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ABBREVIATIONS 
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Cryo EM    Cryo electron microscopy 
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CHAPTER 1 
 

INTRODUCTION 
 

 
1.1 Anthrax  
 

Anthrax is a zoonotic disease caused by Bacillus anthracis-a rod shaped, gram positive, 

endospore forming bacterium. Ancient origins of anthrax were thought to have rooted in Egypt 

and Mesopotamia around 700 BC (Fig 1.1), supposedly being the fifth plague out of the ten 

plagues in the book of Exodus. Robert Koch, a pioneering German microbiologist, studied 

Bacillus anthracis and showed that the bacterium formed spores and that these were the 

infectious organisms responsible for anthrax disease.  

 

Figure 1.1: A schematic representation depicting the history of anthrax over the ages. Picture 
adopted from https://www.cdc.gov/anthrax/resources/history/index.html 
 
 
1.2 Bacillus anthracis-The Culprit 

Bacillus anthracis is a rod shaped, gram-positive endospore forming bacteria of 3-5µm 

length and 1-1.2µm width (Fig 1.2). The bacteria derive its name from a Greek word for coal 

‘anthakis’ for its potential to cause a cutaneous black scar upon infection. It is mainly found in 

soil and can be a major threat to grazing animals and livestock [1]. Bacillus anthracis is one of 

the very few bacteria known to synthesize a poly-D-gamma glutamic acid capsule, known to 

partially contribute to the virulence of the species apart from the original toxin [2]. The 
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bacterium is capable of producing an endospore, which is highly stable and capable of surviving 

extreme conditions of temperature, acidity, low nutrient environments and rather harsh chemical 

treatment [3]. Endospores become vegetative upon exposure to moisture and favorable pH 

conditions [4]. The disease onset was observed in Australia when heavy flooding exposed 

decades-old dormant spores leading to the infection of several livestock [5]. 

The genome of Bacillus anthracis consists of a single chromosome with 5,227,293 base 

pairs DNA [6]. The bacterium also contains two extra chromosomal plasmids, named pXO1 and 

pXO2, both required for its complete virulence. Plasmid pXO1 consists of genes that code for 

the anthrax toxin proteins protective antigen (PA), edema factor (EF) and lethal factor (LF) and 

pXO2 is responsible for the synthesis of the poly-D-gamma glutamic acid capsule which helps 

bacteria to evade the host immune surveillance through escaping phagocytosis [7].  

 

 

 

 

 

 
 
Figure 1.2: Multiple anthrax bacteria (green) being engulfed by an immune cell (purple).  Note 
the rod shape of the bacterium.  Image taken by Camenzind G. Robinson, Sarah Guilman and 
Arthur Friedlander, United States Army Medical Research Institute of Infectious Diseases: see 
https://images.nigms.nih.gov/Pages/DetailPage.aspx?imageID2=3612 
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1.3 Routes to infection 

Anthrax pathogen has several routes of entry that are possible that can lead to four 

different forms of disease: cutaneous, gastrointestinal, inhalational and injection.  

 

 

 

 

 

 

 

 
 
Figure 1.3: Different types of Anthrax based on the route of entry of the bacterium Bacillus 
anthracis. A) Cutaneous anthrax- entry through cuts or scrapes on skin B) Inhalational anthrax- 
through respiratory tract C) Gastrointestinal anthrax- through consumption of infected meat D) 
Injection anthrax- observed in Northern Europe in heroin users. Picture adopted from 
https://www.cdc.gov/anthrax/basics/types/index.html 
 
 

Cutaneous anthrax is the least dangerous from and is observed when the spores gain entry 

into the host body through a cut or abrasion on the skin (Fig 1.3A). In particular, this was a 

common form of infection in the late 1800’s, due to the import and handling of hides from 

livestock (sheep and cattle) that had been infected with the disease.  The incubation periods can 

be as short as 12 hours to as long as 19-20 days. Post infection, a small papule is developed 

followed by the slow transformation of the papule into a dry lesion with central black region 

commonly referred to as an ‘eschar’ within the next 5-6 days [1]. Only 20% of cases of 

cutaneous anthrax develop septicemia and die, due to the timely administration of antibiotics and 

essential prophylaxis, which if administered quickly lowers the mortality rate to <1%. 

A 

B 

C 

D  
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Gastrointestinal anthrax (Fig 1.3C) is observed by the ingestion of undercooked meat of 

animals infected with anthrax. The characteristic eschar is observed inside the host body on the 

digestive tract [8]. The incubation period ranges from 2-3 days and can be cured in the case of an 

early diagnosis but is lethal in advanced stages of infection. 

Inhalational or pulmonary anthrax is observed when spores gain entry into the host body 

through the respiratory tract (Fig 1.3B) and is considered to be the deadliest form of disease. This 

route of infection is mostly associated to exposure in textile and tanning industries [9, 10]. Flu 

like symptoms observed including mild fever, fatigue, malaise, myalgia, and non-productive 

cough at initial stages of infection followed by acute dyspnea (difficulty breathing), stridor 

(wheezing), fever, and cyanosis (bluish discoloration) leading to coma and death if untreated 

[11-13]. Death can occur within 2-3 days after exposure – the mortality rate is high in case of 

inhalational anthrax, however the survival rate can be improved by multidrug antibiotic 

treatments and supportive care. 

Three known forms of anthrax were prevalent until 2009, when a completely different 

form of anthrax emerged in Northern Europe, called injectional anthrax (Fig 1.3D).  This type of 

anthrax is mostly contracted through the use of heroin. Over 70 cases have been reported with a 

fatality rate of ~37% in different European countries [14, 15]. Because the clinical 

manifestations were different from the classical cutaneous anthrax (eschar lesions), it is regarded 

as an entirely new form of the disease. 

1.4 Anthrax in Biological Warfare 

Increasing scientific knowledge and awareness towards various microbes paved a way to 

learn more about how to grow and culture those microbes, and store in a spore form. This led to 

the development of new and improved therapeutics against anthrax, but also led to the 
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development of anthrax as a weapon of mass destruction (WMD). The use of anthrax as a 

biological weapon was first documented during World War I, where it was used by the German 

army to contaminate animal feed [16]. The Gruinard Island near Scotland was used as a 

biological weapons testing site during World War II by the British, and in 1986 was sterilized by 

tons of seawater and formaldehyde [17]. An unusual outbreak of anthrax occurred in the city of 

Sverdlovsk, USSR in 1979, where 96 cases of anthrax were reported, out of which 79 were 

gastrointestinal anthrax and 17 were cutaneous [18]. All these cases were suspected to be the 

result of accidental airborne release of anthrax spores from a Soviet military microbiology 

facility that was located 4 km away from the infected area. There was a reported 64 cases of 

death by gastrointestinal anthrax, and this outbreak remains the deadliest anthrax outbreak in 

history.  

 

 

 

 

 

 

 

Figure 1.4: Cartoon representation of AB toxins. The B component of the toxin serves as the 
binding component to the cell surface receptor recruiting the enzymatic A components towards 
the oligomer. 
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 After 1979, no outbreaks (WMD based) were reported until the anthrax attacks that 

occurred shortly after September 11, 2001. US Senator’s offices and media agencies along the 

East coast received letters containing weapons-grade anthrax spores, leading to the 

contamination of postal facilities. There were 22 confirmed cases of both inhalational and 

gastrointestinal anthrax were reported in October and November 2001. Out of the sickened, 5 

people died of inhalational anthrax. The FBI named this program as ‘Amerithrax’ and concluded 

that the spores were from the Ames strain that came from a specific research lab, rather than 

from Al Queda as was originally suspected [19, 20]. 

1.5 Anthrax toxin and Pathogenesis 

Anthrax toxin was first discovered by Harry Smith in 1954 [21], and is an A-B toxin [22]. 

The enzymatic A-component binds to the membrane binding B-component, which binds to a 

host cellular receptor and recruits the A component(s) to that site (Fig 1.4).  

Protective antigen (PA) is the 83 kDa membrane-binding B-component (Fig 1.5) that 

binds the two enzymatic A-components of the toxin lethal factor (LF; 90 kDa) and edema factor 

(EF; 89 kDa) and also acts as the delivery vehicle for the transport of LF and EF into the cytosol. 

PA stems its name for its ability to induce protective immunity against anthrax. LF is a Zn+2 

metalloprotease that disrupts the signaling by MAPK kinases [23, 24] and EF is a Ca+2- 

calmodulin-dependent adenylyl cyclase, which disrupts water homeostasis [25]. Anthrax toxin 

belongs to the family of Pore Forming Toxins (PFTs) that generally are first endocytosed into the 

cell by receptor-mediated endocytosis, by a transition into a functional pore aiding the 

translocation of the enzymatic components into the cytosol [26-28].  
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Figure 1.5: Crystal structure of the PA bound to CMG2 (PDB: 1T6B). The PA20 region colored 
orange, with domain I (yellow) and calcium ions (blue spheres) are shown; domain II in green, 
and the region which comprises the β-barrel portion of the pore (residues 275-352) is shown in 
red; domain III shown in cyan, and domain IV shown in magenta. D683 from domain IV is 
shown coordinating a magnesium ion shown in red, in the MIDAS site of CMG2 (shown in 
blue). The residues that form the phi (Φ) clamp – K397, D425, D426 and F427 are highlighted as 
sticks. Picture adapted from [29]. 
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1.5.1 Membrane Targeting 

The toxin proteins secreted need to be selectively targeted to the host membrane surface 

for the pathogenesis to begin. For A-B toxins, this targeting event is coordinated by the protein-

protein interactions with host cellular receptors present on the plasma membrane. For PA, two 

different host cellular receptors tumor endothelial marker 8 or anthrax toxin receptor 1 

(TEM8/ANTXR1) and capillary morphogenesis protein 2 or anthrax toxin receptor 2 

(CMG2/ANTXR2) have been identified (Fig 1.6) [30, 31]. Both TEM8 and CMG2 are 

comprised of a von Willebrand factor type A (VWA) domain that includes a metal-ion-

dependent adhesion site found for instance, in integrins. Collagen type VI has been shown to be 

the primary target for both receptors, although whether TEM8 binds to the collagenous region of 

type VI is not known [32, 33]. Both of these receptors were found expressed in endothelial cells 

and play a role in angiogenesis [34-39]. Previous studies on PA and CMG2 using isothermal 

titration calorimetry and FRET-based assays [40, 41] revealed that the stoichiometric binding 

ratio of PA83 to CMG2 is 1:1. Metal ion-dependent adhesion site (MIDAS) of the VWA domain 

of CMG2 is known to coordinate a divalent metal ion required for PA receptor binding 

interactions [40-44].  

1.5.2 Proteolytic activation and Oligomerization  

The binding of PA to TEM8/CMG2 triggers the proteolytic activation of PA83 by a furin-

family protease, resulting in the cleavage of a 20-kDa fragment from PA (PA20 residues 1-167) 

thereby leaving a PA63 fragment bound to the receptor (Fig 1.6) [45, 46]. Self-association of 

PA63 occurs and forms a donut shaped structure comprising 7 monomers, forming a heptameric 

prepore. Evidence now exists that PA can also form an octameric structure, and this form may be  
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Figure 1.6: Anthrax toxin–receptor binding and cellular intoxication. PA (PA83) binds to one of 
the host cell receptors: ATR/TEM8 or CMG2 and undergoes proteolytic activation by furin 
family protease. PA63 spontaneously oligomerizes to a heptameric prepore (PA63)7 creating 
binding sites for enzymatic components EF and LF followed by endocytosis and then migration 
of toxin complexes into lipid raft micro domains in the plasma membrane [28]. Acidification of 
toxin complexes in the late endosome results in the formation of a transmembrane 14-stranded β 
barrel pore trans locating EF and LF in to the cytosol leading to diseased state. Picture adapted 
from [47].  
 
 
the more physiologically relevant form of the prepore [48, 49].  Dissociation of PA20 creates 

binding sites for the two-enzymatic components LF and EF upon oligomerization, which bind 



10	

with a stoichiometry of three per prepore structure [50]. Two calcium ions present in domain 1' 

of PA are known to stabilize PA63 in an orientation that favors oligomerization and binding of LF 

and EF to the prepore [51]. 

1.5.3 Internalization and Trafficking of Prepore 

Following oligomerization the prepore-receptor complexes undergo internalization through 

clathrin-coated pits and then are routed to an early endosomal compartments (Fig 1.6) [52]. Post 

internalization, a GTPase regulatory protein and Rab 5 present in the endosome are involved in 

complete endosome formation and function [53, 54]. 

1.5.4 Transition to a Membrane-Spanning Pore, Insertion and Translocation of Enzymatic 

Components (EF/LF) 

Formation of a trans-membrane pore is known to be the crucial step towards initiating 

pathogenesis in most of the pore forming toxins [55]. The prepore undergoes a major 

conformational change to form a membrane spanning pore, and now there is a beautiful cryo-EM 

structure of the pore state that provides atomic-level detail regarding the exact changes that occur 

in the transition to a pore [56]. Pore formation leads to the formation of a membrane-spanning 

channel capable of inducing a current, and evidence exists that in this process, the receptor also 

dissociates [57, 58]. It is only the oligomerized prepore that is capable of forming a pore instead 

of the full length PA[59-61]. Studies by Benson and Nassi, et al., have shown using selective 

labeling of cysteine residues within the 2β2-2β3 loops are membrane interacting (insensitive to 

thiol-reactive probes) and the regions are exposed to solvent (reactive to thiol-reactive probes) 

and thus line the pore (Fig 1.7) [62, 63].  The structure of the pore state has confirmed the 

assignments of residues within the pore, and also has suggested a mechanism of pore formation 

that is multi-step.  In fact, a similar pore mechanism was suggested by Bann, and the model 
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proposed based on biochemical experiments is similar to the model based on the actual structure 

[29].  The model from the cryo-EM structure suggests that the 2β10-2β11 loop that contains D425, 

D426 and F427 is the pH sensor for pore formation, with an initial change in structure happening 

there which leads to the formation of the phi-clamp. This allows the peeling of the domain 2 2β2-

2β3 loops (Fig 1.8) which assemble to form a 14- stranded β-barrel, 105 Å in length and 27 Å in 

diameter ready to translocate the enzymatic components in to the cytosol [56, 64].  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7: Comparison of domains of PA in pore and prepore states A) PA prepore (PDB 
accession number 1TZO) and B) Pore. Various β-loops of domain II involved in pore formation 
are shown. The 2β2-2β3 loop (yellow) observed as Greek key motif in PA prepore undergoes a 
conformational change and peel out to form the β barrel structure of the pore. The domains are 
colored differently according to C. C) Domain organization of the PA. Picture adapted from [56]. 
 

B. 

C. 

A. 
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The translocation of EF and LF is believed to follow a proton-driven charge-state-depended 

Brownian rachet model [56]. Earlier studies on stabilized variants of LF consisting of a disulfide 

bond elucidate the sequence of events leading to the unfolding of EF and LF to be translocated 

and then refold back for their function [65, 66]. 

1.6 Structure of PA-From a soluble monomer to a membrane-spanning pore 

The structure of full-length PA reported by Petosa et al., 1997 (Fig 1.5) reveals the 

presence of a multidomain protein that functions to be the binding component of the binary toxin 

produced by B anthracis [64]. The 2.1Å crystallographic structure of native PA83 constituting 

735 residues is a flat molecule accommodating four individual domains associated to each other 

carrying out diverse functions.  

Domain I (residues 1-258) exhibits a jellyroll topology with four small alpha helices and 

two calcium ions. This domain also consists of a furin cleavage site corresponding to the 

sequence RKKR (residues 164-167), which upon binding to CMG2 undergoes a cleavage to 

produce nicked PA, resulting in two fragments PA20 (plays no further role in intoxication) and 

PA63. This cleavage can also be carried out in vitro using trypsin protease, which releases PA20 

and leaving behind PA63 fragment, which can be separated by anion exchange chromatography. 

The PA63 fragment is later oligomerized into heptameric prepore structures for further 

study/pathogenesis. 

Domain II (residues 259-487) exhibits a modified Greek key topology, and serves a 

major role in structure and the transition of the heptameric prepore to a transmembrane pore [41, 

42]. Residues in the 2β3-2β4 of domain II inserts into a pocket on the receptor burying ~600 Å2 

surface area when bound to CMG2 resulting in higher affinity (Kd = ~170 pM) and also 

specificity as no evidence for this pocket is observed in type I integrins [42].  
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Figure 1.8: Conformational changes of domain 2 in pore and prepore states A) Overlay of 
domains 2c of the PA pore and the crystal structure of the PA heptameric prepore (PDB 
accession number 1TZO). Conformational difference of the 2β10–2β11 loop was indicated. 
Residues Asp426 and Phe427 are not solved in the crystal structure of PA prepore because of 
their flexibility. B) Schematic representation of the conversion of 2β2, 2β3, 2α1, and the 
membrane insertion loop of the PA prepore to 2β2S and 2β3S of the PA pore. The 2α1 and the 
connecting loop have been fully unfolded and converted into β-strands that collectively assemble 
the β-barrel of the PA pore. Picture adapted from [56]. 
 

Five different loops of domain II (2β10-2β11, 2β7-2β8, 2β5-2β6, β12-2β13, 2β2-2β3) (Fig 1.4) 

undergo a major conformational change during the transition to a pore [56]. Mutations of the 

conserved residues of domain II (K397 and D425) abrogate the pore forming ability in a 

dominant negative (DN) manner, with the latter residue being perhaps the most critical for this 

process.  In fact, most of the DN mutations that have been mapped by Sellman and later by 

Mourez are located within domain 2, in the 2β6 and 2β7 strands and 2β10-2β11 loop [67]. Phe427 

residue of domain 2 is involved in the formation of a structure called Phi clamp (Fig 1.9A) 

consisting of seven phenylalanine residues (one from each monomer) that is believed to perform 

A. B. 
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two different functions [30, 68]. It forms a seal around the trans locating moiety thus prevents 

ion conductivity and also minimizes the energy barrier to unfold the translocatig polypeptide. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9: Structure of the Φ-clamp. A) Top view of the Φ-clamp region of the PA pore. 
Electron density map from cryo EM superimposed with the stick model showing the Phe 427 
residues from seven PA protomers forming a channel 6 Å in diameter B) View of the Φ-clamp, 
showing the aromatic CH- π interaction. Picture adapted from [56]. 
 

Mutation of Phe427 to Ala was shown to drastically hinder translocation of LFn (the N-terminal 

PA binding domain) into cells indicating the presence of Phe427 is critical in disease onset [30]. 

Domain 3 (residues 488-595) adopts a ferridoxin-like fold and has been shown to assist in 

oligomerization of PA into a heptameric prepore. Mutations of the residues from 510-518 of 

domain III are shown to inhibit the self-association and formation of the heptamer. A single 

mutation at the 512th position was shown to be sufficient in disrupting the oligomerization of PA 

[69].  

 Domain IV (residues 596-735) has a beta sandwich and adopts an immunoglobulin-like 

fold. This domain is principally involved in the binding of PA to CMG2 burying most surface 

area of ~1300 Å2 including the D683, which is responsible for coordinating the Mg2+ ion on the 



15	

surface of TEM8/CMG2 [42]. A ridge-in-grove arrangement was observed when one of the 

receptor loops inserts into the hydrophobic core of an exposed beta sandwich in domain IV [42]. 

1.7 Protective antigen as an Immunogen 

PA derives its name from its ability to elicit a protective immune response against 

anthrax toxin. As evidenced by its name PA is known to be the key constituent of the present day 

anthrax vaccine administered to both animals and humans. This protective immunogenicity of 

PA is due to the presence of various linear epitopes (Fig 1.10) that are accountable for eliciting a 

toxin neutralizing antibody response when administered. Most of these neutralizing epitopes 

identified in mice, rabbits [70-74], macaques [75] and also vaccinated humans [76] are scattered 

along the length of the PA molecule. Three discrete regions were identified initially 

corresponding to domain II, domain IV and the interface between domain III and IV. The 2β3-

2β3 loop (residues 312-315); a key player in the formation of a transmembrane pore is identified 

to have a dominant neutralizing B-cell epitope recognized by murine mAbs namely 5E1, 2A8, 

and 5E12 [73, 77]. A peptide sequence of residues corresponding to residues from 309-319 of 

PA domain II offered protection to rabbits against an aerosol spore challenge [70, 78]. A mAb 

named 7.5G that binds to the linear epitope near the furin cleavage site (residues 121-150) is 

shown to neutralize the lethal toxin challenge by slowing down the rate of proteolysis of PA 

[79]. Several linear epitopes that are capable of providing protective immunity [80, 81] were 

mapped onto domain IV revealing the less well-known function of this domain apart from 

binding to CMG2 [82-84]. A study involving a high affinity monoclonal antibody specific to PA 

called ‘PAmAb’, was shown to be safe, was well tolerated with a longer half-life than other 

mAbs. This provides protection in animal models and is thought to be the remedy for the unmet 

and most wanted candidate for a better alternative in the future of anthrax vaccine [76].  
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Figure 1.10: Antigenic epitopes of PA. Structure of PA bound to CMG2 showing various B cell 
(colored red) and Th cell epitopes (colored yellow) of PA. Most of the B-cell epitopes were 
found in domains 2 and 4 of PA with Th cell epitopes present all over the molecule. Residues 
colored magenta determine both B cell and Th cell response. Epitopes were colored according to 
the information from [85, 86]. Picture was generated using Pymol v1.3. 
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1.8 Anthrax toxin receptors 

Anthrax pathogenesis is initiated by the binding of PA to one of the host cellular 

receptors either CMG2 or TEM8 followed by a furin cleavage leading to the activation of the 

toxin. The host cellular receptors not only act as a bridge between PA and the host membrane but 

also play a key role in dictating the pH requirement for the pore formation preventing redundant 

conformational changes in PA even before it reaches the designated intracellular compartments 

[41, 58]. Both the receptors represent the type I transmembrane proteins consisting of three 

domains, an extracellular ectodomain, a transmembrane domain and a cytosolic domain (Fig 

1.11A) with diverse and designated function. The ectodomain serves as the high affinity-binding  

 

 

 

 

 

 

 

 

 
Figure 1.11: Domain organization and crystal structure of CMG2. A) Cartoon representation of 
3 different domains; VWA domain, Immunoglobulin-Ig domain and the cytosolic tail of 
ANTXR2. B) Crystal structure of the CMG2 VWA domain. Highlighted amino acid residues are 
the conserved amino acids of the MIDAS motif. The Mg2+ ion (large blue sphere) co ordinated 
by two bound water molecules depicted as beige spheres. Red spheres represent the oxygen 
atoms of the MIDAS residues. E194 residue (pink sticks) from a neighboring CMG2 molecule 
contributing to the sixth coordination of metal ion was shown. Overlay of TEM and CMG2 
structures differ primarily in the orientation of the α6 (cyan) C-terminal helix. Picture adapted 
from [87].  
 

A. B. 
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partner to PA whereas the transmembrane domain and the cytosolic domain do not seem to have 

a critical role in pathogenesis of the toxin [88]. In spite of differences in the binding affinities 

towards PA, both the receptors share 60% homology in the extra cellular ectodomain and also set 

distinct pH thresholds for pore formation [40]. 

1.8.1 Capillary morphogenesis protein II (CMG2) 

Anthrax toxin receptor II (ANTXR2) also referred to as Capillary morphogenesis protein 

II (CMG2) is widely expressed in normal adult tissues such as lung, brain, kidney and muscle 

and is identified to be the key in initiating pathogenesis in the host cell. A study of ANTXR2-/- 

and ANTXR1-/- null mice showed the survival of the former towards lethal toxin in contrast to 

the latter being sensitive as the control [89, 90]. Alterations in the genes expressing CMG2 lead 

to juvenile hyaline fibromatosis (JHF), infantile systemic hyalinosis (ISH) and more allelic 

disorders [91, 92].  

The extracellular ectodomain is further divided into a Von Willebrand A domain (VWA; 

residues 38-218) and immunoglobulin domain (Ig; residues 219-318) [93]. The crystal structure 

of CMG2 VWA domain (Fig 1.11B) resolved to 1.5Å by Lacy et al., in 2004 unveiled the 

structural aspects of CMG2 that are important in the initial binding event of pathogenesis [87]. 

The structure of CMG2 shows homology with type I integrin receptor domains featuring a 

Rossmann fold. A six stranded β-sheet core surrounded by six α-helices constitutes the vWA 

domain of CMG2. This domain also encompasses a conserved metal ion dependent adhesion site 

(MIDAS), a characteristic feature of type I integrin receptor proteins positioned with a central 

metal ion with the needed coordination arising from the remainder of the domain and ligands 

bound [41, 87]. The residues S52, S54 and T118 co ordinate the Mg+2 ion with their side chains 

whereas the side chains of D50 and D148 are each hydrogen bonded to one of two the Mg+2 -
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coordinated water molecules (Fig 1.11B). The sixth coordination is contributed by different 

pseudo ligands such as residue E194 from the neighboring CMG2 [87]. A remarkably high 

binding affinity of CMG2 towards PA (~170 pm), which is 1000 fold higher [40], compared to 

that of TEM8 and a low pH threshold (~5) [57, 94] for the transition of prepore to pore reveal its 

prominence in toxin pathogenesis. 

1.8.2 Tumor Endothelial Marker VIII (TEM8) 

Anthrax toxin receptor I (ANTXR1), also called as Tumor endothelial marker 8 (TEM8) 

is widely expressed in tumor endothelial cells and vasculature of developing embryos [32, 36, 

95] and is also identified as one of the receptors binding anthrax toxin PA. Like CMG2, TEM8 

also resembles type I transmembrane proteins consisting of an extracellular ectodomain, a 

transmembrane domain and a cytosolic tail. The VWA domains of both CMG2 and TEM8 share 

homology and yet differ in many ways, which results in the disparities in binding affinities and 

the pH threshold required for pore formation [40, 94]. The MIDAS site of TEM8 exists in two 

different conformations: first being the low affinity ‘closed’ state and the second being high 

affinity ‘open’ state analogous to the integrin I domains [96]. In contrast to TEM8, CMG2 was 

reported to exist in open state with one acetate molecule and a glutamic acid molecule as mimic 

ligands in two different structures was thought to be a reason for the high affinity of CMG2 

towards PA [36, 42, 47, 87]. 

Consistent with their sequence homology, the structure of TEM8 is quite similar to that 

of CMG2 in having a β-sheet core surrounded by α-helices in the VWA domain supporting their 

origins. TEM8 also adopts a classic Rossmann fold, also referred to as dinucleotide-binding fold 

or a doubly wound fold. The β-core consists of five parallel β-strands with residues β1, 42–50; 

β2, 77–85; β4, 73–79; β5, 173–179; and β6, 196–199 and one short antiparallel β strand (β3, 89–
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96) forming the central β-strand [97]. The hydrophobic β core is surrounded by six amphipathic 

α-helices with residues α1, 53–72; α2, 99–110; α3, 120–135; α4, 141–149; α5, 155–170; and α6, 

200–217 (Fig 1.12A). The two main structural differences between TEM8 and CMG2 were 

observed in the α3-β4 loop moved 10Å away compared to CMG2, and helix α6, which was 

extended in different directions (Fig 1.12C) [97]. The metal ion in the open conformation of both 

TEM8 and CMG2 is directly coordinated by two serines and one threonine residue (Fig 1.12B) 

whereas the closed conformation of TEM8 involves a shift in the metal ion binding leading to the 

loss of coordination [97] . 

 

Figure 1.12: Structure of the TEM8 VWA domain and its open conformation. 
A) Structure of TEM8 vWA domain (side view). A β-stranded core (consisting of six β sheets) 
surrounded by six amphipathic α helices was shown. There is a central Mg2+ ion (light green 
sphere) in the MIDAS site, with its coordination sphere including the pseudo-ligand contributed 
by an acetate ion (ACT1, purple). Two additional acetate ions (ACT2 and ACT3, purple) are also 
observed in the structure. B) TEM8 MIDAS site (top view). Ser52, Ser54 and Thr118 are seen 
forming direct bonds that coordinate the Mg2+ ion, while Asp50, Glu152 and Asp150 are seen 
forming water-mediated hydrogen bonds with the metal ion. The rest of the MIDAS coordination 
site is occupied by a psuedo ligand (i.e., the acetate ion, ACT1, purple). (C) Overlay of TEM8 
vWA domain structure (colored clay) onto the CMG2-S38 vWA domain structure (colored 
green, PDB ID 1SHU). The distinct sites are highlighted. Picture adapted from [97]. 
 

The binding interface of PA-TEM8 buries ~1300 Å2 which is in agreement with typical 

α-integrin-ligand binding interface. Certain residues in the interface region of PA-CMG2 were 

not conserved in TEM8 representing residues in α1 (corresponding part in CMG2 binds domain 
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II of PA), β3–β4 α2–α3, β3–β4 (corresponding parts in CMG2 contact domain IV) possibly are 

responsible for the differences in the binding affinities towards PA [97]. Apart from its activity 

in anthrax pathogenesis TEM8 is also identified as a biomarker for the detection of various 

cancers of breast, gall bladder and colorectal cancer (CRC) [39, 98, 99]. Studies by Rmali et al., 

unveiled the enhanced expression of TEM8 in the advanced stages of CRC supporting the 

hypothesis that TEM8 is involved in cancer invasiveness [100-102]. 
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1.9 RESEARCH BACKGROUND AND GOAL  

Protective Antigen (PA) is one of the three components of anthrax toxin produced by 

Bacillus anthracis. PA binds to the host cellular receptor [31, 95], followed by a proteolytic 

cleavage by furin like protease undergoes oligomerization to form a prepore, and allows binding 

of the two enzymatic components of the toxin Lethal factor (LF) and Edema factor (EF).  The 

complex is endocytosed and trafficked to late endosomes, and at low pH the prepore undergoes a 

major structural change to form a membrane-spanning pore. The PA mediated entry of LF and 

EF in the host cell cytosol leads to the disease observed in individuals [103, 104]. The pH 

required for pore formation is determined by the nature of the receptor. PA binding to the host 

cell surface occurs primarily through domains 2 and 4. The contacts from domain 2 are predicted 

to be necessary for the formation of the β-barrel pore at low pH [62, 104]. 

Anthrax prophylaxis 

Pre and post exposure prophylaxis of anthrax infection calls for the usage of antibiotics 

like penicillin, ciprofloxacin, amoxicillin, levofloxacin and various pre and post exposure 

licensed vaccines [105]. The presence of a minimal time window for the effective antibiotic 

administration pleas for a robust alternative incase of the diseased condition.  

Several therapeutic antibodies were under development to treat anthrax infection. Groen 

et al., showed that IQNPA-1 and 2, a fully humanized monoclonal antibody could neutralize 

lethal toxin. A bi specific monoclonal antibody H10 that showed effective neutralization 

capability towards both lethal and edema toxin was generated [106]. cAb29 acts an inhibitor in 

the process of pore formation by binding to 2α1 loop of domain 2 in PA – a loop that undergoes 

a major conformational change favoring the trans membrane pore impeding  the release of EF/Lf 
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into the cytosol delaying the disease onset [107]. ABthrax, also called Raxibacumab, AnthimTM 

(ETI-204), and ValortimTM (MDX-1303) have successfully passed phase I clinical trials and 

Raxibacumab received FDA approval for the treatment of inhalational anthrax [108-110] 

(https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/default.htm?Page=4). 

Current anthrax vaccine in the United States is AVA (anthrax vaccine adsorbed) marketed under 

the name BioThrax consisting of the culture supernatant from a toxigenic and non-capsulated 

strain of B. anthracis [111-113] (www.fda.gov/downloads/BiologicsBlood-

Vaccines/BloodBloodProducts/Approved Products/LicensedProductsBLAs/ UCM074923.pdf). 

Recent developments in AVA conferred the usage of lesser number of priming doses generate 

the immune response over a period of 6 months and boosters at 12 to 18 months period could 

provide lasting immunity over 5 years. The UK version of AVA called as AVP (anthrax vaccine 

precipitated) consists of alum precipitated culture filtrate of strain 34F2 [113]. 

 

Next generation vaccines 

The concerns over existing vaccines lead to a continuing effort in developing a better 

therapeutic candidate for anthrax. Several attempts were made in the area leading to the 

experimental strategies in generating capsular vaccines using the γDPGA capsule of the 

bacterium in conjugation with PA and its domains conferred protection against B. anthracis 

challenge [114, 115]. Sortase conjugation of γDPGA to PAD4 developed by Gaurfi et al., 

elicited a robust immune response and provided complete protection against Ames strain 

challenge in Guinea pigs [116]. The DNI- γDPGA conjugation enhanced the immune response 

compared to the native antigens [117]. All these constructs imply a strong alternative for several 

therapeutic applications.  
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One very important aspect of vaccine design involving biologics is the conformational 

stability of the proteins leading to diverse results after immunization. The effect of antigen 

stability on its immunogenicity is the topic of high interest in next generation vaccine design as 

slight modifications in the structure and the stability of the proteins is to generate beneficial or 

devastating effects on the host immune system. The intrinsic stability of the proteins is an 

important factor effecting the proteolytic processing and the presentation kinetics thus affecting 

the availability of these antigenic peptides to the host immune system.  

PA plays a center among the anthrax toxin proteins in terms of both intoxication and 

immune response. Studies on both AVA and PA on various animal models towards cutaneous 

and inhalational challenge showed the significance of PA being the primary immunogenic 

component [118-120]. Antibodies directed against PAD4 were shown to protect mice from B. 

anthracis infection and serves to be one kind of a subunit vaccine [80]. Though several studies 

highlighted the feasibility of PA and its subunits to be used as a candidate vaccine, they fall 

behind leading to some refinement in immunization strategies and in understanding the immune 

mechanism involved. An ideal PA vaccine comprising a single dose of PA protein capable of 

eliciting a robust immune response to be efficacious at a single shot is yet to be developed.  

Here, in this below mentioned study we used both immunology and classical 

biochemistry to study the effect of antigen stability via ligand interaction on its immunogenicity. 

PA of anthrax hosts several dominant neutralizing epitopes scattered through out the molecule 

making it a better immunogen [85]. Our recent analysis on the stability of PA complexed to its 

natural ligand, the host cellular receptor CMG2 unveiled a dramatic increase in stability of PA 

towards both chemical denaturant and proteases (thermolysin) [121].  This study tends to provide 

understanding the mechanisms involved in mechanism of stabilization of PA and D4 when 
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bound to the host cell receptor CMG2 and antigen presentation for the induction of immune 

response. Exploiting this increase in stability to monitor the effect on immunogenicity could lead 

to the development of a better therapeutic that can circumvent the existing challenges posed 

towards the existing anthrax vaccine.  

 

 

 

 

 

 

 

 

 

 

 

 

 



26	

CHAPTER 2 
LONG-RANGE STABILIZATION OF ANTHRAX PROTECTIVE ANTIGEN UPON 

BINDING TO CMG2 
Excerpt from: Mullangi V., Mamillapalli S., Anderson D. J.,	Bann J.G., Miyagi M. Biochemistry 2014; 

53(38): 6084–6091. 
 
 
 
 

2.1 Abstract 

Protective antigen (PA) mediates entry of edema factor (EF) and lethal factor (LF) into 

the cytoplasmic space of the cells through the formation of a membrane-spanning pore. To do 

this, PA must initially bind to a host cellular receptor. Recent mass spectrometry analysis of PA 

using histidine hydrogen–deuterium exchange (His-HDX) has shown that binding of the Von 

Willebrand factor A (VWA) domain of the receptor capillary morphogenesis protein-2 (CMG2) 

lowers the exchange rates of the imidazole C2 hydrogen of several histidines, suggesting that 

receptor binding decreases the structural flexibility of PA. Here, using His-HDX and 

fluorescence as a function of denaturant, and protease susceptibility, we show that binding of the 

VWA domain of CMG2 largely increases the stability of PA and the effect reaches up to 70 Å 

from the receptor binding interface. We also show that the pKa values and HDX rates of 

histidines located in separate domains change upon receptor binding. These results indicate that 

when one end of the protein is anchored, the structure of PA is tightened, noncovalent 

interactions are strengthened, and the global stability of the protein increases. These findings 

suggest that CMG2 may be used to stabilize PA in future anthrax vaccines. 
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2.2 Introduction 

The anthrax protective antigen (PA) is the receptor-binding component of the anthrax 

toxin, a complex of proteins that mediates the pathogenicity of anthrax disease. After binding to 

the receptor, PA undergoes proteolytic processing by a furin-like protease, which cleaves off the 

N-terminal 167 amino acid residues of PA within domain 1 (residues 1–258), termed PA20 [45]. 

PA20 subsequently dissociates and leaves behind domain 1′ (residues 168–258) and the three 

remaining domains, constituting a 63 kDa fragment (PA63). This fragment then oligomerizes into 

either a heptameric [41] or octameric [122] structure termed the prepore. Binding of PA to the 

receptor hijacks the host cell receptor to allow targeting of the other two components of the 

anthrax toxin, lethal factor (LF) and edema factor (EF), to the host cell surface. Once the prepore 

has formed, the toxin is internalized by receptor-mediated endocytosis. 

The structural details of PA binding to the host cell receptor capillary morphogenesis 

protein-2 (CMG2) are known, bound to either the monomeric 83 kDa PA [42] or the heptameric 

prepore [41]. Both structural and biochemical studies of the PA–CMG2 complex indicate that the 

binding interface is comprised of domain IV and a small loop from domain 2 (2β3–2β4 loop), 

which inserts into a groove on the surface of CMG2 [31, 41, 42, 123]. The binding affinity 

between PA and CMG2 is very high (KD ∼ 200 pM) [40] and increases at acidic pH [124]. At the 

same time, receptor binding has been shown to improve the stability of the heptameric form of 

PA to pH and to facilitate the internalization of the toxin-bound prepore [57, 94]. Our recent 

NMR study of PA labeled with 5-fluorotryptophan also suggested that receptor binding 

significantly stabilizes PA to both pH and temperature [125].  

To further investigate the changes in stability of PA upon CMG2 binding, we used a 

histidine hydrogen–deuterium exchange (His-HDX) method, [126] which monitors the slow rate 
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of HDX of the C2 hydrogen of the imidazole group of histidine, and followed the rate of HDX as 

a function of increasing concentrations of guanidinium hydrochloride (Gdn-HCl) [127]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Structure of PA and CMG2 complex showing all the histidines residues (PDB entry 
1T6B). Eight histidine residues are shown (sticks). Domain 1 and 1', Ser15–Ala258 (Orange and 
pale pink); domain 2, Tyr259–Thr487 (green); domain 3, Thr488–Arg595 (cyan); domain IV, 
Phe596–Ile734 (purple); vWA domain of CMG2 (blue). All the histidine residues in PA except 
His304 and His310 are shown. His304 and His310 are not observed in the structure.  
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Thus, using this method, we can measure the equilibrium unfolding of specific histidine residues 

within the protein. There are 10 histidine residues (Figure 2.1) in PA that are scattered 

throughout the molecule, one in the PA20 domain, two in domain 1′, five in domain 2, and two in 

domain IV. Herein, we show that receptor binding leads to a significant shift in the concentration 

of Gdn-HCl required for full HDX (unfolding) of histidines located in separate domains, 

suggesting that receptor binding has a global effect on the thermodynamic stability of the 

protein. These studies are corroborated using fluorescence, in which we were able to probe 

selectively fluorescence changes in PA using a 4-fluorotryptophan-labeled von Willebrand factor 

A (VWA) domain of CMG2, which is non-fluorescent. His-HDX-MS also allowed us to 

determine the pKa and more accurate solvent accessibilities of the histidines in the presence and 

absence of the receptor and reveal differences in the microenvironment around the histidine 

residues as a consequence of receptor binding. Our results indicate that receptor binding has a 

profound long-range impact on the stability and structure of PA, suggesting that, with a limit on 

hinge like motions between domain 2 and domain IV, the protein can be made to be significantly 

more stable. Because PA is the major antigenic component of the current anthrax vaccine, our 

studies would indicate that addition of CMG2 to a vaccine formulation could improve the 

stability and overall efficacy of the vaccine.	

2.3 Materials and Methods 
 
2.3.1 Protein expression and purification 
 

PA and the VWA domain of CMG2, encoding residues 38–218, were expressed and 

purified as described previously [128-130]. Labeling of CMG2 with 4-fluorotryptophan was 

conducted using the tryptophan auxotroph DL41 (provided as a gift from the Yale E. 
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coli Genetic Stock Center). 4-Fluorotryptophan was purchased from Gold Biotechnology (St. 

Louis, MO).	

2.3.2 Unfolding Experiments Followed by Fluorescence Spectroscopy 
 

PA alone and PA (1 µmol) complexed with 4-fluorotryptophan-labeled CMG2 (4-

FTrpCMG2, 2 µmol) in 100 mM HEPES (pH 7.5) containing 1 mM MgCl2 and various 

concentrations of Gdn-HCl were placed in a Cary-Eclipse fluorimeter, and the fluorescence 

emission spectra were recorded at 20 °C by exciting the tryptophan residues in PA at 295 nm and 

monitoring the emitted light at 334 nm. The data were fit to a three-state transition in the absence 

of CMG2 as described previously [129].  

2.3.3 Pulse Proteolysis Assay 
 

The method described by Young and co-workers was used to conduct the pulse 

proteolysis experiment [131]. PA (100 µg, 6 µM) or PA with 48 µg (12 µM) of CMG2 was 

incubated overnight at room temperature in 200 µL of 20 mM Tris buffer (pH 8.0) containing 

150 mM NaCl, 10mM CaCl2, and 1 mM MgCl2. The next day, 20 µL of 5 mg/mL thermolysin 

prepared in 2.5 M NaCl and 10 mM CaCl2 was added to the 200 µL of PA and PA−CMG2 

complex samples and incubated at room temperature for various periods of up to 120 min. 

Aliquots (15 µL) were withdrawn at the different time points, to which 5 µL of 50 mM EDTA 

and 4 µL of 6Å~ SDS−PAGE sample buffer were added to stop the proteolysis. The solution was 

then boiled for 5 min, and 15 µL of the solution was run on a 15% SDS−PAGE gel. 

2.3.4 Far UV CD  

Circular dichroism measurements were carried out using a Jasco-J810 spectropolarimeter. 

Wild-type CMG2 and 4F-Trp CMG2 (12.0 µM) in 5 mM Bis-Tris/HEPES/cacodylic acid (BHC) 

1mM MgCl2 were recorded between 260 nm and 195 nm. A 0.5 mm thermostatted cylindrical 
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cell at 5 °C at a scan speed of 20 nm/min and a response time of 2 s was used to record the 

spectra. The molar ellipticity for both the spectra was normalized and plotted as a function of 

wavelength. Each data point represents the average of 5 accumulations. 

2.4 Results and Discussion 

2.4.1 Stability of PA and PA bound to CMG2 by fluorescence 

Previous fluorescence and 19F NMR unfolding experiments in urea have shown that PA 

unfolds in two transitions, the first transition being assigned to the unfolding of domains 1′− 4 

and the second transition being mainly due to the PA20 domain, which after cleavage with furin 

can freely dissociate and is stable on its own [125, 128, 129]. Here, we followed the Gdn-HCl-

induced unfolding of PA by fluorescence in the presence of CMG2, where we have labeled 

CMG2 with 4-fluorotryptophan (4-FTrp). This effectively eliminates the fluorescence 

contribution from the sole tryptophan (Trp59) of CMG2, because 4-FTrp is a non-fluorescent 

analogue of tryptophan (see the inset of Figure 2.2) [132]. The structure of CMG2 is largely 

unchanged upon labeling, as evidenced by the far-UV CD spectrum of wild-type (WT) CMG2 

and 4-FTrpCMG2 (Figure 2.4). Gdn-HCl-induced denaturation curves of PA alone and PA 

complexed with 4-FTrpCMG2 are shown in Figure 2.2. As we observed previously in urea, PA 

undergoes two transitions by fluorescence, which we again have assigned to the unfolding of 

domains 1′− 4 constituting the PA63 region of PA at a low Gdn-HCl concentration (∼ 0.2 M) and 

to the PA20 domain at higher (∼ 1.3 M) Gdn-HCl concentrations [125]. In the presence of 

CMG2, we observed one single transition at a Cm of ∼ 1.3 M, suggesting that domains 1′− 4 were 

significantly stabilized by receptor binding. We did not see a further increase in stability above 

that of the PA20 domain, suggesting that receptor binding largely stabilizes residues up to the 

PA20 region. In any case, these results agree well with the results obtained with the His-HDX-
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MS method.  

 

 

 

 

 

 

 

 

 

 
Figure 2.2: Gdn-HCl denaturation curves of PA alone (○) and PA complexed with CMG2 (●). 
The fluorescence emission spectra of PA alone and PA complexed with 4-FTrpCMG2 in 100 
mM HEPES (pH 7.5) containing 1 mM MgCl2 and various concentrations of Gdn-HCl were 
recorded by exciting the tryptophan residues in PA at 295 nm and monitoring the emitted light at 
334 nm. The inset shows fluorescence emission spectra of PA and PA complexed with 4-
FTrpCMG2. 
 

2.4.2 Protease Susceptibility of PA and PA Bound to CMG2 

Resistance to proteolysis is an effective way to probe accessibility to unfolded 

conformations in a protein, and we hypothesized that CMG2 binding would “ tighten” the 

structure of the protein and decrease the rate of proteolytic degradation [131]. To test whether 

binding of CMG2 stabilizes PA against proteolysis, we incubated PA and the PA− CMG2 

complex (1:2 ratio) at room temperature with thermolysin for different periods of time and 

analyzed the resulting reactions by SDS− PAGE. In the case of PA alone, the undigested PA 

band disappeared within 30 s and appeared to be cleaved into two fragments (50 and 40 kDa) 

(Figure 2.3A). The two fragments, however, did not last long, fading away within 60 min. In the 
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case of PA complexed with CMG2, the undigested band similarly disappeared within 30 s; 

however, the generated 50 kDa band was clearly seen even after incubation for 120 min (Figure 

2.3B). The 40 kDa band faded away also within 60 min. To determine the thermolysin cleavage 

site, we analyzed the PA− CMG2 complex treated with thermolysin by LC− MS. We observed 

one major peak, in addition to the peaks that correspond to thermolysin and CMG2. The major 

peak gave a mass of 47007.4 Da and likely encompasses the 50 kDa band. The molecular weight 

matched well to the calculated molecular weight of the C-terminal portion of PA, Ile326− 

Gly745 (47002.5 Da).  

 

 

 

 

 

 

 

 
 
 
Figure 2.3: Proteolysis of PA alone (A) and PA complexed with CMG2 (B) by thermolysin. PA 
or PA complexed with CMG2 (100 µg) was incubated with 100 µg of thermolysin at room 
temperature for various periods of time (up to 120 min). Aliquots were withdrawn at the different 
time points and run on a 15% SDS–PAGE gel. 
 
 

Thus, the 50 kDa band is likely the C-terminal portion of PA produced by the hydrolysis 

between Asp315 and Ile316. The site has a preferred sequence recognized by this protease (X-

Ile, X-Leu, X-Val, or X-Phe, where X is any amino acid) [133] and falls within the flexible 

region (His304− Ser319) that cannot be observed in the crystal structures of PA or the PA− 
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CMG2 complex [42, 64, 124]. The thermolysin resistance of the C-terminal fragment suggests 

that CMG2 remains bound to the C-terminal fragment after the proteolytic cleavage, thus 

providing continued resistance against thermolysin. 

2.4.3 Long-Range Stabilization of PA upon CMG2 Binding 

Our Gdn-HCl-induced unfolding experiments clearly show that PA is stabilized by 

CMG2, and the stabilization occurs not only in the domain that directly interacts with CMG2 

(His616 located in domain IV) but also in domains that do not have direct contact with CMG2 

(His211 and His253 located in domain 1′). Thus, we can safely say that both our combined His-

HDX, fluorescence, and protease sensitivity assays indicate that the stabilization afforded by 

binding of CMG2 occurs up to His211 (which is ∼70 Å from the binding interface) does not 

seemingly further influence the stability of the PA20 domain. Nonetheless, our pH titration study 

using His-HDX-MS revealed that the microenvironment around histidine residues in PA20, 

domain 2, and domain IV changes upon receptor binding. The altered pKa of His86 in the PA20 

domain indicates that the binding to CMG2 influences the microenvironment of His86 even 

though the residue is far from the CMG2 binding interface (>90 Å). 

2.4.4 Influence of Receptor Binding on Domain 2 and Domain IV Dynamics 

How does receptor binding influence residues that are far from the binding interface? 

Previous experiments by Feld and co-workers have indicated that domain 2 and domain IV are 

part of a hinge that dictates the oligomeric assembly of PA63, [49] such that a tighter interaction 

favors the formation of heptamers, whereas a weaker interaction may favor the formation of 

octamers. This implies that domain 2 and domain IV are capable of hinge like dynamic motions 

that likely give rise to an overall plasticity in the protein. By anchoring the domain 2–domain IV 

interface, hinge like motions are prevented, which in turn would effectively stabilize domain–
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domain interactions and other noncovalent interactions within the protein. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Circular dichroism spectra of WT CMG2 and 4-FTrpCMG2.  
(—)Wild-type CMG2 and (---)4F-Trp CMG2 (12.0 µM) in 5 mM Bis-Tris/HEPES/cacodylic 
acid (BHC) 1mM MgCl2 were recorded between 260 nm and 195 nm. Data were obtained using 
a 0.5 mm thermostatted cylindrical cell at 5 °C for 5 accumulations at a scan speed of 20 nm/min 
and a response time of 2 s. The molar ellipticity for both the spectra was normalized and overlaid 
in the figure. 

 

2.4.5 The PA–CMG2 Complex as a Potential Immunogen in a Future Anthrax Vaccine 

 PA is the key component of anthrax vaccines currently licensed as well as vaccines 

under development [134]. Efforts to develop protective adjuvants that do not require the use of a 

cold chain for storage in areas where a cold chain is not accessible or feasible are ongoing. Our 

study finds that CMG2 thermodynamically stabilizes PA, and thus, CMG2 may prevent 

structural perturbations to the protein under long-term storage conditions. Further, the addition of 

CMG2 slowed the rate of proteolysis by thermolysin. Addition of CMG2 to the vaccine 

formulation may prevent premature degradation of the protein post injection, possibly allowing 
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for a greater proportion of PA to ultimately be presented on antigen-presenting cells. Finally, 

depletion of the actual PA concentration amenable for interacting with the host immune system 

likely occurs because of the interaction of PA with receptors present on the surface of host cells, 

and the inclusion of CMG2 in a vaccine formulation should prevent such a depletion of PA. 
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CHAPTER 3 
STABILITY OF DOMAIN IV OF THE ANTHRAX TOXIN PROTECTIVE ANTIGEN 

AND THE EFFECT OF THE VWA DOMAIN OF CMG2 ON STABILITY 
Excerpt from: Mamillapalli, S., Miyagi, M. and Bann, J. G. 2017; Protein Science, 26: 355–364 

 
 
 
3.1 Abstract 

The major immunogenic component of the current anthrax vaccine, anthrax vaccine 

adsorbed (AVA) is protective antigen (PA). We have shown recently that the thermodynamic 

stability of PA can be significantly improved by binding to the Von-Willebrand factor A (VWA) 

domain of capillary morphogenesis protein 2 (CMG2), and improvements in thermodynamic 

stability may improve storage and long-term stability of PA for use as a vaccine. In order to 

understand the origin of this increase in stability, we have isolated the receptor-binding domain 

of PA, domain IV (D4), and have studied the effect of the addition of CMG2 on thermodynamic 

stability. We are able to determine a binding affinity between D4 and CMG2 (~300 nM), which 

is significantly weaker than that between full-length PA and CMG2 (170–300 pM). Unlike full-

length PA, we observe very little change in stability of D4 on binding to CMG2, using either 

fluorescence or 19F-NMR experiments. Because in previous experiments we could observe a 

stabilization of both domain IV and domain 2, the mechanism of stabilization of PA by CMG2 is 

likely to involve a mutual stabilization of these two domains. 



38	

3.2 Introduction 

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

toxin, and is the major immunogenic component of the current anthrax vaccine, AVA 

(anthrax vaccine adsorbed). However, AVA, which is a culture filtrate of an avirulent 

Bacillus anthracis strain, is still in use despite efforts toward developing a new anthrax 

vaccine. Current efforts are primarily focused on developing a recombinant form of PA 

(rPA), which has been shown to be an effective vaccine in animals.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: (A) Crystal structure of full length PA bound to CMG2 (PDB ID 1T6B) with 
D2 (red), D4 (dark purple), and CMG2 (yellow) highlighted. (B) Structure of D4 alone 
(PDB ID 3INO) showing Phe727 (yellow sticks), and surfaces using the cavities and 
pockets algorithm in Pymol which displays cavities (empty space) in domain IV. In (C), 
we changed Phe727 to Trp (cyan sticks) using the mutagenesis algorithm in Pymol, and 
used again the cavities and pockets surface rendering to show that “virtual” mutation of 
Phe727 to Trp did not change the cavity structure. Structures were generated using Pymol 
v1.3. 
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For instance, recent studies in New Zealand white rabbits a post exposure 

vaccine/therapeutic, in combination with antibiotics, protecting these animals from 

inhalational anthrax [135]. Structure-based design has allowed the improvement of 

antigens for use as vaccines, either by creating better epitopes or by improving the stability 

of current epitopes to various conditions (respiratory syncytial virus (RSV), for instance—

see [136, 137]). In addition, improvements in stability can be important for long-term 

storage and avoidance of a cold-chain. In an initial effort toward improving the 

thermodynamic stability of PA, we have shown recently that addition of the Von-

Willebrand factor A (VWA) domain of the human cellular receptor for PA, capillary 

morphogenesis protein 2 (CMG2) [121], significantly improves the thermodynamic 

stability of PA. The binding interface between PA and CMG2 is comprised largely of 

domain IV (D4), the receptor binding domain, and a small loop contributed by domain 2 

(D2) (the domain 2 β3-β4 loop) [42]. Mutation of Asp683 in D4 to Lys [44] or Ala [72] 

largely abrogates binding, while mutations in the D2 β3-β4 loop inhibit PA activity [67]. 

Herein, we have isolated D4 and have investigated the thermodynamic stability of D4, and 

the affinity of domain IV for the VWA domain of CMG2. We also use a combination of 

fluorescence, 19F-NMR and histidine hydrogen-deuterium exchange (His–HDX) to 

determine the effect of CMG2 on stability. These studies contribute to our understanding 

of the determinants of stability of PA and potential avenues for improving the overall 

thermodynamic stability of PA. 

3.3 Experimental Procedures 
 
3.3.1 Plasmid construction, mutagenesis and protein purification 
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pGEX-D4 plasmid was used for making the mutations in D4 [138] The following 

oligonucleotide primers (Sigma Genosys) forward 5'-CGGGATCAAGAAAA 

TTTTAATCTGGTCTAAAAAAGGCTATGAGATAGGA TAATTAGC-3' and reverse 5' 

GCTAATTATCCTATCTCATAGCCTTTTTTAGACCAGATTAAAATTTTCTTGATCC

CG 3' were used to mutate Phe727 to Trp (F727W). Mutants were sequenced at the Protein 

Nucleic Acid Laboratory (PNACL) at Washington University in St. Louis (St. Louis, MO).  

 

 

 

 

 

 

 

 

Figure: 3.2: (A) Circular dichroism spectra of WT D4 (dashed line) and F727W D4 (solid 
line). Data were recorded in a 0.05 cm path length cell using 12 µM protein, in 5 mM 
Bistris/ HEPES/cacodylate, 1 mM MgCl2 pH 8.0. Spectra were recorded at 5°C. (B) Urea 
denaturation of WT D4 (n) and F727WD4 (☐) by fluorescence (Ex. 277 nm, Em. 305 
nm). Data were recorded using 1 µM protein in 20 mM HEPES pH 7.4 with increasing 
concentrations of urea at 20°C. Fraction folded was plotted as a function of denaturant 
concentration. Data were fit assuming a two-state Native à Unfolded folding model. Inset 
shows the fluorescence emission spectra of WT D4 excitation at 277 nm (n) and F727W 
D4 excitation at 277 nm (☐) and 295 nm (¡). Concentrations were 1 µM, and spectra 
recorded in 20 mM Tris, 150 mM NaCl pH 8.0 at 20°C. 
 
 
Cells were grown in ECPM1 media at 32ºC in Fernbach flasks and were induced with 1.0 

mM isopropyl beta-D-thio galactopyranoside (IPTG; Gold Biotechnology) at an optical 

density 600 nm (OD600) of 3.0. At an OD600 of ~6.0 cells were harvested by centrifugation 
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in a Beckman Allegra swinging bucket centrifuge at 4ºC, the supernatant removed and the 

pellet frozen at -20ºC. Typically on the next day the pellet was resuspended in ice cold PBS 

pH 7.4, and lysed using a Branson sonifier. The solution was centrifuged and the 

supernatant applied to a PBS equilibrated GST column (GE-Amersham), and cleaved 

using thrombin protease (Bio Pharm Laboratories, LLC, UT). Final purification was done 

on a Superdex-200 16/60 gel filtration column (GE Healthcare) [138]. Capillary 

morphogenesis protein 2 (CMG2) was also purified by the same protocol, using the GST-

CMG2 as described previously [130]. A non-fluorescent analog of tryptophan, 4-

fluorotryptophan (4-FTrp), was incorporated biosynthetically into the VWA domain of 

CMG2 using the Trp auxotroph strain DL-41 as described previously [125]. Briefly, cells 

were grown to A600 of ~3, harvested at 20ºC and washed three times with 0.9% NaCl, and 

then resuspended in new media but substituting 4-FTrp for tryptophan. Similarly, we used 

DL-41 to label D4 with 5-fluorotryptophan (5-FTrp) in a similar manner. The presence and 

purity of the proteins was determined using SDS-PAGE, and concentrations were 

determined using the extinction coefficients of 11920 cm-1 (D4), 15430 cm-1 (F727W D4), 

and 13075 cm-1 (CMG2). 

3.3.2 Fluorescence experiments 

A Cary Eclipse spectrophotometer equipped with a Peltier cooling system was used 

to record the fluorescence data of WT D4 and F727W D4. The excitation wavelengths for 

the WT D4, F727W D4 and F727W D4 + 4FTrp CMG2 were 277 and 295 nm, 

respectively. Proteins were diluted from 20 mM Tris pH 8.0, 150 mM NaCl at 5ºC into 

HEPES buffer (20 mM HEPES pH 7.4, 1 mM MgCl2). For urea denaturation experiments, 

samples of D4 (200 µL, 1 µM final concentration) were incubated with increasing 
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concentrations of urea prepared in 20 mM HEPES pH 7.4, 1 mM MgCl2. Samples were 

equilibrated overnight, and the following day fluorescence spectra were measured. 

Measurements were carried out using an excitation wavelength of 277 nm (D4) and 295 

nm (F727W D4 and F727W D4 + 4FTrp CMG2).  

 

 

 

 

 

 

 

Figure 3.3: (A) Fluorescence emission spectra of F727W D4 (□), F727W D4 + 
4FTrpCMG2 (●) (1:2) and 4FTrp CMG2 alone (◪) – Ex. 295 nm, Em. 350 nm. Data were 
recorded at 20oC using 1µm D4 in 20 mM Tris, 150mM NaCl pH 8.0. (B) Equilibrium 
binding of F727W D4 (0.5 µM) with increasing concentrations of 4FTrpCMG2. 
Fluorescence emission spectra were recorded at 20oC, using an Ex. of 295 and Em. at 350 
nm. Fraction bound was plotted as a function of CMG2 concentration and the solid line 
represents a fit to a single-site binding model. 
 

The fluorescence intensity at the emission peak maximum was plotted against the 

respective urea concentration (determined by refractive index). Solid lines represent the fit 

to the nonlinear least square equation:  

Y= [(Flf+mf[D])+(Flu+mu[D])*exp[m*([D]-[D]1/2)/RT]]/(1+exp[m*([D]-[D]1/2)/RT]) 

where Flf and Flu is the fluorescence of folded and unfolded states (intercepts) respectively, 

mf and mu are the slopes, [D] is the denaturant concentration, and ‘m’ is the measure of 

dependence of ΔGº on the denaturant concentration [139]. Kaleidagraph version 3.6 

(Synergy software) was used to fit the data.  



43	

3.3.3 Unfolding Experiments Followed by His–HDX 
 

His–HDX studies were carried out in a manner similar to that described our 

previous study on the stability of PA in the presence and absence of CMG2 [Mullangi, 

2014 #110]. D4 alone (406 pmol) and D4–CMG2 complex (406 pmol of D4 and 755 pmol 

of CMG2) were incubated in 200 µL of 100 mM HEPES (pH* 7.5) made with D2O and 

various concentrations of Gdn–HCl for 48 h at 37°C. The pH* of the buffer was adjusted 

with diluted NaOD with a Solution Analyzer model 4603 (Amber Science, Eugene, OR) 

equipped with a glass AgCl electrode (model 476086, Nova Analytics, Woburn, MA). The 

reported pH* value is direct pH meter readings of the D2O buffer solutions calibrated with 

standard buffer solutions made with H2O and are uncorrected for the isotope effect at the 

glass electrode. Adding 10 µL formic acid stopped the reaction, and the protein was freed 

from the salts using Ultra Micro Spin C18 column (Nest Group, Southboro, MA) as per the 

manufacturer’s instructions and dried in a Speed Vac. The protein was then redissolved in 

50 µL 100 mM ammonium bicarbonate and digested by Lys-C at a substrate/enzyme ratio 

of 16/1 (w/w) for 60 min at 25°C. The reaction was stopped by adding 5 µL formic acid 

and dried in a Speed Vac. Prior to MS analysis; the dried samples were redissolved in 100 

µL of 0.1% formic acid/50% methanol in H2O, which promotes deuterium to protium 

exchange at rapidly exchangeable sites (deuterons that are bound to heteroatoms such as 

oxygen and nitrogen). The samples are then subjected to flow injection MS analysis as 

described below.  

3.3.3a Mass spectrometry  

The samples prepared above were analyzed using a Q Star Elite quadrupole/time-

of-flight mass spectrometer equipped with a TurboIonSprayR ion source (AB Sciex, 

Framingham, MA, USA). A 10 µL aliquot of each sample was injected into a flowing 
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carrier stream consisting of 0.1% formic acid/50% methanol at 20 µL/min, which was 

directly introduced into the ion source of the mass spectrometer. A Shimadzu LC-20AD 

pump (Columbia, MD, U.S.A.) was used to deliver the carrier solvent. Mass spectra (from 

m/z 1000 to 1200) were acquired in the time-of-flight mass analyzer with 1 sec 

accumulation time. Analyst QS software (version 2.0, AB Sciex) was used for instrument 

control, data acquisition, and data processing. 

3.3.3b Calculation of HDX rate constant (kHDX) on His616 and cm value 

The pseudo-first-order rate constant (k) of the HDX reaction on His616 was 

determined by monitoring the changes in the ratios of the M + 1/M isotopic peak of the 

Lys-C peptide containing His616 (EAHREVINSSTEGLLLNIDK) before and after the 

HDX reaction [126]  and the values were corrected upward to offset the decreased solvent 

concentration due to the volume effect of Gdn–HCl as described previously [121]. The 

corrected HDX rate was plotted against the concentration of Gdn–HCl. From the plot, the 

midpoint (Cm) of the Gdn–HCl-induced unfolding transition was estimated by fitting the 

denaturation curve to a two-state model using Origin Graphing software (version 8.5.1, 

Origin- Lab, Northampton, MA) using the following equation: 

𝑦 = 𝐴! +
𝐴! − 𝐴!

1+ 𝑒(!!!!)/!!
 

where A1 is the minimum rate constant at 0M Gdn– HCl concentration, A2 is the maximum 

rate constant at the highest Gdn–HCl concentration, x0 is the point of inflection, and δx is 

the change in x corresponding to the most significant change in y values. 

 3.3.4 Far UV CD experiments  

Circular dichroism analysis on both WT D4 and F727W D4 were done using a Jasco J810 

spectropolarimeter. The concentrations of WT D4 and F727W D4 were 12 µM each in 5 
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mM Bis-Tris/HEPES/Cacodylate (BHC), pH 8.0 at 5°C, and spectra were recorded using a 

0.05 cm cylindrical path length cell. Response time and scan speed were 2 s and 20 

nm/min, respectively.  

3.3.5 Isothermal titration calorimetry (ITC) 

 ITC studies were carried out using an ITC 200 Micro calorimeter at 20oC. All the 

measurements were done in 20 mM HEPES pH 7.4, 1 mM MgCl2 at a concentration of 20 

mM D4, injecting increasing concentrations of CMG2 in a series of 20 x 2 µL injections of 

200 µM CMG2. Raw data were corrected for the heat of dilution for the titrant. Data were 

fit to a one-site binding model using the Microcal software.  

Figure 3.4: Isothermal titration calorimetry studies on WT D4 (left panel) F727W D4 
(right panel) in the presence of CMG2. The heat change was plotted against the molar ratio 
and the data were fit to one set of binding sites using Microcal software. The stoichiometry 
determined by ITC was 1.06:1 for WT D4:CMG2 and 0.8:1 for F727W D4:CMG2. The 
thermograms were recorded at 20oC at a concentration of 10-fold excess of CMG2 (200 
µM) to D4 (20 µM) in 20 mM HEPES pH 7.4. 
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3.3.6 Binding of F727W D4 to 4-FTrp-CMG2 using fluorescence  

Binding experiments were done using a Cary Eclipse spectrophotometer equipped with 

Peltier cooling system maintained at 20°C. F727W D4 (0.5 µM) was incubated overnight 

with increasing concentrations of 4FTrpCMG2 in separate tubes (final volume 250 µL) and 

the emission spectra were collected with excitation at 295 nm. The emission maximum 

(350 nm) was plotted as a function of CMG2 concentration and the fraction bound was 

calculated. The data were fit to the nonlinear least squares equation: 

[Lb]/[L]= (([R]+[L]+KD)-(([R]+[L]+KD)^2-4*[R][L])^0.5))/2*[L] 

where [L] is the total ligand concentration, [R] is total receptor concentration, [Lb] is the 

ligand bound and [Lb]/[L] is the fraction of ligand bound, KD is the binding affinity 

(dissociation constant) as described [140]. 

3.3.7 Stability studies by 19F NMR 
 
A Varian INOVA 400 MHz spectrometer equipped with inverse tunable probe tuned to 

fluorine was used to obtain the spectra. Protein concentrations were at 100 µM in 20 mM 

Tris, 150 mM NaCl at pH 8.0 for 5-FTrp-F727W D4 alone and the CMG2 concentration 

was in a twofold excess to ensure complete binding to 5-FTrp-F727W D4. 5-FTrp-F727W 

D4 and CMG2 were complexed together for 2 h, urea was added to a final concentration of 

3M and the samples were incubated for another 3 h. D2O was added to a final 

concentration of 10% for a frequency field lock and the total sample volume was 500 µL. 

Spectra were obtained using a 90°-pulse width with a recycle delay of 5 s, and we used a 

coaxial insert containing 0.25 mM p-fluorophenylalanine in H2O for referencing (σ= 

~40.18 ppm). For complete unfolding, 10M urea was added (215 µL) to a final 

concentration of 6M urea and incubated for 3 h. All spectra represent 8192 transients 
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processed with 30 Hz line broadening. All spectra were recorded with a variable 

temperature setting of 20°C. 

3.4 Results 

3.4.1 Structural evaluation of F727W D4 
 

In order to determine the influence of CMG2 on the stability of D4, we needed to 

evaluate the stability of D4 in such a way that we could spectroscopically isolate D4 from 

CMG2. D4 contains no tryptophans, and thus we decided to add a tryptophan at position 

727 (Fig. 3.1). Based on the small changes in cavity surface density in Pymol (v1.3), we 

anticipated that the effect on the structure of D4 would be minor. The far-UV circular 

dichroism (CD) spectrum of F727W D4 was similar to the WT D4, indicating little change 

in structure [Fig. 3.2(A)]. Because D4 contains no tryptophans naturally, we used 277 nm 

excitation for our fluorescence experiments on WT D4 alone and F727W D4, monitoring 

emission at 305 nm [Fig. 3.2(B)]. The shapes of the two curves are different, likely due to 

the presence of the Trp chromophore dominating the fluorescence of F727WD4 versus the 

WT D4, which again has no tryptophans. Measurement of the fluorescence of F727W D4 

through excitation at 295 nm gave almost identical urea dependence as the data exciting at 

277 nm [see Fig. 3.5(A)]. Nonetheless, the Cm (midpoint in the denaturation curve) value 

was higher for F727W than WT D4 (Cm WT D4 = 2.9 ± 0.2M, Cm F727W D4 = 3.7 ± 

0.3M)—[Fig. 3.2(B)]. 

3.4.2 Binding of F727W D4 to CMG2 
 

In previous studies of D4, we found that the stability to temperature could be 

monitored effectively using CD. Because of the nature of the CD of D4 (which appears 

largely unfolded), and the fact that we would need to use an excess of CMG2 to ensure 
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complete binding, the CD would necessarily be dominated by CMG2 (we showed in our 

previous study that despite an unfolded CD spectrum, the protein was mostly folded as 

assessed by crystallography and 2-dimensional heteronuclear NMR experiments [138]).  

 

 

 

 

 

 

 

Figure 3.5: Stability of D4 in the presence and absence of CMG2. (A) Urea denaturation 
of F727W D4 (☐) alone and in the presence of CMG2 (l), using a ratio of 1:5 F727W 
D4:4FTrpCMG2. Fluorescence data were recorded using an Ex. 295 nm and Em. 350 nm, 
0.5 µm F727W D4, in 20 mM HEPES pH 7.4, 20°C. Fraction folded was plotted as a 
function of urea concentration. (B) The urea denaturation of 4FTrpCMG2 (1 µM), using an 
Ex. 277, Em. 305 nm in 20 mM HEPES pH 7.4, 20°C. Fraction folded was plotted as a 
function of urea concentration. (C) Gdn–HCl denaturation curves of D4 alone (¡, dotted 
fit) and D4 complexed with CMG2 (l, solid fit). After incubating samples in 100 mM 
HEPES (pH* 7.5) at 37°C for 48 h with increasing Gdn–HCl concentrations, the samples 
were digested and peptides analyzed by LC–MS/MS. 
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Here, we have chosen to measure stability using chemical denaturation with urea, 

monitoring the fluorescence of the tryptophan in F727W D4. CMG2 also contains a single 

tryptophan (W59—Fig. 3.1), and we anticipated that there would be a significant 

contribution of W59 to the overall fluorescence when both D4 and CMG2 were combined. 

However, we reasoned that the fluorescence contribution from W59 in CMG2 could be 

largely removed through the biosynthetic incorporation of the non-fluorescent analog of 

tryptophan, 4-fluorotryptophan (4-FTrp). This has been used in previous work to act to 

silence the fluorescence of other proteins [121, 141]. Figure 3.3(A) shows the emission 

spectrum (Ex 295 nm) of 4-FTrpCMG2, F727W D4 and the complex (F727W D4:4-

FTrpCMG2, 1:2). The spectrum shows an increase in the intensity of F727W on binding to 

4-FTrpCMG2 that is slightly blue shifted. The amplitude of the change was large enough 

that we could use the increased intensity to measure the binding of 4-FTrpCMG2 to 

F727W D4 [Fig. 3.3(B)]. We added increasing concentrations of CMG2 to a constant 

amount of D4, and half-maximal saturation was achieved at a concentration of ~300 nM. 

Fitting of the data to a one-site binding isotherm also gave a KD of ~300 nM. We note that 

the binding constant between D4 and CMG2 is significantly weaker than that between the 

full-length PA and CMG2 (~170 pM) [40]. We also conducted isothermal titration 

calorimetry (ITC) experiments to determine the affinity of D4 to CMG2, but due to the 

large amounts of protein needed, we could only get a stoichiometry of binding, which was 

~1:1 (Fig. 3.4). 

3.4.3 Stability of F727W D4 in the presence and absence of CMG2 

To determine the influence of CMG2 on stability of F727W D4, we again used 
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fluorescence, monitoring the effect of urea on the unfolding of F727W D4 in the presence 

and absence of a five-fold excess of 4-FTrpCMG2 [Fig. 3.5(A)]. At this ratio, saturation 

was reached in our fluorescence experiment and was well above (2.5 µM) the measured 

KD. Again using fluorescence to monitor unfolding, but this time exciting at 295 nm and 

following the emission at 350 nm, the unfolding of the complex as a function of urea 

concentration showed a single transition with a Cm of 3.14 ± 0.2M. This was less than the 

Cm of F727W D4 alone (3.45 ± 0.2M). Interestingly, we also followed the urea 

denaturation of 4-FTrpCMG2 alone, and its profile matched that of F727W D4 [Cm ~3.47 

± 0.7M urea, Fig. 3.5(B)]. In any case, these data indicate that there is no significant 

improvement to the stability of F727W D4 on binding to CMG2.  

In our previous study on the effect of CMG2 on the stability of PA, we utilized 

His–HDX to monitor the unfolding of PA as a function of Gdn–HCl. The rate constant of 

His–HDX (kHDX) is on the order of days, necessitating the use of Gdn–HCl versus urea 

[121]. In that study, the Cm of His616, measured by following the kHDX, was 1.08M 

Gdn–HCl when PA was bound to CMG2, versus PA alone which was 0.5M Gdn–HCl. 

Here, we carried out a similar study using the isolated D4 [Fig. 3.5(C)]. As with our 

fluorescence study, we do not observe an increase in stability, in fact the Cm is slightly 

lower for D4 bound to CMG2 versus D4 alone (0.72 vs. 0.77M Gdn–HCl, respectively). 

However, we observe that at 0M Gdn–HCl the rate of His–HDX of D4 alone is ~2X faster 

than D4 bound to CMG2 (0.003 vs. 0.0015 h-1), suggesting greater protection from the 

bulk solvent of the side-chain of His616 when CMG2 is bound.  

3.4.4 19F-NMR evaluation of the stability of D4 in the presence and absence of CMG2  

In order to confirm that the lack of stabilization was not due to the spectroscopic 
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method used to determine stability, we decided to use fluorine NMR (19FNMR) to follow 

the stability of 5-fluorotryptophan (5-FTrp)-labeled F727W D4 in the presence and 

absence of CMG2. 19F-NMR is capable of following the side-chain environment of labeled 

residues, and has been used extensively to follow the folding of proteins [125, 142, 143].  

 

 
Figure 3.6: 19F-NMR spectra of isolated 5-FTrp-labeled F727W D4 (100 µM) in the 
presence and absence of WT CMG2 (200 µM) at 0 and 3 M urea. Inset shows the 19F NMR 
spectra of the same proteins, but diluted with 10 M urea to give a final concentration of 6M 
urea, and represents the unfolded resonance of 5-FTrp-labeled F727W D4 +/- CMG2. Data 
were recorded at a variable temperature setting of 20°C, in 20 mM Tris pH 8.0, 150 mM 
NaCl with 10% D2O and represent 8192 transients processed with 30 Hz line broadening. 
Data were referenced to 0.25 mM p-fluorophenylalanine, which was in a coaxial insert in 
the NMR tube (σ = −40.18 ppm). 
 

In previous studies, we labeled full-length PA with 5-FTrp, and could follow the unfolding 

of the 5-FTrpPA as a function of urea using 19F-NMR [125] (because there are no 

tryptophans in D4, we could not follow structural changes in that domain). In a similar 
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manner, we labeled F727W D4 with 5-FTrp, and evaluated the stability of D4 at 0 and 3M 

urea, the latter being close to the midpoint in the denaturation curve measured using 

fluorescence. The 19F-NMR spectra are shown in (Fig. 3.6). First, 5-FTrpF727W D4 

exhibits two resonances for a single tryptophan, a sharp resonance at ~−50.5 ppm and 

another, smaller and broader resonance at −49.6 ppm. The chemical shifts or amplitudes of 

these peaks do not change significantly in the presence of a twofold excess of CMG2 (100 

µM D4: 200 µM CMG2), suggesting that if the two resonances are in conformational 

exchange, there is no preference for one exchange state versus the other for binding. At 3M 

urea, three resonances are observed—a native resonance at −50.2 ppm, another resonance 

at −49.5 that we have characterized as an “intermediate” (see “Discussion”) and an 

unfolded resonance at −49.2 ppm (see inset, 6M urea). Although the intensities of the 

resonances are different (likely due to small differences in protein concentration), the ratio 

of unfolded to native did not change significantly between 5-FTrp-F727W D4 alone (3.2) 

versus 5-FTrp-F727W D4+CMG2 (2.7). These data support the fluorescence data 

indicating that CMG2 has little stabilizing influence on the structure of isolated F727W 

D4. 

3.5 Discussion 

Previous studies have shown that full-length anthrax PA is significantly stabilized 

by binding to the VWA domain of the host cellular receptor CMG2, and that this 

stabilization extends well beyond the D4–D2 interface [121, 125]. However, the 

mechanism of the increased stabilization is not understood. In this study, we investigated 

the stability of the isolated D4 in the presence and absence of the VWA domain of CMG2. 

D4 comprises the largest binding interface between PA and CMG2 [42], burying ~1300 Å2 
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of surface area. We show here that addition of CMG2 to isolated D4 has little to no impact 

on the thermodynamic stability of D4. Binding interactions between proteins have been 

shown to increase stability, and typically vary with the strength of the interaction at the 

binding interface [144]. Although the binding interface buries a significant amount of 

surface area, mutation of D50A in CMG2, which assists in coordinating the manganese 

metal ion, completely abrogates binding to PA [43, 145], indicating that the strength of the 

interaction is largely dependent on metal coordination. We also noticed that in the presence 

of CMG2, there is a small decrease in stability, as evidenced by a shift in the denaturation 

curves toward lower concentrations of denaturant. This seems to be independent of the 

type of experiment carried out, using either fluorescence experiments or His–HDX. 

However, in the His–HDX experiments, at 0M Gdn–HCl concentrations there is a slower 

rate of exchange when bound to CMG2, indicating that His 616 is more protected from the 

bulk solvent in the bound form. Thus, while the denaturation experiments suggests a slight 

destabilization, the His–HDX experiment indicates that at least in the absence of chemical 

denaturant, His616 may be in a less solvent exposed and perhaps more folded environment 

when bound to CMG2. 

In the 19F-NMR experiments, we also observe an additional small resonance that is 

shifted downfield from the major native resonance. This additional resonance (−49.5 ppm) 

is unlikely to be due to an impurity in the sample, since the unfolded state in 6M urea 

showed the presence of only a single well defined resonance (inset, Fig. 3.6). At this time 

we can only speculate on the origin of this resonance. One possibility is that the tryptophan 

is flipping between two states, one that is buried and the other that is exposed, which may 

occur through rotation around the Cβ of tryptophan. Another possibility is that it’s a 
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reflection of a partially unfolded form of D4. At 3M urea, the midpoint of the denaturation 

curve, we observe three resonances, a native resonance at −50.2, an intermediate resonance 

at −49.5 ppm and the unfolded at −49.3 ppm. In preliminary experiments exploring the 

determinants of stability of D4, we found that mutation of the buried tyrosine 642 to Phe 

somewhat destabilized D4. Tyr 642 forms a hydrogen bond to His616, and this hydrogen 

bond lies at the interface of the beta-sandwich of D4. Using temperature-dependent CD, 

we observed two distinguishable transitions for this mutant, with the midpoint between the 

two transitions matching the midpoint of unfolding of isolated WT D4. The transition 

could be fit using a three-state Unfolded à Intermediate à Native transition, indicating 

the presence of a stable intermediate in the unfolding of this mutant (manuscript in 

preparation). While more experiments are needed to understand the nature of the 

intermediate, it may be an indication of the loss of the His616–Tyr642 hydrogen bond. 

How then does CMG2 increase the thermodynamic stability of PA? In the full-length PA, 

in addition to D4, D2 contributes to the binding interface via the D2 β3–β4 loop, which sits 

in a small hydrophobic groove on the surface of CMG2. This loop has been shown to be 

important for dictating pH dependent interactions between PA and CMG2, and determines 

the pH threshold for pore formation [57, 94]—for an excellent review, see Ref. [28]. The 

loop sits at the interface between D4 and D2. One possibility for the increase in stability of 

PA is that CMG2 stabilizes domain–domain interactions between D2 and D4, and this 

increases the overall stability of PA, including that of D4. Support for this model comes 

from our previous study [121], whereby addition of CMG2 reduces the rate of His–HDX 

not only of His616 in D4, but also His336, which lies at the interface between D2 and D4. 

Stabilizing domain–domain interactions between D2 and D4 would decrease domain 



55	

flexibility between the two domains, and may strengthen non-covalent interactions 

throughout the PA protein [128]. It will be of interest in future experiments to investigate 

whether the VWA domain of tumor endothelial marker 8 (TEM8), which is not projected 

to bind to the D2 β3–β4 loop, increases the stability of PA. D4 is the site of several 

epitopes for toxin neutralizing monoclonal antibodies, [146, 147] and likely contains 

dominant epitopes recognized by antibodies during vaccination. However the use of 

isolated D4 (as opposed to full-length PA) as a potential vaccine candidate has had mixed 

results in terms of showing an increase in toxin neutralizing antibodies [80, 86, 116]. 

Previously, we showed that the thermal stability of isolated D4 is low (37°C), and based on 

this data, we surmised that the ineffectuality of isolated D4 as a vaccine could be due 

simply to the fact that it is unstable, and is likely to be more rapidly degraded upon 

administration. Although the current study would indicate that CMG2 does not increase the 

thermodynamic stability of D4, improvements in the stability of isolated D4 through 

structure-based design methods [136] may ultimately lead to a more stable D4 and 

potentially a much-needed and better anthrax vaccine. 
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CHAPTER 4 

DESIGN OF A CHIMERA OF FIP-FVE AND DOMAIN IV OF PROTECTIVE 
ANTIGEN (PAD4) TO ENHANCE THE STABILITY OF DOMAIN IV 

 

4.1 Introduction 

Initial pathogenesis of anthrax involves a binding event to the host cell surface, 

which occurs primarily through domains II and IV of PA (Fig 4.1). Domain IV buries 

~1300 Å2 [42] surface area of the binding interface and a small loop from domain II (2β3-

2β4) is involved in forming contacts with the surface of CMG2. These contacts from 

domain II are predicted to be necessary for the formation of the β-barrel pore at low pH 

[62, 104]. Domain IV has been shown to be important not just in binding to the host 

cellular receptor, but also in providing protective immunity against anthrax intoxication. 

Monoclonal antibodies (MAbs) directed against stretches of amino acid sequence within 

domain IV protect murine macrophage J774A.1 cells from intoxication by lethal toxin 

[123], and thus function as an anti-toxin.  Linear epitopes derived from peptides within 

domain IV (residues 692-703 and 716-727) also provide protection against lethal toxin 

challenge both in vitro in J774A.1 cells and in vivo in BALB/C mice treated with lethal 

toxin followed by administration of the MAbs [147]. Finally, the murine macrophage 

antibody 14B7, isolated from the spleens of mice injected with full-length PA[84], 

interacts with domain IV of PA, and is being developed as a prototype for a series of high 

affinity neutralizing antibodies which may be used as an anti-toxin to treat anthrax 

infection[146]. Residues that have been identified as important for binding to the 14B7 

antibody have been mapped by alanine scanning mutagenesis, and a crystal structure of PA 

domain IV bound to 14B7 has been solved by X-ray crystallography [147].    
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Figure 4.1: Binding interface between PA and CMG2. The figure shows the interface 
between PA and CMG2 (PDB:1T6B) generated using Pymol (v 1.3). The region where the 
monoclonal antibody 14B7 interacts with domain IV (colored blue) is shown in magenta. 
In addition, hydrophobic residues at the interface from domain IV are shown as yellow 
sticks, and the hydrophobic residues in CMG2 (colored cyan) are shown in light gray. Also 
highlighted are residues in domain 2 (colored green) that interact with CMG2, and are in 
the domain 2β3-2β4 loop (red, with hydrophobic residues highlighted as orange sticks). The 
Mn2+ ion is coordinated in part by D683 (magenta stick), and also D50 (cyan stick) – not 
all coordination residues are shown. A small portion of domain 3 is shown in purple. 
 

Studies by Brossier et al. showed the protection of the mice against mutated B. 

anthracis strain being impaired when immunized by PA cleaved of domain IV [148]. The 

loop of domain IV (703 to 722 amino acids) is the flexible region compared to the 

remaining three domains that are close to each other as confirmed by the crystal structure 

of PA [64]. Earlier immunization studies using a sortase conjugated PDGA-domain IV 

revealed a significant amount of protection of guinea pigs against wildtype or pag A 

mutant B anthracis strain [116]. In spite of having the flexible structural arrangement and 
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many antigenic epitopes poor neutralizing antibody response by domain IV may be 

attributed to the inability to exist in a native three-dimensional structure at physiological 

conditions. This is in agreement with the study of the antibodies that bind domain IV; 

recognize the well-structured and conformationally organized epitopes to elicit an antibody 

response [80, 81]. 

There is a continuing effort at developing a new and better candidate vaccine for 

anthrax. The presence of many antigenic epitopes make domain IV a better candidate 

vaccine but its usage in vaccine formulations may be compromised due to the thermal 

stability and its inability to exist in its native state in physiological conditions. An increase 

in stability of domain IV may be significant in terms of the development of a better anthrax 

vaccine. Our recent stability studies on domain IV of PA in complex to CMG2 revealed  

little to no increase in stability and also indicated that mutual stabilization of domain II and 

IV is required for the global stability of the protein. Development of a novel alternative for 

increasing both thermal stability and immunogenicity at one stretch would be of great 

importance in attaining a better outcome.  

4.2 FIP-Fve and its structure 
 

Flamulina velutipes designated as Fve, commonly known as golden needle 

mushroom is recognized to be of great medicinal value [149-153]. The major fruiting body 

of golden needle mushroom isolated and named as FIP-Fve (Fungal immunomodulatory 

protein from Flamulina velutipes) was the basis for the medicinal properties of this 

mushroom for centuries [154]. A group of FIPs isolated sequentially and structurally 

resemble each other and also share similarities in their immunomodulatory functions, 

antitumor activity and hypoglycemia-inducing functions [155-158]. FIP-Fve performs a 
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key player in stimulating the mitogenesis of human peripheral lymphocytes, suppressing 

the anaphylactic reactions, enhancing the transcription of interleukin II (IL-2), interferon- g 

(IF-γ) and tumor necrosis factor-α (TNFα) [154]. Studies by Ding et al., showcased the 

potential adjuvant properties of FIP-Fve when administered along with Human papilloma 

virus 16E7 oncoprotein which improved the specific antibody production along with the 

surge of specific interferon γ producing CD T-cells in comparison to the antigen without 

FIP-Fve as an adjuvant [159]. HPV-16 E7-specific IgG1 and IgG2c were upregulated and 

phenotypic maturation of splenic dendritic cell associated with rise in stimulation of 

antigen specific T cell adaptive immune responses prolonged the survival of tumor bearing 

mice [159]. These studies heightened the possibility of using FIP-Fve as a potential 

adjuvant paving new directions for a beneficial outcome in anti tumor immunotherapy. 

 

 

 

 

 

 

 

Figure 4.2: Crystal structure of dimerized FIP-Fve (PDB ID: 1OSY). The hydrophobic 
residues in dimeric interface between the α-helices forming the hydrophobic core were 
shown in sticks. Picture was generated using Pymol v1.3 
 
 

Fungal immunomodulatory protein Fve consisting of 114 amino acids lacking Cys, 

Met and His residues, exists as a dumb-bell shaped homodimer (Fig 4.2) with the N-

terminal serine residues acetylated in both the monomers [160]. Each monomer consists of 
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a pair of secondary structures the former being an α-helix followed by a β-sheet that is 

linked to a β-core adapting an Immunoglobulin fold consisting of seven β-sheets arranged 

in patches of three and four β-sheets together [160, 161]. A typical Fibronectin type III 

(FNIII) fold is also evident from the sandwich arrangement of two groups of β sheets 

resembling strand-switched type topology observed in the structure. N-terminal α-helices 

in both the subunits span a total of 13 residues in each unit from Ala2 to Lys14. 

Hydrophobic residues (Ala2, Leu5, Leu9, Leu12 and Val13) (Fig 4.3a) from one α-helix 

are packed well against the residues in the neighboring α-helix of the second unit forming a 

hydrophobic core that stabilizes the existence of FIP-Fve in its dimeric state [160].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: Dimer interface of FIP-Fve. (a) The hydrophobic residues Ala2, Leu5, Leu9, 
Leu12 and Val13 located on one helix Ha (green) are shown in sticks. The surface 
representation of second helix Hb was shown in magenta (b) The N-terminal β strands (Ba 
and Bb) running antiparallel to each other forming hydrogen bonds shown in yellow. 
Picture adapted from [160]. 
 

Mutational analysis of recombinant proteins of FIP-Gts (From Ganoderma tsugae), 

which is a sequence homologue of FIP-Fve revealed the significance of this hydrophobic 

interface in dimerization and immunomodulatory function. Mutants lacking the residues 

from 1-13 abrogated the dimer forming ability and a triple mutant of Leu5, Phe7 and Leu9 
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lacked the dimerization ability as well as the immunomodulatory activity of the protein 

[156]. Along with the N-terminal α-helices, the two β-sheets (Fig 4.3b) running anti-

parallel to each other further employ hydrogen-bonding interactions between the sheets. 

Together with the inter-helix hydrophobic interactions the hydrogen bonding interactions 

of the β sheets, which are otherwise absent in the monomer, stabilize the existing dimer of 

FIP-Fve [160]. An interesting feature of FIP-Fve is a domain swap dimer where the α- 

helix of first subunit interacts with the one on the second subunit and vice versa. Pro22 can 

paly a crucial role in adapting a domain swap dimer as it occupies a position at the end of 

the hinge region where the arm leaves the protomer similar to most domain swap dimers 

[162, 163]. 

4.3 Structure aided vaccine design- the modern strategy 
 

Most vaccines till date were prepared using either of the two strategies developed 

by Edward Jenner or Louis Pastuer in the late 19th century and comprises mainly native 

structures of the toxins produced by the causative agent. Genetically detoxified pertussis 

toxin [164], that was used as an acellular pertussis vaccine (alone or in combination with 

diphtheria and tetanus antigens) designed with the knowledge on structures of homologous 

toxins of Pseudomonas aeruginosa [165] and the diphtheria corynephage [166] deviates 

out of the traditional vaccine design strategies. These native toxins often evade the immune 

system and are also prone to continuous modifications that adapt to the well-regulated 

immune potency of the host [167]. For instance, HIV glycoproteins are under a constant 

process of varying their surface antigens posing a serious threat to the host [168, 169]. The 

B cell response in these cases can mitigate antigens that are only closely related [170]. 

Taking advantage of growing genetic engineering tools and insights into high-resolution 
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structural information, vaccine design strategies can be optimized for a better outcome. 

Such modifications include mutations in native proteins [171], stabilization of antigenic 

epitopes [172, 173], multivalent presentation of epitopes [174-177], removal of variable 

regions etc.  

Studies by Nuccitelli et al., used structural vaccinology to design a chimeric 

construct constituting six immunologically diverse protective epitopes from structurally 

similar variants of Group B Streptococcus (GBS) family. Protective immunity provided by 

this chimeric protein evidenced by mice immunization by type 2a pilus strains upholds this 

chimeric construct to be the effective vaccine against GBS infection [178]. A chimera 

PSPF (Pneumococcus Surface Proteins and Flagellin) comprising Streptococcus 

pneumoniae surface proteins and Salmonella typhiurium flagellin terminal domains is 

shown to enhance the humoral response relative to PSP, the surface protein antigen alone. 

Antibody titers by 1-1.5 orders of magnitude higher than that of PSP alone were observed 

with the chimera immunization attributing this rise in antibody titers to the flagellin 

component of the chimera which is believed to interact with the toll like receptor 5 (TLR-

5) stimulating activity; Suvorov, et al., [179, 180]. Studies by Converso et al., showed that 

a chimeric protein of Pneumococcus surface protein A (Psp A) and a membrane associated 

protein called Pot D; an integral of Pneumococcus ABC operon is able to reduce 

nasopharyngeal colonization by enhanced opsonophagocyosis and secretion of IL 17 by 

splenocytes as a never before observed effect [181]. The recombinant modular chimera 

(PvRMC- MSP1) generated by tandem genetical fusion of linear epitopes of mesozoite 

surface protein 1 (MAP1) to PvMSP19 elicited cytophilic antibody responses and also 

preserved the structural native epitopes of PvMSP19. PvRMC-MSP1 is recognized by 
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individuals of malaria endemic area, demonstrated protection from parasite challenge 

[182].   

These findings provide support for using chimeric proteins as better antigens 

against various bacterial and viral infections. Here, we provide a novel course in vaccine 

design strategy by engineering a hydrophobic core with a combination serving both 

multivalent presentation of the epitopes and also enhancing the stability of the native 

protein. We chose the FIP-Fve that shares structural homology with domain IV of anthrax 

toxin PA as revealed by the structural alignment view. Both the proteins overlay well (Fig 

4.5) with a root mean square deviation (RMSD) of 3.14 Å (Fig 4.4) for a length of 143 

amino acids and ~21% structural similarity. FIP-Fve and domain IV of PA appear to be 

good candidates to pursue our initial attempt of structure aided design. Immunogenic 

epitopes of domain IV along with an engineered hydrophobic surface from FIP-Fve make 

this chimera a novel moiety to explore its antigenicity. We hypothesize that the chimeric 

FIP-D4 (Fig 4.6) might facilitate the formation of a homodimer as seen in FIP-Fve 

presenting twice as multiple epitopes in a single molecule when compared to a monomer 

of domain IV and the hydrophobic core may also take part in improving the global stability 

of the protein. 
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Figure 4.4: Structural alignment of Domain IV of PA and FIP-Fve as shown by RCSB 
Protein data bank. PDB IDs 3INO (for domain IV) and 1OSY (for FIP-Fve) were overlaid 
to obtain structural similarity. https://www.rcsb.org/pdb/home/home.do 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: Structural overlay of domain IV (PDB ID: 3INO) (colored green) of PA and 
FIP-Fve (PDB ID: 1OSY) (colored magenta). Picture was generated using Pymol v1.3. 
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4.4 Design of FIP-D4 Chimera  
 
 
 

 
 
 
 
 
 

Figure 4.6: Design of FIP-D4 chimera. A) Schematic representation of FIP-D4 chimera 
attached to a GST tag for affinity purification. B) Virtual representation of FIP-D4 chimera 
retaining the immunogenic epitopes (colored red, orange and magenta) of domain IV and 
the dimeric interface of FIP-Fve. Picture was generated using Pymol v1.3. 

4.5 Materials and Methods 

4.5.1 CD and thermal denaturation 

Circular dichroism analysis on FIP-Fve was done using a Jasco J810 

spectropolarimeter. The concentrations of FIP-Fve for both far and near UV CD were 10 

µM each in 10 mM HEPES, pH 7.4 at 10°C, and spectra were recorded using a 0.05 cm 

cylindrical path length cell. Response time and scan speed were 2 s and 20 nm/min, 

respectively. FIP-Fve (10 µM) was used to monitor unfolding at 220 nm and 297 nm as a 

function of temperature. Spectra were recorded at temperatures between 10-70 oC at 

increments of 1 oC /min. Each data point represents the average of 3 accumulations at a 

scan speed of 20 nm/min and a response time of 2 s. 

 

A B 
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 4.5.2 Urea denaturation 

Performing urea denaturation experiments assessed stability of FIP-Fve towards a 

chemical denaturant. Samples of FIP-Fve to a final concentration of 1µM and 200 µL with 

20 mM HEPES at pH 7.4. A respective volume of stock urea solution prepared in 20 mM 

HEPES 7.4 was added to the samples resulting in final urea concentrations ranging from 

0M to 8M. Samples were incubated at room temperature overnight and were analyzed next 

day using a Cary-Eclipse fluorimeter equipped with a Peltier cooling system. Data were 

collected with an excitation at 295 nm and the peak intensity at emission max was plotted 

as a function of corrected urea concentration (determined by refractive index method). 

Data were fit to non-linear least squares equation assuming a two state transition as 

described [183]. 

4.5.3 Spliced overlap extension PCR  

Spliced overlap extension PCR was used to generate a chimeric molecule FIP-D4. 

The following primers designed from the sequences of Fip-Fve and PAD4 were used to 

perform two separate PCR reactions and thereby combining the products of the above two 

reactions yielded the desired chimeric molecule. 

Primer A; 5'-GGTACCCCAAGCAGCTATATTGTAGAAATTG-3' 

Primer B; 5'-CCCGCGGCCGCTCAGTCATTATCCTATCTCATAGCC-3' 

Primer C; 5'-CCCGGATCCCAAGAGCACAAGCCATCC-3' 

Primer D; 5'-CAATTTCTACAATATAGCTGCTTGGGGTACC-3' 

Stock DNA concentrations; PAD4= 103 ng/µL, FIP-Fve= 193 ng/µL 

Stock Primer concentrations; 100 ng/µL 
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DNA Polymerase used; Prime star HS DNA polymerase was used for all the PCR 

reactions. The 5X reaction buffer and the dNTPs provided in the kit were also used. 

Individual PCRs 

Table 1 

 PAD4 FIP-Fve 
5X reaction buffer (µL) 10.0 10.0 

dNTPs (µL) 5.0 5.0 
Template (µL) 2.0 1.0 
Primer A (µL) 5.0 --- 
Primer B (µL) 5.0 --- 
Primer C (µL) --- 5.0 
Primer D (µL) --- 5.0 

Water (µL) 23.0 24.0 
Final volume (µL) 50.0 50.0 

*Polymerase; 1.0 µL of polymerase was added to each reaction and was under the 
following conditions: 

Table 2 

1. T=95 °C; 2 min 
2. T=94 °C; 1 min 
3. T=48 °C; 2 min 
4. T=68 °C; 2 min 

Go to step 2 and repeat 35 cycles 
5.   T= 68 °C; 10 min 

Hold at 4 °C 
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Overlap PCR 

Table 3 

5X reaction buffer  10.0 µL 
dNTPs  5.0 µL 

Template FIP-Fve  2.0 µL 
Template PAD4 1.0 µL 

Primer A  5.0 µL 
Primer D  5.0 µL 

Water  27.0 µL 
Final volume  50.0 µL 

*Polymerase; 1.0 µL of polymerase was added to the reaction. 

PCR was run using the same conditions and the obtained product was purified on an 

agarose gel and sequences were verified at PNACL (Protein nucleic acid laboratory) in St. 

Louis MO. 

4.6 Results 

4.6.1 CD and thermal denaturation 

Structural characterization of FIP-Fve was done using circular dichroism analysis 

of the protein. Far UV CD spectra (Fig 4.7A) of FIP-Fve showed a single peak minimum 

at ~218 nm and a single peak maximum at ~195 nm indicating the presence of β-sheet 

secondary structure in the protein. The near UV spectra (Fig 4.7B) consist of multiple 

peaks between 260 nm to 300 nm. However the dominant peak at ~267 nm is an indicative 

of the presence of several aromatic amino acid residues in the proteins. 

Thermal denaturation of FIP-Fve (Fig 4.7 C) monitoring molar ellipticity at two 

different wavelengths (220 nm and 297 nm) yielded a single transition in both cases with a 

mid point at ~65 oC (220 nm) and ~57 oC (297 nm) respectively. The difference in the 
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transition mid points at two wavelengths indicates a change in the aromatic environment 

preceding the denaturation of the protein backbone. However, the temperature that is 

required to denature FIP-Fve was significantly higher than domain IV (~37 oC) which 

might be attributed to the stabilizing hydrophobic core at the dimeric interface.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: Structural characterization and thermal denaturation of FIP-Fve. A) FIP-Fve 
(10µM) was recorded between 260 nm and 190 nm at 10 oC. B) A near UV CD of FIP-Fve 
(10uM) was recorded between 350-240 nm at 10 oC. C) Thermal denaturation of FIP-Fve. 
Molar ellipticity at 220 nm (—) and 297 nm (—) were monitored as a function of 
temperature from 10-70 oC at an increment of 1 oC/min. Data were obtained using a 0.5 
mm thermostatted cylindrical cell in 10 mM HEPES at pH 7.4 for 3 accumulations at a 
scan speed of 20 nm/min and a response time of 2 s. 

A 

C 

B 
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4.6.2 Stability of FIP- Fve to urea 

Urea denaturation experiments on FIP-Fve were carried out using a Cary-Eclipse 

fluorimeter equipped with a Peltier cooling system. The samples were excited at 295 nm 

with the peak intensity at the emission max plotted as a function of urea concentration 

(determined by the refractive index method). The data (Fig 4.8) showed a single transition 

with a transition mid point (Cm) at ~6M urea. This stability of FIP-Fve towards urea is 

significantly higher when compared to domain IV (~3.47) [183]. This stability observed 

towards urea co relates with the higher stability observed towards temperature. 

 

 

 

 

 

 

 
 
 
Figure 4.8: Stability of FIP-Fve towards a chemical denaturant. Urea denaturation of FIP-
Fve (l) by fluorescence (Ex. 295 nm). Data were recorded using 1 µM protein in 20 mM 
HEPES pH 7.4 with increasing concentrations of urea at 20°C. Wavelength at emission 
maximum was plotted as a function of denaturant concentration. Data were fit assuming a 
two-state Native à Unfolded folding model. 
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4.6.3 Chimeric DNA of FIP-D4 

Spliced overlap extension PCR generated an intense band observed at ~450 base 

pairs (Fig 4.9B) indicates the presence of a chimeric construct of FIP-D4 and is confirmed 

by DNA sequencing.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Generation of FIP-D4 Chimera. A) Individual PCR reactions amplifying genes 
of interest of FIP-Fve and D4 of PA. The comparison with standard indicating the presence 
of required amplified products. B) Spliced overlap extension PCR of the obtained products 
(FIP-Fve and D4) to generate a chimeric molecule. The intense band corresponding to 
~450 base pairs reveals the presence of the chimeric construct. 
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4.7 Conclusions 

Most of the monoclonal antibodies known to target domain IV recognize the well-

structured linear epitopes to elicit an antibody response [80, 81]. The existence of domain 

IV in its native form at physiological temperatures is necessary for being considered as an 

effective candidate for anthrax vaccine. Several fungal proteins are shown to exhibit 

immunomodulatory functions and also their capabilities to serve as adjuvants [155-158]. 

We exploited structural similarity between two proteins from different families to generate 

a chimeric molecule. Though several attempts were made in generating vaccines using 

structure based vaccine design to obtain better candidates than native proteins, this is the 

first of its kind on domain IV of PA. Here, we provide a novel approach using aspects of 

structure-based vaccine design to obtain a candidate that enhances the stability and 

immunogenicity at one attempt. Furthermore stability studies on the Chimera (FIP-D4) 

will likely reveal the role of engineering a hydrophobic surface on stability of the protein 

and the putative formation of a dimer serves the presence of the multivalent and repetitive 

epitopes for better presentation on antigen presenting cells. Future work should access the 

stability studies on the generated chimeric molecule and analyzing these results will also 

help us understand the benefits and pitfalls of merging proteins from two, very different 

selections.  
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CHAPTER 5 
 

ANALYSIS OF THE IMMUNOGENICITY OF ANTHRAX TOXIN PROTECTIVE 
ANTIGEN (PA) BOUND TO THE SOLUBLE VWA DOMAIN OF CMG2 

 
 

5.1 Abstract 

Protective antigen (PA) is a component of anthrax toxin that can elicit toxin-

neutralizing antibody responses.  PA is the major antigen in the vaccine to prevent anthrax.  

The relationship between antigen physical stability and its immunogenicity is poorly 

understood but there are theoretical reasons to believe that this parameter can affect 

immune responses. We investigated the ability of Balb/C mice to elicit an immune 

response to non-adjuvinated anthrax protective antigen, in the presence and absence of the 

von-Willebrand factor A domain of the receptor capillary morphogenesis protein 2 

(CMG2).  Prior studies have shown that CMG2 stabilizes the 83 kDa PA structure to pH, 

chemical denaturants, temperature and proteolysis, and slows the hydrogen exchange rate 

of residues far from the binding interface.  We find that mice immunized with PA + CMG2 

showed weaker antibody titers than PA alone, or PA plus a non-binding mutant of CMG2 

(D50A).  Our results suggest that addition of CMG2 to a vaccine formulation is likely to 

result in a decreased immune response, and we discuss the multitude of factors that could 

contribute to the reduced immunogenicity.  

5.2 Introduction 

One of the most well-studied immunogens is the Bacillus anthracis protective 

antigen (PA), a four-domain 83 kDa protein that is the cell-binding part of the anthrax 

toxin, and is the major component of the current anthrax vaccine (anthrax vaccine 
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adsorbed, AVA). Numerous studies have been carried out on the immune response to PA, 

either as part of AVA or as a recombinant expressed protein.  Linear B and T-cell epitopes 

have been identified in all four domains of PA (Fig 5.1), as well as conformational 

epitopes targeted by monoclonal antibodies[72, 79, 85, 86, 184-186].  Indeed, the current 

post-exposure prophylaxis that is licensed for use in humans is a monoclonal antibody 

(14B7) that targets domain 4, now called raxibacumab, that prevents binding of the host 

cell receptor to PA[187, 188].  

 

 

 

 

 

 

 

 
 
 
Figure 5.1: Antigenic epitopes of PA. Structure of PA bound to CMG2 showing various B 
cell (colored red) and Th cell epitopes (colored yellow) of PA. Most of the B-cell epitopes 
were found in domains 2 and 4 of PA with Th cell epitopes present all over the molecule. 
Residues colored magenta determine both B cell and Th cell response. Epitopes were 
colored according to the information from [85, 86]. Picture was generated using Pymol 
v1.3. 
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Previous experiments [121, 125] have shown that the stability of full-length 

protective antigen (PA) toward chemical denaturants, pH, temperature and proteolysis can 

be improved if von Willebrand factor A domain of the host receptor CMG2 (the host 

cellular receptor for PA) is bound.  In addition, several studies have shown that the 63 kDa 

form of PA is also more stable to pH when bound to CMG2[41, 57, 94].  PA and CMG2 

bind with high affinity (Kd ~300 pM) in a 1:1 stoichiometry, an affinity that is dependent 

on a metal-ion dependent adhesion site (MIDAS) within CMG2[40, 124].  The binding 

interface between PA and CMG2 is known [42], and is dependent on domain 4, which 

contains a critical aspartic acid (D683) for coordination to the magnesium ion at the 

interface, as well as interactions with domain 2.  The domain 2β3-2β4 loop binds in a 

groove on the surface of CMG2, and is critical for pH dependent interactions with 

CMG2[57, 94, 124].  

The relationship between antigen stability and its immunogenicity is poorly 

understood but there are theoretical reasons to assume that protein stability can influence 

its ability to elicit an immune response.  In this regard, protein antigens are processed by 

antigen presenting cells to present peptides that are then recognized by lymphocytes to 

elicit an adaptive immune response.  Antigen stability is also of practical importance in 

vaccine formulations.  Because CMG2 stabilizes PA, we consider that addition of CMG2 

to a vaccine formulation may improve the shelf-life and long-term storage of PA, ensuring 

a native conformation of the PA protein that is more stable without resorting to 

mutagenesis strategies[136].  Further, studies have shown that if PA is injected 

intravenously or intraperitoneally into mice that it is fairly rapidly cleaved to the PA63 

form by a serum protease [189, 190], and thus could limit the ability to provide a 
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protective immune response.  Therefore, we hypothesized that addition of CMG2 to a 

vaccine would not affect the immunogenicity of PA, and could potentially enhance 

immunogenicity by preventing premature proteolysis.  Herein, we have carried out an 

immunization study of PA, either alone or in the presence of a 1.5-fold excess of the von-

Willebrand factor A domain (VWA) of CMG2.  As a control, we have used the D50A 

mutant of CMG2, which does not bind to PA[145].  We evaluate the immunogenicity of 

isolated serum towards PA as well as CMG2, and we offer an interpretation of our results 

that takes into account previous work that has focused on understanding the relationship 

between protein stability and immunogenicity. 

5.3 Materials and methods 

5.3.1 Protein purification 

Full-length PA, WT and D50A CMG2 were produced and purified as described. 

The presence and purity of the proteins was estimated by SDS PAGE assay. Protein 

concentrations were estimated using UV/Visible spectroscopy using extinction coefficients 

80220 M-1 cm-1 and 13250 M-1 cm-1 for PA and CMG2 respectively. For vaccination 

purposes purified proteins were diafiltered into a buffer containing 34 mg/mL mannitol, 10 

mg/mL sucrose and 0.73 mg/mL sodium phosphate dibasic using a Sartorius Vivaspin 10K 

molecular weight cutoff filter.  

5.3.2 Vaccine sample preparation and Resuspension 

Three sets of samples containing PA (120 µM, 10 mg/ml), PA+WTCMG2 and 

PA+D50ACMG2 (120 µM PA and 180 µM CMG2) at a molar ratio of 1:1.5 of PA to 

CMG2 were complexed for two hours at room temperature in the above mentioned 
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sucrose-mannitol buffer with an addition of MgCl2 to a final concentration of 130 µM to 

each sample. The protein complexes (final volume-100 µL) were then gradually cooled to -

10 °C in an ice-salt bath and were quick frozen in liquid nitrogen. They were then 

lyophilized under high vacuum overnight by a (Labconco) lyophilizer.  

Proteins were first reconstituted in water (100 µL) from the lyophilized state 

immediately preceding vaccination and then subsequently diluted to a final volume of 500 

µL using PBS at pH 7.4 yielding a 2 mg/ml solution with respect to PA concentration. For 

a 100µg injection, 50 µL of this 2 mg/ml solution was used and for a10 µg injection, 50 µL 

of 0.2 mg/ml (1:10 dilution) solution was used. 

5.3.3 Native PAGE 

Native PAGE analysis was performed on the protein samples to check the integrity 

of the bound proteins preceding the immunization. One set of lyophilized proteins were 

reconstituted accordingly and then diluted to a final concentration of 1 µM (with respect to 

PA) in 20 mM Tris pH 8.0, 150 mM NaCl. Glycerol was added to a final concentration of 

5%. 20 µL of these samples were loaded on to a 4-20% gradient gels and were run at a 

constant voltage of 40V for 17 h at 4 °C. The gel was stained using a coomassie blue stain 

to visualize the protein bands. 

5.3.4 Animals used 

Six weeks old female Balb/c (Thirty-five in number) were used for the 

immunization studies at the animal facility of Bloomberg School of Public Health, Johns 

Hopkins where the housing of animals was taken care of following Ethics. At the end of 
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the experiments all the animals were euthanized as per the ethical protocol MO15H134 

form Bloomberg School of Public health, Johns Hopkins, Baltimore.  

5.3.5 Immunization protocol 

Six groups of five female mice each were separated, housed as per the vaccine 

condition and another control group of five mice was left unvaccinated. Each animal 

received a 50 µL injection for respective 100 µg (stock: 2 mg/ml) and 10 µg (0.2 mg/ml) 

free of adjuvant via sub cutaneous route at the back of the neck using isoflurane to 

alleviate pain. Animals received immunization every two weeks and were retro orbital bled 

using a heparin capillary every two weeks after injection alternating the position of bleed 

of right and left eye from the last intervention. Necessary amount of blood (limited only to 

check the antibody titers) was collected and stored at 4 °C to prevent thermal stress. 

Bleeding was performed prior to vaccination in case of the same day vaccination and 

bleed. Endpoint was determined two weeks after the last immunization and at the end 

animals were euthanized according to the ethical protocol 

Table 4 

Group Vaccine Dosage Week 0 Week 3 Week 5 Week 7 Week 9 Week 11 
1 PA alone 10µg B/V B B/V B B/V B 
2 PA alone 100µg B/V B B/V B B/V B 
3 PA+WTCMG2 10µg B/V B B/V B B/V B 
4 PA+WTCMG2 100µg B/V B B/V B B/V B 
5 PA+D50ACMG2 10µg B/V B B/V B B/V B 
6 PA+D50ACMG2 100µg B/V B B/V B B/V B 
7 Unimmunized PBS B/V B B/V B B/V B 

*B=Bleed for serum analysis by ELISA, V=Vaccination 
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5.3.6 ELISA  

Antibody titers produced as a result of immunization studies were quantified by 

performing ELISA on the serum obtained. The PA and CMG2 proteins that were sent 

(apart from complexes) were analyzed on SDS PAGE gels and were coated at a final 

concentration of 10 µg/mL (50 µL) on a 96 well plate for 1 h at 37 oC. 200 µL of 1% BSA 

was used as a blocking solution for a duration of 1 h at 37 °C. 50 µL of serum obtained 

from the retro orbital bleed of the immunized mice was used as a primary antibody and a 

mix of IgG, IgA, IgM and IgE (50 µL) associated with alkaline phosphatase enzyme 

constitute the secondary antibody. Primary and secondary antibodies were incubated with 

antigens coated on the well plate for 1 h at 37 °C. 50 µL of alkaline phosphatase specific 

substrate- pNPP (obtained from  Sigma ALDRICH) was added to the well plate containing 

enzyme linked secondary antibody and the fluorescence at 405 nm was measured. 

5.3.7 Ethics 

At the end of the experiment all the animals were euthanized according to the 

protocol number MO15H134 from Bloomberg School of Public Health, Johns Hopkins, 

Baltimore. 

5.4 Results 

5.4.1 Native PAGE 

Lyophilized samples were run on a native gel to confirm the quality and integrity of 

proteins in the bound state. A shift in gel migration was observed for the complex between 

PA+WTCMG2 indicating binding interaction of PA with WTCMG2 (Fig 5.2). Migration 

patterns for PA alone and PA+D50ACMG2 were different from PA+WTCMG2 complex, 
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thus proving the inability of D50ACMG2 in binding PA. The proteins remained to be 

stable for the given amount of time and were proceeded to immunization studies. 

 

 

 

 

 

 

Figure 5.2: Native page analysis of the lyophilized samples PA, PA+CMG2 and 
PA+D50ACMG2 preceding immunization. Samples resuspended in water and were run on 
a 4-20% gradient native gel at a concentration of 0.25 mg/mL maintaining a constant 
voltage of 40V for 16h at 4 oC.  

 

5.4.2 Immunization-Antibody titers 

We immunized Balb/C mice with purified preparations of PA, PA and 1.5 fold 

excess of CMG2 or PA and a 1.5 fold excess of a D50A mutant of CMG2[145].  We 

utilized lyophilized preparations of these proteins, in part to ensure that all proteins at the 

time of the start of the process of immunization were in a similar state, (proteins were 

shipped to the facilities at JHU to carry out immunization).  Enough was provided for the 

first two vaccinations occurring at the start and on week 5, and the last immunization on 

week 9 being done with protein rehydrated at week 5. Lyophilization/rehydration of the 

PA 
alone

PA+CMG2 PA+D50ACMG2
2

Concentration of proteins: 0.25 mg/ml 
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proteins did not affect the ability of PA to remain bound to CMG2, as assessed using a 

standard gel-shift assay (Fig 5.2).  All immunizations were done in the absence of 

adjuvant, to remove any potential concerns of the effect of adjuvant on interactions 

between PA and CMG2 (which may or may not enhance interactions. Sera from mice 

immunized with either 10 or 100 µg/ml preparations of PA were analyzed for antibodies 

towards PA using ELISA (Fig 5.3).  The data represent dilutions of sera obtained from 

animals at different time intervals during the immunization process.  In the first set, we 

note that there is a fairly robust immune response to PA (Fig 5.3A&B), which increases 

over time.  Similarly, for mice immunized with PA and the D50A mutant of CMG2 (Fig 

5.3C&D) we observe an immune response to PA, with a stronger immune response being 

observed at the higher concentration of PA than the lower.  However, if PA along with 

CMG2 (Fig 5.3E) was used for immunization, the immune response is much weaker at 10 

µg/ml than PA alone.  In addition, immunization with 100 µg/ml of PA + CMG2 (Fig 

5.3F) also results in a weaker immune response up until week nine, with week 11 

exhibiting an immune response that is similar to the 10 µg/mL of PA + D50A (compare 

data points at 72900 dilution for each).   
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Figure 5.3: Antibodies response against PA after immunization with the antigens. Immune 
response started to be observed after five weeks and titers were high for both doses, 10 
µg/uL or 100 µg/uL for the mice that were immunized by PA (A&B) or PA + D50 (C&D). 
However, mice that were injected with PA + CMG2 (E&F) showed a very low response 
only in the eleventh week with 10 µg/uL and after the seventh week with 100 µg/uL. 
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We also analyzed sera for an immune response to CMG2 itself (Fig 5.4A&B), and 

while there is no response at 10 µg/mL CMG2, we did notice an immune response to 

CMG2 at 100 µg/mL.  Thus, despite the similarity in sequence between human and mouse 

CMG2 being fairly high (84% identity), the differences in sequence likely contribute to the 

immune response. 

CMG2 binds primarily to domain 4, and although an immune response to isolated 

GST-domain 4 has been shown to protective in mice[80], other studies have shown that the 

immune response to domain 4 when full-length PA is used as an immunogen is actually 

fairly weak.  Indeed, in Balb/C mice like those used in this study, antibody titers were 

strongest to either full-length PA or to domain 1[86].  Domain 4 has been previously 

isolated, after thrombin cleavage of a GST-domain 4 fusion, and the crystal structure is 

virtually identical to that found in the context of the full-length protein[138].  We tested 

whether sera isolated from either the PA + D50A (10 µg/mL) (Fig 5.4 C) or PA + CMG2 

(100 µg/mL, Fig 5.4D) (which give comparable immune responses) were reactive against 

isolated domain 4.  Although we observe a small immune response in the PA + D50A sera, 

there is little to no immune response in the PA + CMG2 to domain 4. 
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Figure 5.4: Antibodies response against CMG2 after immunization with the antigens. 
There was no immune response after eleven weeks and three weeks with PA + CMG2 10 
(A) and 100 µg/ml (B), however in a higher dose of the immunogenic it was shown a titer 
elevation after the second immunization that correspond of seven weeks of experiment. 
Mice displayed a little to no antibody response against isolated D4 after immunization with 
the antigens PA+D50ACMG2 10 µg/mL (C) and PA+CMG2 100 µg/mL (D) respectively. 

 

5.5 Discussion 

Although our study would suggest that immunization with a PA + CMG2 complex 

would not provide adequate protection against an anthrax infection, it does provide an 

avenue for discussion of the potential reasons for the observed decreased levels of serum 

PA antibodies.  As mentioned in the introduction, one of the reasons for hypothesizing that 

CMG2 might be helpful in a vaccine formulation is the showing that PA is rapidly cleaved 

to a 20 and a 63 kDa fragment after intraperitoneal or intravenous injection of PA[189], or 
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to a 20 and an ~50 kDa fragment in human serum[190].  Incubation of PA with 

thermolysin has been shown to result in the formation of a 20 and an ~50 kDa 

fragment[121, 191], a cleavage that occurs between residues 315 and 316 of PA.  The C-

terminal portion of this cleavage is further processed upon prolonged incubation with 

thermolysin into smaller fragments, but not if CMG2 is bound[121], indicating that CMG2 

partially protects PA from degradation.  Given too that the rapid clearance of PA after 

intravenous or intraperitoneal injection is likely due to interactions with toxin receptors, 

addition of CMG2 should not only prevent premature degradation of PA but also extend 

the lifetime of PA within the bloodstream.  Another factor to include is that our studies 

relied on subcutaneous injection versus intraperitoneal or intravenous for administration of 

the vaccine (and may have contributed to our ability to observe PA titers in the absence of 

adjuvant), but in any case if PA + CMG2 complexes did lead to slowed degradation of PA, 

or prevented binding to receptor, these factors should have helped give rise to higher titers 

towards PA when bound to CMG2, which was not observed. 

There are numerous potential reasons for the decreased immunity to PA when 

bound to CMG2, which we will touch on as a matter for discussion and understanding.  

The immune response to protein-based vaccines or therapeutics has been shown to be a 

largely a two-part problem, one which is dependent on conformational determinants of the 

three-dimensional structure of the antigen (for binding to naiive B cells, for instance) and 

another which is dependent on the uptake of the antigen and its subsequent proteolytic 

degradation.  In the latter case, degradation is required for presentation of peptides from 

the antigen on MHC-II, which are then presented on the surface of antigen-presenting cells 

(B cells, macrophages or dendritic cells – APCs) and allow binding of helper T cells, 
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leading to the activation and differentiation/maturation of B and T-cells[192-195].  Thus, 

for eliciting an effective immune response, on the one hand a native three-dimensional 

structure to present effective conformational epitopes is needed for initiation, while on the 

other hand linear epitopes are required for activation and maintenance of immunity 

(generation of memory B cells and plasma cells). 

Improvements in conformational stability to enhance the presentation of B-cell 

responses have resulted in increased immunogenicity for the ricin vaccine[196, 197], 

RSV[136] or HIV-1[198, 199].  Immunogenicity in these cases is very likely tied to the 

flexibility of certain regions of the protein, with reduction in flexibility inducing not only 

greater stability but also stronger antibody binding[199].  Does CMG2 binding to PA alter 

initial B-cell receptor binding?  Perhaps CMG2 is blocking a key epitope or epitopes that 

are required for initial B-cell receptor binding?   

Another possibility is that the PA + CMG2 complex is not efficiently phagocytosed 

by APCs, or is more weakly taken up by APCs compared to PA alone[200].  This would be 

consistent with our observation that higher concentrations of immunogen (100 µg/ml) give 

rise to a stronger immune response.   

Alternatively, it may that uptake is not limiting, but that the intracellular processing 

and presentation of the PA + CMG2 complex is significantly slowed.  Processing and 

presentation of epitopes through the class-II MHC pathway is known to depend on the 

structure of the antigen, not only for proteolytic processing by cathepsins but for the initial 

recognition of the antigen by MHC-II[201-203].  Using a unique in-vitro system that 

mimics the antigen presentation pathway, studies have shown that it is only after the 

antigen has bound to MHC-II that the antigen is recognized by endolysosomal proteases 
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and processed[202-204].  Indeed, immunodominance is a direct consequence of the affinity 

of the linear epitope for MHC-II – addition of linker sequences or sequences needed for 

purification (poly-His, for instance) can lead to loss of a dominant epitope[205].  The 

finding that dominant epitopes bind to MHC-II first and then are proteolytically degraded 

is also consistent with studies by Vidard and coworkers, who showed using protease 

inhibitors that epitopes can be selected based on inhibition of endolysosomal proteases.  

Inhibition prevents premature degradation of epitopes that might not otherwise bind to 

MHC-II[206, 207]. Our studies of course cannot discount that binding of CMG2 prevents 

MHC-II recognition, and it may be that in order for processing and presentation to occur 

when CMG2 is bound PA necessitates binding to MHC-II through a weaker epitope.  

Alternatively, it may be that antigen binding is not limiting, but the processing of the 

antigen by cathepsins is the limiting issue.  

Several studies have been carried out over the years on numerous different 

antigens, with the question being largely: “what effect does the thermodynamic and 

proteolytic stability of the protein antigen have on the elicitation of an effective immune 

response?”   For instance, studies by Delamarre and coworkers showed using differential 

variants of RNase A or horseradish peroxidase that the uptake and presentation of peptides 

as MHC-II complexes in dendritic cells correlated with protein stability (as measured by 

susceptibility to proteolysis) – the more stable variants gave rise to higher amounts of 

peptide-loaded MHC-II [208, 209].  Proteolytic susceptibility in general correlates with a 

proteins thermal stability, and thus serves as an excellent method to analyze protein 

structure [210].  However, if the protein is too stable [211-213], this can lead to incomplete 

processing, inadequate MHC-II presentation and a weakened ability to activate T cells.  
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Further (and more recently reviewed - see[214]), the birch pollen allergen (BPA) 

immunogenicity was investigated as a function of its stability using a variety of 

biochemical and biophysical methods (including proteolysis)[215].  Interestingly, while 

several BPA mutational variants showed increased thermal stability, these did not correlate 

with serum IgG titers.  When pH stability is taken into account, variants that showed 

moderate to lower stability at acidic pH (yet high thermal stability) gave rise to higher IgG 

titers.  This suggests that if the protein is incapable of or perhaps too rapidly degraded at 

low pH (endolysosomal proteolysis is either not efficient or too efficient), the immune 

response will be weaker.   

We have shown using histidine hydrogen-deuterium exchange that addition of 

CMG2 increases stability to chemical denaturants and to the protease thermolysin[121], 

and is more stable to pH and temperature as determined by 19F-NMR[125].  We also found 

that binding of CMG2 affected exchange rates of histidine residues that were far from the 

interface, including His 86 located in domain 1.  Thus, another (and we think more likely) 

explanation for our results is that binding of CMG2 alters the rate of proteolytic 

degradation within endosomes.  This would again be consistent with our observation that 

higher concentrations of immunogen give rise to a stronger immune response – that the 

Km for enzymes involved in degradation of a PA + CMG2 complex would be higher than 

PA alone, requiring higher concentrations of substrate (PA + CMG2) to reach a 

comparative enzymatic velocity. In the latter case, the use of an in-vitro system to evaluate 

binding to MHC-II and susceptibility to proteolytic cleavage of protein antigens may help 

tease out some of these possibilities[201]. 
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