6, a titration cure was used as 

described below. The linear equation is used to calculate the volumes of pH 8 and pH 5 buffers 

need to be mixed, to obtain the desired pH. 
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Table-4 volumes added from pH8 and 5 buffers and the pH measured for each sample. 

 

Vol. pH 8/µl 

 

 

Vol. pH 5/µl 

 

Actual pH 

   

0 1000 5.0 

100 900 5.54 

200 800 5.82 

300 700 6.09 

400 600 6.29 

500 500 6.52 

600 400 6.75 

700 300 6.99 

800 200 7.3 

900 1000 7.63 

1000 0 8 

 

 
 

Figure- 67 Titration curve for universal buffer system Tris/Bis-Tris/Cacodylate 
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Other universal buffer systems such as Bis-Tris / HEPES / Cacodylate /citrate (BHCC). Bis-Tris 

/ HEPES / Cacodylate (BHC), Tris / MES / HEPES / HOAc, were made according to a similar 

procedure described for Tris / Bis-Tris / Cacodylate. 

D.7.2   Constant ionic strength (CIS) buffer 

This buffer consists of Tris / MES / HOAc in the ratio of 0.1 M / 0.05 M / 0.05 M. 1 M stock 

solutions of each buffer was used to get the desired molarity in a total of 50 ml. pH was adjusted 

to 8 and 5 and final volumes were adjusted using 50 ml volumetric flasks. The buffers were 

sterile filtered and stored at 4oC.    
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APPENDIX-E 

Gel electrophoresis techniques 

E.1   SDS-PAGE (for protein studies). 
 
 
SDS-PAGE stands for Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis 

(PAGE) and is a method used to separate proteins according to their size. SDS/PAGE was 

carried out using the Biorad Mini-protein II electrophores cell. Since different proteins with 

similar molecular weights may migrate differently due to their differences in secondary, tertiary 

or quaternary structure, SDS, an anionic detergent, is used in SDS-PAGE to reduce proteins to 

their primary (linearized) structure and coat them with uniform negative charges. Procedures for 

SDS-PAGE generally involve 1) making a gel and assembling the gel apparatus, 2) mixing 

protein samples with sample buffer containing SDS and heat the mixture at high temperature, 3) 

loading samples and running the electrophoresis and 4) fixing and staining the separated 

proteins. 

 

E.1.1 Buffers and stock solutions used 

 

1.5 M Tris-HCl pH 8  

18.15 g Tris base was dissolved in 100 ml of DI water. pH was adjusted to 8.8 with 6 N 

HCl. 

 

0.5 M Tris-HCl pH 6.8 

 

6 g Tris base was dissolved in 100 ml of DI water and pH was adjusted to 6.8 with 6 N 

HCl. 

 

 



149 
 

10%  SDS 

1.01g of SDS in 10 ml of DI water and was stored at room temperature 

 

5 X running buffer pH 8.3 

 

9 g of Tris base 

43.2 g Glycine 

3.0 g of  SDS in 600 ml of DI water 

 

SDS reducing sample loading buffer 

 

4 ml DI water 

1.0 ml 0.5 M Tris-HCl pH 6.8 

0.8 ml Glycerol 

1.6 ml 10% SDS 

400 mg Dithiothreitol 

4 mg Bromophenol blue 

Mix all components. This can either be stored at room temperature or can be stored at -20oC and 

can be used over again. 

 

Preparation of SDS-PAGE gels. 

 

Acrylamide/ bis (37.5:1 mixture) stock solutions were purchased from Biorad. Resolving and 

stacking gels were made as follows. 
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15% resolving 

 

4% stacking 

1. 40%  acrylamide/Bis 3.75 ml 1 ml 

2. 0.5 M Tris-Hcl/ pH 6.8 - 2.5 ml 

3. 1.5 M Tris-HCl pH 8.8 2.5 ml - 

4. 10% SDS 100 µl 100 µl 

5. DI water 3.6 ml 6.4 ml 

6. TEMED 10µl 10 µl 

7. 10% ammonium 

persulfate (APS) 

50 µl 50 µl 

 

Total volume of resolving gel is ~10ml 

Appropriate amount of 1,2 and 3 were added into a round bottom flask and degassed for 5 

minutes. Then 4 was added and degassed for another 5 minutes. Then 5 and 6 were added and 

mixed well. The gel was poured as described according to the manufacture‘s protocol and water 

saturated butanol was carefully added on top of the mixture and was allowed to polymerize for 

20- 30 minutes. Stacking gel was made following the same procedure. After the gel was 

polymerized, butanol was removed completely and the stacking gel was poured on top of it the 

comb was inserted and kept for 15-20 minutes to get polymerized. 

E.2   Sample preparation. 

All samples were made in the loading buffer and then placed in a water bath for 5 minutes at 

95oC. 15-20 µl of each sample was loaded to the gel noting the respective lanes. A molecular 

weight marker in the desired range was used to determine the molecular weight of the protein. 

Gels were run for 45 minutes at a constant voltage of 200V.  The gels were then developed using 

Simply Blue Safe-stain (Invitrogen) according to manufacturer‘s protocol. 
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E.3   Native gel electrophoresis 

Native gel electrophoresis is run in the absence of SDS. While in SDS-PAGE the mobility of 

proteins depends primarily on their molecular weight, in native PAGE the mobility depends on 

both the protein's charge and its hydrodynamic size. Since the protein retains its folded 

conformation in native gel, its mobility on the gel will vary with the conformation (higher 

mobility for more compact conformations, lower for larger structures like oligomers). 

E.4   Agarose gel electrophoresis (for DNA studies) 

 Ultrapure agarose powder (0.4g) was mixed with 50 ml of SYBR Safe DNA gel stain in 0.5X 

TBE (Invitrogen) and was heated in a microwave oven until completely melted.  The safe stain 

DNS gel stain which allowed us to visulalize DNA after electrophoresis. This is a substitute for 

ethidium bromide which is a neurotoxin. After cooling the solution to about 60oC, the solution 

was poured into a casting tray containing a sample comb and allowed to solidify at room 

temperature for about 20 minutes. After the gel solidified, the comb was removed and was 

inserted horizontally into the electrophoresis chamber and was covered with 1X TBE buffer. 

Samples containing DNA (10 µl) mixed with loading buffer (2 µl) were then pipetted into the 

sample wells. The lid and power leads are placed on the apparatus, and a current was applied. 

Bubbles can be observed if the current is flowing through and DNA will migrate towards the 

positive electrode. After the DNA is migrated sufficiently the bands can be observed under UV 

light. 
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APPENDIX-F 

Crystallization, Structure Solution and Refinement  

All samples were screened for crystallization in Compact Jr. (Emerald biosystems) sitting drop 

vapor diffusion plates using 0.5 µL of protein and using 0.5 µL of crystallization solution 

equilibrated against 100 µL of the latter at 20oC.  Proteins samples of  WT (16.5 mg/mL), 

W346F (9.0 mg/mL) and 2FHis PA (16.5 mg/mL) were concentrated in 150 mM NaCl, 10mM 

Tris pH 8.0 for crystallization.  Prismatic crystals of each PA construct were obtained within 24 

hours from the following conditions:  WT: Wizard 4 screen condition #20 (Emerald biosystems, 

25% (w/v) PEG 1500, 100 mM MMT Buffer pH 9.0) and Wizard 4 screen condition #17 

(Emerald biosystems, 25%(w/v) PEG 1500, 100 mM SPG Buffer pH 5.5).  W346F: Wizard 4 

screen condition #18 (Emerald biosystems, 25%(w/v) PEG 1500, 100mM SPG Buffer pH 8.5) 

and Wizard 4 screen condition #17 (Emerald biosystems, 25%(w/v) PEG 1500, 100mM SPG 

Buffer pH 5.5).  Single crystals of WT and W346F PA were transferred to a drop containing 

80% crystallization solution and 20% PEG 400 before freezing in liquid nitrogen for data 

collection.  Data were collected at the Advanced Photon Source IMCA-CAT beamline 17ID 

using a Dectris Pilatus 6M pixel array detector.  2FHis-PA: Crystals were grown from a solution 

containing 30% PEG 400, 100mM MES pH 7.0.  Single crystals were soaked for 26 hours in 

35% PEG 400, 100mM MES pH 5.8 then were frozen in 40% PEG 400, 100mM MES pH 5.8 for 

data collection.  Data were collected at the Advanced Photon Source IMCA-CAT beamline 

17BM using a Mar 165 CCD detector.  Intensities for all data sets were integrated and scaled 

using the XDS and Scala packages respectively.  The coordinates from a previously determined 

structure of 2-FHis-labeled PA (PDB: 3MHZ) were used for initial refinement against the 
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processed diffraction data.  Structure refinement and manual model building were performed 

with Phenix  and Coot  respectively.  Structure validation was carried out using Molprobity. 

Table 4.  Crystallographic Data for PA Structures 

 WT-PA            
(pH 9.0) 

WT-PA                                
(pH 5.5) 

W346F-PA             
(pH 8.5) 

W346F-PA                            
(pH 5.5) 

2FHis-PA           
(pH 5.8) 

Data Collection      

Unit-cell 
parameters (Å, o) 

a = 71.38  b 

= 93.80   c = 
115.73 

a = 70.84              
b = 93.85          c 

= 114.88 

a = 71.37          b 

= 93.60           c = 
117.21 

a = 72.67         
b = 94.05            
c = 117.24 

a = 73.29         
b = 93.66         
c = 115.57 

Space group P212121 P212121 P212121 P212121 P212121 

Resolution (Å)1 40.0-2.0 
(2.11-2.00) 

114.88-3.13  
(3.30-3.13) 

117.2-1.9  (2.21-
2.10) 

35.00-2.85 
(3.00-2.85) 

45.38-2.1 
(2.21-2.10) 

Wavelength (Å) 1.0000 1.0000 1.0000 1.0000 1.0000 

Temperature (K) 100 100 100 100 100 

Observed 
reflections 

362,189 87,134 296,114 128,366 344,018 

Unique reflections 52,880 14,065 46,703 19,416 46,290 

Mean <I/σI>)1 13.0 (2.8) 11.3 (3.2) 17.7 (3.1) 16.5 (2.7) 20.3 (3.0) 

Completeness (%)1 99.4 (98.5) 99.7 (99.8) 100 (100) 99.9 (100) 98.4 (98.1) 

Multiplicity1 6.3 (6.3) 6.2 (6.8) 6.3 (6.3) 6.6 (6.7) 7.4 (7.5) 

Rmerge (%)1, 2 8.7 (68.7) 10.9 (47.7) 6.0 (49.0) 9.0 (72.5) 5.6 (74.6) 

Rmeas
4 9.4 (74.4) 13.2 (56.3) 7.2 (58.9) 9.8 (81.6) 6.1 (80.1) 

Rpim
4
 3.6 (28.4) 5.3 (21.4) 2.8 (23.2) 3.8 (31.4) 2.2 (28.9) 

Refinement      

Resolution (Å) 39.20-2.00 56.54-3.13 45.29-2.10 34.71-2.85 43.40-2.10 

Reflections 
(working/test) 

50,123 / 
2,690 

13,305 / 696 44,130 / 2,352 18,367 / 991 43,869 / 2,341 

Rfactor / Rfree (%)3 20.7 / 25.8 23.6 / 27.9 19.4 / 24.8 20.9 / 27.1 22.2 / 26.7 
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No. of atoms 
(protein / Ca2+ / 
water) 

5,290 / 2 / 
219 

5273 / 2 / - 5370 / 2 / 243 5,242 / 2 / - 5052 / 2 / 26 / 
124 

Model Quality      

R.m.s deviations       

Bond lengths (Å) 0.012 0.007 0.012 0.007 0.011 

Bond angles (o) 1.317 1.092 1.282 1.036 1.277 

Average B factor (Å2)      

All Atoms 42.6 75.8 44.9 68.1 53.0 

Protein  42.7 75.8 45.0 68.1 53.2 

Ca2+ 27.7 56.4 28.5 59.0 35.9 

Water 39.2 - 42.6 - 44.5 

Coordinate error 
based on Maximum 
Likelihood (Å) 

0.27 0.36 0.31 0.45 0.34 

Ramachandran Plot       

Favored (%) 97.1 89.1 97.2 92.9 95.5 

Allowed (%) 2.7 9.7 2.7 6.0 3.7 

1) Values in parenthesis are for the highest resolution shell. 

2) Rmerge = hkli |Ii(hkl) - <I(hkl)>| / hkli 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(125).  Rpim = precision-indicating 
(multiplicity-weighted) Rmerge(126). 
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