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Abstract 

Cryo-electron microscopy structure determination of the anthrax toxin protective antigen 
bound to its lethal and edema factors 

Nathan Hardenbrook, Doctor of Philosophy, 2020 

Dissertation directed by: Professor Bryan Krantz, Department of Microbial Pathogenesis 

 

Protein translocation is an essential function within all living cells. Translocons are 

dedicated protein translocation machinery, responsible for the unfolding and translocation 

of proteins. Due to the thermostability of most proteins in their native states, these 

translocons utilize various different forms of energy to drive the translocation of their 

substrates. This process is mediated by polypeptide clamps responsible for catalyzing the 

unfolding and translocation of the protein. 

Using lipid nanodiscs and cryo-electron microscopy (cryoEM), we have determined 

structures of heptameric anthrax lethal toxin and edema toxin channels to 4.6 and 3.2-Å 

resolution, respectively. Additionally, using cryoEM we have determined the first atomic 

structures of PA8 prechannel bound to full-length EF and LF to 3.3 and 3.7-Å resolution, 

respectively. 

In this pre-translocation state, the first α helix and β strand of LF and EF unfold and 

the α clamp, which resides at the interface of two PA subunits. The α clamp-helix 

interactions exhibit structural plasticity when comparing the structures of lethal and 

edema toxins, supporting previous work indicating that the α-clamp engages substrate α-

helices repeatedly during translocation. 



 

  

A PA loop in the binding interface is displaced between the prechannel and channel. 

This results in the loss of a salt bridge and leading to the weakening of the binding 

interface prior to translocation in the PA7EF structure. 

Lastly, EF undergoes a largescale conformational rearrangement when forming the 

complex with PA, compared the solution structure of EF bound to calmodulin. 

Recruitment to the PA prechannel exposes an originally buried β strand and enables 

domain organization of EF. Many interactions are formed on domain interfaces in both 

PA prechannel-bound EF and LF, leading to toxin compaction prior to translocation. 

This work has resulted in the first structures of PA bound by edema factor, as well as 

the first structures of PA bound to a full-length substrate. These structures have provided 

insight into important biophysical steps occurring in preparation for translocation They 

reveal structural plasticity within the binding α-clamp binding site, allowing the 

translocating substrate to be engaged multiple times. This provides a greater 

understanding of how anthrax toxin can invade the host cytosol. 
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Chapter 1 

Anthrax toxin and protein translocation 

1.1 A brief history of anthrax  

Anthrax is an infectious disease caused by the bacterium Bacillus anthracis. An 

ancient diseases, it has been recorded as a pestilence affecting humans and livestock 

throughout history, from the Bible through the Middle Ages (Sternbach, 2003). B. 

anthracis was the first bacterium used to conclusively demonstrate that bacteria can cause 

disease by Robert Koch (Blevins & Bronze, 2010). Studies had shown that rod-shaped 

structures were found in the blood of infected animals. Koch developed a series of 

experiments, showing that a mouse inoculated with the blood of an infected sheep died 

the following day. Inoculation of a second mouse with blood from the first provided the 

same result, showing that the rod-shaped structures were required for disease 

transmission. He hypothesized that these rods were in fact living bacteria. Through 

further experimentation, he was able to show that the bacteria formed spores that were 

resilient to harsh conditions and provided an explanation for how the soil could remain 

contaminated for years following an outbreak of anthrax. Publishing in 1876 (Koch, 

1876), he used his work with anthrax to develop what became known as the ‘Koch 

postulates’ (Blevins & Bronze, 2010). 

 Louis Pasteur is historically credited with creating the first artificially attenuated 

vaccines against cholera and anthrax, developing the vaccines for chickens and cattle, 

respectively, during the 1880s. More recently, William Smith Greenfield has been 

credited as being the first to show attenuation of anthrax strains (Turnbull, 1991).  
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1.2 Anthrax pathogenesis  

B. anthracis belongs to the Bacillus cereus group of bacteria, consisting of six 

Bacillus species (Moayeri, Leppla, Vrentas, Pomerantsev, & Liu, 2015). B. anthracis, 

unlike other species within this group, exhibits low genetic diversity. Two large plasmids 

encoding virulence factors set B. anthracis apart from the rest of the group. The first, 

pXO1, a 183 kb plasmid encoding the anthrax toxins PA, LF, and EF (Okinaka et al., 

1999). The second plasmid, pXO2, is a 96 kb plasmid that encodes the poly-γ-D-glutamic 

acid capsule (Makino, Uchida, Terakado, Sasakawa, & Yoshikawa, 1989). 

In the environment, B. anthracis exists in the form of spores. These spores can 

enter mammals through three different routes: cutaneous, inhalation, or gastrointestinal. 

Upon entering the host, the B. anthracis spores can germinate, producing vegetative 

bacteria in the host (Moayeri et al., 2015). While it was initially suggested that B. 

anthracis grew within host cells, it has now been conclusively demonstrated that the 

bacteria grows extracellularly (Corre et al., 2013). Once within the host, the bacteria can 

begin producing anthrax toxins and capsule required for virulence locally. This in turn 

allows the bacteria to disseminate throughout the host, multiplying in the blood stream 

and producing anthrax toxins to lethal levels (Moayeri et al., 2015).  

The anthrax toxins play an important roll both in early and late anthrax infection 

(Moayeri et al., 2015). Due to the importance of the pathways targeted by LF and EF, 

nearly every type of cell can be affected by the toxins. LF in particular causes the death 

of macrophages, and prevents their ability to phagocytose and kill B. anthracis 

effectively (Alileche, Serfass, Muehlbauer, Porcelli, & Brojatsch, 2005; Harrell, 

Andersen, & Wilson, 1995; Reig et al., 2008). By disabling the local innate immune 
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response during infection, B. anthracis is able to disseminate through the system, 

developing into systemic anthrax. Systemic anthrax involves the infection of the blood 

and lymph nodes, increasing the amount of toxins in circulation and leading to the lethal 

effects of the disease.  

 

1.3 Anthrax as a bioweapon 

Anthrax has a long history in biological warfare (Tasota, Henker, & Hoffman, 

2002). During World War I, the Germans were believed to have used anthrax to infect 

cattle of the allied nations (Tasota et al., 2002). Following World War I, during the 

1930’s Japan began to research the use of anthrax and other disease agents as weapons. 

This included using prisoners as test subjects (Riedel, 2004). It was later revealed that 

anthrax had been used as a biological weapon during World War II(Riedel, 2004). During 

the 1940’s, the USA and Great Britain experimented with anthrax bombs as potential 

retaliation against attacks from Germany. By the 1980’s, Ken Alibek claimed the Soviet 

Union maintained production facilities capable of creating five to six hundred kilograms 

of anthrax spores in a day (Alibek & Handelman, 1999). The world’s attention was drawn 

to their bioweapons production by an anthrax outbreak in Sverdlovsk (Meselson et al., 

1994; Riedel, 2004; Tasota et al., 2002). More recently, the 2001 anthrax attacks in the 

United States of America, a week the September 11 terrorist attacks, infected 22 people, 

resulting in 5 casualties from inhalation anthrax.  

 

1.4 Protein translocation 
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Protein translocation is an essential process in cells. During their lifetimes, nearly 

a half of all proteins get translocated across a membrane to perform their respective 

functions (Wickner & Schekman, 2005). This process often requires dedicated protein 

translocation machinery, translocase channels, to catalyze the unfolding and translocation 

of proteins (Wickner & Schekman, 2005). In their native state, proteins generally are 

thermodynamically stable. Therefore thetranslocation machinery requires energy, such as 

a proton gradient(Krantz, Finkelstein, & Collier, 2006), hydrolysis of ATP (Matouschek, 

2003), or membrane potential (Matouschek, 2003; S. Zhang, Udho, Wu, Collier, & 

Finkelstein, 2004) to drive their translocation. This process utilizes polypeptide clamps, 

or catalytic active sites that are responsible for promoting translocation of the protein. In 

many types of unfoldases (Martin, Baker, & Sauer, 2008), translocases (Goyal et al., 

2014), and secretion channels (Berg et al., 2004), these polypeptide clamps engage the 

polypeptide chain nonspecifically as it is unfolded and initiates translocation. However, 

despite its importance, the biophysical mechanisms involved in protein unfolding and 

translocation through translocase channels remain poorly understood.  

 

1.5 Toxins as models for translocation 

During pathogenesis, many different types of bacterial species produce binary 

A/B toxins that utilize protein translocation mechanisms to invade host cells (Figure 1.1). 

These toxins, such as the botulinum, tetanus, diphtheria, Clostridium difficile, and anthrax 

toxins (Chai et al., 2006; P. Chen et al., 2019; Falnes & Sandvig, 2000; Pirazzini et al., 

2016; Young & Collier, 2007), assemble as translocation machinery in complex with 

enzymatic factors. They form dedicated protein conducting channels upon endocytosis.  
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Figure 1.1 Protein translocation across a pH gradient. Substrate must initially bind to 
the translocase channel. Upon binding, acid-induced unfolding occurs, allowing the 
polypeptide to translocate through the narrow pore within the translocase channel into the 
host cytosol. Upon translocation, the substrate then refolds.  

 

These channels can then utilize the proton gradient found between the endosome and the 

cytosol to translocate bound enzymatic factors into the host cell cytosol to exert its 

function (Young & Collier, 2007). Binary toxins make up a large class of widely studied 

protein translocation machinery. However, for many of these toxins, there is little 

high-resolution structural information available to aid in the study of translocation 

(Figure 1.2). 

 

1.6 Anthrax toxin as a translocase model system 

Anthrax toxin (Young & Collier, 2007) is well suited for the study of protein 

translocation. This toxin functions as a binary A2B toxin, with enzymatic A factors. i.e. 

lethal factor (LF, 91 kDa) and edema factor (EF, 89 kDa), and a cell binding B factor, i.e. 

protective antigen (PA, 83 kDa)(Figure 1.3). Anthrax toxin is particularly well suited for 

the study of protein translocation, as the PA and enzymatic factors can be expressed  
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Figure 1.2 Available structures of A/B binary toxins. Currently available structures of 
the binary toxins: (a) botulinum toxin (PDB 2NP0) (Chai et al., 2006); (b) tetanus toxin 
(PDB 5N0C) (Masuyer, Conrad, & Stenmark, 2017); (c) diphtheria toxin (PDB 1XDT) 
(Louie, Yang, Bowman, & Choe, 1997); and (d) C. diff. toxin (PDB 6OQ5) (P. Chen et 
al., 2019). Currently, there are no high-resolution structures available of these toxins in 
their pore conformation, and translocation in these systems remain poorly characterized. 

 

recombinantly in Escherichia coli and studied independently. Purified PA can be 

reconstituted into planar lipid bilayers and studied at the ensemble (Basilio, Jennings-

Antipov, Jakes, & Finkelstein, 2011; Basilio, Juris, Collier, & Finkelstein, 2009; Basilio, 

Kienker, Briggs, & Finkelstein, 2011; Brown, Thoren, & Krantz, 2011; Feld et al., 2010; 

Fischer, Holden, Pentelute, & Collier, 2011; Janowiak, Fischer, & Collier, 2010; Krantz 

et al., 2006, 2005; Pentelute, Barker, Janowiak, Kent, & Collier, 2010; Pentelute, Sharma, 

& Collier, 2011; K L Thoren, Worden, Yassif, & Krantz, 2009; S. Zhang et al., 2004) and 
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single channel level (Basilio, Kienker, et al., 2011; Blaustein, Lea, & Finkelstein, 1990; 

Brown et al., 2011; Kintzer et al., 2009; K L Thoren et al., 2009). 

PA is initially expressed as an 83 kDa protein, made of up four domains (D1-D4, 

Figure 1.3; (Petosa, Collier, Klimpel, Leppla, & Liddington, 1997). PA undergoes furin 

cleavage of the amino terminal 20 kDa from domain 1 (Figure 1.3). The truncated PA can  

Figure 1.3 Protein components of anthrax toxin. PA83 (left) consists of four domains. 
PA83 undergoes proteolytic cleavage of domain 1, allowing oligomerization into PA7 
(middle) or PA8. EF or LF (right) can then bind the PA oligomer, forming PA7EF3 or 
PA8EF4, and PA7LF3 or PA8LF4 prechannel complexes. LF consists of a PA-binding 
domain (PABD) LFN (right, red) and three catalytic domains (right, orange). EF consists 
of a PABD EFN (right, blue), two adenylate cyclase domains (ACD) (right, light blue), 
and a helical domain (HD) (right, purple). 
 

then form a ring-shaped oligomeric prechannel (Figure 1.4). For many years, studies have 

shown that the PA primarily forms a heptameric oligomer, PA7. Further work in the has 
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shown that PA assembly is actually more complex. When assembled in the presence of 

its substrates and at the cell surface, the assembly is more heterogeneous, forming a 

mixture of PA7 and PA8 (Kintzer et al., 2009).  

The prechannel PA can then bind to the LF or EF, forming lethal toxin (LT) or 

edema toxin (ET). The toxin is then taken into the cell via receptor mediated endocytosis. 

Within the endosomal compartment, the acidic environment induces a conformational 

change in the PA, resulting in the formation of a β-barrel that can insert itself into the 

endosomal membrane (Figure 1.4). This creates a protein gradient between the endosome  

Figure 1.4 Assembly of anthrax toxin and translocation of substrate. PA (green) 
undergoes proteolytic cleavage, allowing oligomerization into PA7 or PA8. EF (blue) can 
then bind the PA oligomer, forming prechannel complex. The prechannel complex can 
then bind to anthrax toxin receptors (pink) and is endocytosed into the cell. In the 
endosome, PA to undergo a conformational change to form a β-barrel that can insert into 
the endosomal membrane. The gradient formed between the endosome and the cytosol 
drives unfolding and translocation of substrate through the PA channel.   

 

and the cytosol to drive the translocation (Krantz et al., 2006). The enzymatic factors 

bound to PA, transiently destabilized by the acidic environment within the endosome, 

then translocate through the channel into the host cytosol (Krantz, Trivedi, Cunningham, 

Christensen, & Collier, 2004). In recent years, structures of the anthrax toxin PA in its 
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prechannel conformation bound to LFN (Feld et al., 2010) and of the PA in its channel 

conformation (Jiang, Pentelute, Collier, & Zhou, 2015) have been determined. These have 

provided high-resolution structural information of the PA prechannel and channel that 

facilitated the determination of important mechanisms responsible for catalyzing 

translocation of bound substrate protein.  

 
  
1.7 The Protective Antigen channel 

The structure of PA7 in its channel conformation has been determined to 2.9-Å 

resolution (Jiang et al., 2015). The channel takes on a flower on a stem structure, with the 

top approximately 160-Å in diameter. The stem is approximately 105-Å in length and 27-

Å in diameter and is made up of a 14 strand ß-barrel. The internal diameter of this β-

barrel, between 12-18-Å, can accommodate the secondary structural elements of a protein 

(a-helices and β-sheets), but not the tertiary structure, requiring the protein to unfold 

prior to translocation (Jiang et al., 2015; Katayama et al., 2010; Pannifer et al., 2001). In 

PA, translocation is catalyzed by three polypeptide clamps. Three polypeptide clamps 

that catalyze translocation have been identified in PA: the α clamp (Feld et al., 2010), the 

f clamp (Krantz et al., 2005), and the anionic charge clamp (Wynia-Smith, Brown, 

Chirichella, Kemalyan, & Krantz, 2012).  

Oligomerization of PA 

 PA has been shown to oligomerize into either a heptamer or an octamer (Kintzer 

et al., 2009). For many years, it was thought to oligomerize into a heptameric oligomer. 

However, using electrophysiology and crystallography, it was shown that PA actually can 

oligomerize into a second octameric form (Kintzer et al., 2009). The octamer has been 
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shown to be more thermodynamically stable, forming channels at a lower pH then the 

heptameric form. In plasma the heptameric form is unstable. This indicates that during 

infection, octameric PA may be a more physiologically stable assembly that is able to 

withstand the environment of the bloodstream, as compared to the heptameric form. 

Additionally, PA8 enjoys a capacity to bind an extra LF or EF (Kintzer et al., 2009). 

 

a clamp binding site 

A cleft formed between two PA subunits in the PA oligomer makes up the α 

clamp. This α clamp has been shown structurally to bind the amino-terminal α-helix of 

LF (Figure 1.5a) (Feld et al., 2010). Binding of the LF substrate to the α clamp has shown  

 

Figure 1.5 PA8-(LFN)4 α clamp binding. (a) Unbound LFN α1 and β1 of LF (yellow, 
PDB 1J7N) unfold from their native state and bind within the α clamp (orange, PDB 
3KWV); (b) LF is stabilized in its partially unfolded state by reforming hydrogen bonds 
(magenta) with the PAN prechannel.  

 

that the α1 and β1 of LF unfold from their unbound state and the hydrogen bonds lost on 

unfolding are reformed with the PA residues at the active site (Feld et al., 2010) (Figure 

1.5b). The location of the α clamp allows it to direct the LF helix towards the center of 

a b 
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the channel. The α clamp is capable of binding a wide variety of a helices nonspecifically 

(Das & Krantz, 2016; Feld et al., 2010). The interactions within the α clamp are 

dominated primarily by backbone interactions of LF β1 with PA L203 (Figure 1.5b), 

while the other amino acid residue side chains bound within the clamp play little 

part (Feld et al., 2010). The α clamp derives its binding specificity from shape 

complementarity with α-helices, rather than by side chain specific interactions based on 

hydrophobic or charged interactions. 

f clamp site 

Phenylalanine 427 was identified within the channel forming domain of PA as being 

necessary for translocation (Krantz et al., 2005). Noteworthy for being the only 

hydrophobic residue within the otherwise hydrophilic loop within the PA, this 

phenylalanine residues is also conserved in homologous toxins including CtB from C. 

difficile (accession number AAF81761), protective antigen from Bacillus cereus 

(ZP_00236306), C2 toxin from Clostridium botulinum (BAA32537), Iota toxin 

component Ib from Clostridium perfringens (CAA51960), Sb component from 

Clostridium spiroforme (CAA66612), Isp1a and Isp1b (CAI40767 and CAI43278,  

respectively) from Brevibacillus laterosporus, and Vip1Ac (AAO86514) from Bacillus 

thuringiensis (Krantz et al., 2005) (Figure 1.6). The f clamp follows the mouth of the 

channel. Consisting of seven hydrophobic phenylalanine residues, (one contributed from 

each PA subunit within the channel) the f clamp restricts the channel diameter to 6-Å 

(Jiang et al., 2015) (Figure 1.7). Τhe ϕ clamp forms a bottleneck in the PA channel and 

recognizes substrate through hydrophobic interactions. This f clamp should form a steric 

and hydrophobic barrier to the charged or bulky residues within the translocating  
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Figure 1.6 Alignment of PA from Bacillus anthracis with homologous toxins. This 
alignment shows the conserved phenylalanine residue. Numbered according to B. 
anthracis PA.  
 

 

Figure 1.7 The phenylalanine clamp forms a constricted hydrophobic bottleneck. 
One F427 (red) from each PA monomer in the channel forms the 6-Å constricted 
bottleneck.  
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polypeptide. However, channels with mutations in the f clamp providing a wider and 

more hydrophilic channel saw 1000-fold loss in translocation efficiency of LFN (Krantz et 

al., 2005). In these mutants, secondary structure of the translocating substrate must 

completely unfold to pass this point, initially appearing to support a hypothesis that the 

polypeptide translocated in an extended chain. In protein folding kinetics, hydrophobic 

interactions generally show a large amount of cooperativity (Dill, Fiebig, & Hue Sun 

Chan, 1993). More recent studies have shown that introducing even a single charged 

residue to the f clamp of the channel inactivates translocation (Janowiak et al., 2010). 

This suggests that the translocation through PA may fit a chaperone model, in which the 

PA f clamp directly interacts with the translocating polypeptide through hydrophobic 

interactions (Krantz et al., 2005). After the determination of the PA8LFN4 prechannel 

revealed the α clamp (Feld, Brown, & Krantz, 2012), the hypothesis that LF and EF may 

form and melt α-helices within the translocon was put forth. The PA f clamp has been 

shown to be under allosteric control through binding at the α clamp (Das & Krantz, 

2016). PA takes on two conformations: a constricted clamped state and an unclamped 

dilated state (Das & Krantz, 2016; Ghosal et al., 2017). After passing the f clamp, the 

diameter opens to between 12-18-Å, allowing for the formation of a-helices. 

Anionic Charge Clamp 

Directly following the f clamp, a charged surface was discovered within PA 

channel (Figure 1.8a) (Wynia-Smith et al., 2012). This anionic charge clamp consists of 

three residues, D276, E335, and E343 in PA (Figure 1.8b). These residues form an anion-

repulsive filter. Once the polypeptide chain becomes partially protonated in the lower 

endosomal pH, it can move past this anion repulsive filter through the channel  
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Figure 1.8 An anionic charge clamp immediately follows the phenylalanine clamp. 
The anionic charge clamp provides a negatively charged filter, preventing 
retrotranslocation of the deprotonated polypeptide after reaching the host cytosol. 
 

(Feld et al., 2012; Wynia-Smith et al., 2012). Once past the filter and exposed to the 

higher cytosolic pH of the cell, the polypeptide becomes deprotonated. This 

deprotonation could potentially occur within the channel, due to the acidic nature of the 

anionic charge residues. This allows the filter to function as a ratchet, preventing the 

retrotranslocation of the polypeptide chain back through the channel.  

 

1.8 Lethal factor 

Anthrax lethal factor (LF) is a 776-amino acid protein consisting of four protein 

domains; domain 1is the PA-binding domain (PABD) LFN, domain 2 is a VIP2-like 

domain, domain 3 is a helical bundle, and domain 4 is the catalytic center domain (CCD) 

(Pannifer et al., 2001). LF has been shown to be a protease which targets the mitogen 

a b 
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activated protein kinase (MAPK) pathway, specifically by cleaving MAPK kinases 

(Duesbery et al., 1998; G. Vitale, Bernardi, Napolitani, Mock, & Montecucco, 2000; 

Gaetano Vitale et al., 1998). Through its targeting of the MAPK pathway early in 

infection, immune cells are rendered nonresponsive to immune stimulation (Agrawal et 

al., 2003; Kim et al., 2003).  

 

1.9 Edema factor 

Edema factor (EF) is also a four-domain protein, made up of a PABD EFN, two 

adenylate cyclase domains (ACD), and a helical domain (HD). The adenylate cyclase 

domains come together to create an interface that forms the active site of EF. EF is 

activated by calcium-calmodulin (CaM) (Guo, Shen, Zhukovskaya, Florián, & Tang, 

2004; Moayeri et al., 2015; Shen et al., 2002; Shen, Zhukovskaya, Guo, Florián, & Tang, 

2005; Ulmer et al., 2003). As an adenylate cyclase, EF has a catalytic rate of ~2000 

molecules per second, resulting in high levels of cyclic adenosine monophosphate 

(cAMP) that activates protein kinase A (PKA) signaling pathways (Moayeri et al., 2015; 

Tang & Guo, 2009). 

 

1.10 Cryo electron microscopy for the study of membrane proteins  

Determining the structures of membrane proteins has historically been a difficult 

process. To this day, crystallization of membrane proteins remains a major obstacle in 

structure determination (Carpenter, Beis, Cameron, & Iwata, 2008; Loll, 2003). Single 

particle cryo electron microscopy (cryoEM) avoids the problem of crystallization by 

averaging images of thousands of molecules in random orientations, avoiding the need 
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for protein crystals(Cheng, Grigorieff, Penczek, & Walz, 2015). In addition, it doesn’t 

require samples to be completely homogenous, unlike crystallography, facilitating its use 

in studying large integral membrane proteins such as the ryanodine receptor 

(Radermacher et al., 1994). However, for a long time the resolution of these complexes 

remained very low, appearing as little more than blobs. Because of this, scientists have 

been putting effort into increasing cryoEM resolution for many years.  

Most drastically, the advent of direct electron detector cameras has resulted in a 

dramatic increase in the attainable resolutions from cryoEM, resulting in what has been 

termed the ‘resolution revolution’ (Kuhlbrandt, 2014; McMullan, Faruqi, & Henderson, 

2016). Paired with advancements in beamline image motion correction (Bai, Fernandez, 

McMullan, & Scheres, 2013; Brilot et al., 2012; Li et al., 2013; Rubinstein & Brubaker, 

2015) and new algorithms for data processing (Punjani, Rubinstein, Fleet, & Brubaker, 

2017; Scheres, 2012b), these advances have changed the field of structural biology and 

pushed cryoEM to the forefront of structure determination (Kuhlbrandt, 2014). For 

membrane proteins in particular, these changes have resulted in a rapid increase in the 

number of high-resolution structures that have become available in recent years. 

Beginning with the first atomic structure determined by cryoEM in 2013 (Cao, 

Liao, Cheng, & Julius, 2013; Liao, Cao, Julius, & Cheng, 2013), the number of 

membrane protein structures which have been determined by cryoEM has increased each 

year, from less than 5% of total structures in 2014 to over 35% by 2018 (Cheng, 2018). 

This has resulted in the determination of many major families of membrane proteins, 

from pentameric ion channels (Du, Lü, Wu, Cheng, & Gouaux, 2015), ABC transporters 

(Zhe Zhang & Chen, 2016), and potassium channels (Wang & MacKinnon, 2017). This 
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process has been aided by lipid nanodiscs in some cases, such as when aggregation of the 

protein is an issue (Akkaladevi et al., 2013; Autzen et al., 2018; Gogol et al., 2013; 

Katayama et al., 2010).  

 

1.11 Conclusions  

 Many questions remain with regards to the translocation of substrates through the 

PA pore. How do the catalytic domains of the substrate proteins interact with the pore? 

Are there binding sites beyond the a clamp that stabilize partially unfolded substrate? 

What changes, if any, occur within the pore structure when bound to substrate? How do 

the bound substrates influence each other once bound? A lack of structural information 

on the PA bound to substrate has made it difficult to address these questions.  

In Chapter 2, I will present the cryoEM structures of the PA channel bound by EF 

and LF determined in collaboration with my colleagues Kang Zhou and Shiheng Liu in 

the Zhou Lab at UCLA. These structures provide a novel conformation of EF upon 

binding to the PA channel, reorganizing its domains into a previously unseen 

conformation compared to CaM-bound EF. It also shows the α1 and β1 of EF bound to 

the α clamp in the channel in a novel orientation, distinct from the LFN-bound structure in 

the prechannel. This has provided us with structural evidence of binding plasticity within 

the α clamp site, supporting the evidence that the α clamp engages different α-helices 

nonspecifically and repeatedly during translocation. In addition, the C-terminal binding 

site for the PABD of EF appears to have no salt bridges with PA, as compared to LFN 

bound to the PA prechannel. 
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However, these structures did not tell us at what point the EF domain 

reorganization occurs, whether upon binding to the PA prechannel or after PA conversion 

to the channel state. In addition, due to the lack of any density for the LF catalytic 

domain in our channel structures, interactions occurring between LF subunits were 

unclear. To that end, my colleagues and I set out to determine the structures of the 

prechannel bound to EF and LF. In Chapter 3, I will present two structures of the PA8 

prechannel bound by four EFs and LF, respectively. These structures provide further 

insight into the binding mechanisms of EF and LF.  

 In Chapter 4, I will discuss the different conclusions gained from these studies on 

anthrax toxin and on protein translocation. These structures appear to provide structural 

evidence supporting previous work on the translocation mechanisms found in PA. In 

addition, these novel structures provide more information on the mechanisms utilized by 

anthrax toxin during infection, allowing them to be targeted in future drug development.  
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Chapter 2 

Atomic structures of anthrax toxin protective antigen channels bound to 

partially unfolded lethal and edema factors 

2.1 Abstract 

The protein translocase, anthrax toxin, is comprised of three proteins: protective 

antigen (PA), a translocon, and lethal factor (LF) and edema factor (EF), two cytotoxic 

enzymes. Lethal toxin (PA plus LF) and edema toxin (PA plus EF) are two possible toxic 

complexes that may be produced. Following their assembly, PA forms an oligomeric 

translocon that unfolds LF and EF and translocates them into the host cell. Here, we 

report the cryo electron microscopy (cryoEM) structures of anthrax lethal toxin and 

edema toxin to 4.6 and 3.2-Å resolution, respectively; the structures each contain a 

heptameric PA channel in complex with one or two molecules of LF or EF. The first α 

helix and β strand of LF and EF unfold and dock into a deep amphipathic cleft, called the 

α clamp, which resides at the interface of two PA monomers. The α-clamp-helix 

interactions exhibit structural plasticity when comparing the structures of lethal and 

edema toxins. EF undergoes a large-scale conformational rearrangement when forming 

the complex with the channel. To accommodate this, a loop in PA in the binding interface 

is displaced about 4 Å, leading to the weakening of the binding interface prior to 

translocation. These structures provide key insights into the molecular mechanisms of 

translocation-coupled protein unfolding and translocation.  

 

2.2 Introduction 
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In the course of their lifetimes, approximately one half of all proteins are 

translocated across a membrane, allowing them to perform their functions (Wickner & 

Schekman, 2005). To facilitate this translocation, dedicated protein translocation 

machinery, generally referred to as translocons, are used to catalyze the unfolding and 

translocation of proteins (Wickner & Schekman, 2005) across cell membranes. However, 

in their native states, most proteins are thermodynamically stable. Translocons therefore 

utilize various forms of energy to drive translocation of bound substrates. Examples of 

such energy are proton gradients (Krantz et al., 2006), ATP hydrolysis (Matouschek, 

2003), and membrane potentials (Matouschek, 2003; S. Zhang et al., 2004). In many 

systems, polypeptide clamps are responsible for promoting translocation of these 

proteins. These clamps are found in many systems, from unfoldases (Martin et al., 2008) 

to translocases (Goyal et al., 2014) and secretion channels (Berg et al., 2004). They have 

been shown to engage the polypeptide chain nonspecifically as it is unfolded and 

translocated. However, there is a lack of high-resolution structural information of 

translocons engaged in translocation of an unfolded protein substrate. This leaves the 

biophysical mechanisms involved in protein unfolding and translocation through 

translocons poorly understood.  

Anthrax toxin (Young & Collier, 2007) is well suited for the study of protein 

translocation. The toxin functions as a binary A2B toxin, with enzymatic A factors, lethal 

factor (LF, 91 kDa) and edema factor (EF, 89 kDa), and a cell-binding B factor, 

protective antigen (PA, 83 kDa). The PA undergoes furin cleavage to form a ring-shaped 

homooligomeric prechannel, either a heptamer or an octamer (Kintzer et al., 2009). The 

prechannel PA can then bind to LF or EF, forming lethal toxin (LT) or edema toxin (ET), 
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respectively. The toxin is then endocytosed into an acidic compartment inside the cell. 

Within the endosomal compartment, the acidic environment induces a conformational 

change in the PA, resulting in the formation of a β-barrel channel that can insert itself 

into the endosomal membrane (Jiang et al., 2015). A proton gradient forms between the 

endosome and the cytosol to drive the translocation process (Krantz et al., 2006). The 

enzymatic factors, LF and EF, bound to the PA channel are destabilized by the acidic 

environment within the endosome and then unfold and translocate through the channel 

(Krantz et al., 2004).  

 Atomic structures of the anthrax toxin PA prechannel and channel have been 

determined by X-ray crystallography (Feld et al., 2010; Kintzer et al., 2009; Lacy, 

Wigelsworth, Melnyk, Harrison, & Collier, 2004) and cryoEM (Jiang et al., 2015), 

respectively, revealing structural features supporting protein unfolding and translocation. 

The overall structure of the PA channel has a mushroom-shaped architecture, similar to 

bacterial α-hemolysin (Song et al., 1996). The PA channel contains three polypeptide 

clamp sites (Katie L. Thoren & Krantz, 2011): the α clamp (Feld et al., 2010), the ϕ 

clamp (Krantz et al., 2005), and the charge clamp (Wynia-Smith et al., 2012). The α 

clamps, found on the topmost surface of PA, are clefts formed between two PA subunits 

that binds to α helices nonspecifically (Feld et al., 2010). Through the α clamps and other 

more specific binding sites, the PA heptamers or octamers can bind three or four LF 

and/or EF, respectively. Directly below the α clamp within the center of the channel is the 

ϕ clamp. The 2.9-Å resolution cryoEM structure of the PA pore reveals that the ϕ clamp 

forms a constricted 6-Å bottleneck of Phe427 residues (Jiang et al., 2015). The α clamp 

and ϕ clamp appeared to behave in an allosteric manner such that the peptide binding at 
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the α-clamp site is required for allosteric gating of the ϕ clamp to the clamped state (Das 

& Krantz, 2016). Below the ϕ clamp is a charge clamp formed by the transmembrane β-

barrel (Wynia-Smith et al., 2012). As the partially protonated polypeptide chain moves 

from the lower pH in the endosome towards the higher pH within the cytosol, it passes 

the negatively charged acidic residues of the clamp. Here, the chain becomes 

deprotonated, and thereafter cannot retro-translocate back through the channel. The inner 

diameter of the channel spans a range of diameters as low as 20 Å, wide enough to 

accommodate α helix in the translocating peptide, but not large enough to fit folded 

domains of the enzymatic factors.  

Up until this point, there has been a lack of structural information available on PA 

channels bound to substrate. This has made it difficult to address questions concerning 

the interactions between substrate proteins and the channel during translocation. Does the 

channel structure change upon binding to substrate? Do the catalytic domains of LF or EF 

play a role in binding to the channel? Here, we report the cryoEM structures of the PA 

channel bound to LF and EF. These first high-resolution structures of the PA with 

partially unfolded protein factors reveal conformational changes occurring within the 

enzymatic factors upon binding to the PA channel, providing key insight on the 

mechanism of proton-driven protein translocation. 

 

2.3 Results 

Overall structures of the PA channel in complex with LF and EF 

Conversion of the PA prechannel to the channel by in vitro acidification treatment 

leads to rapid and irreversible aggregation due to exposure of the hydrophobic  
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transmembrane β-barrel structure. Attempts to prevent aggregation by screening with 

detergents were unsuccessful (not shown). We next tried to apply low-pH treatment of 

PA prechannels directly on carbon-coated grids as done before (Kintzer et al., 2009), but 

were only able to obtain limited number of dispersed particles of PA channel without 

aggregation (not shown). To overcome these issues, we used lipid nanodiscs (Grinkova, 

Lazarides, & Sligar, 2004) to assemble water-soluble complexes containing the PA 

channel bound to LF or EF (Akkaladevi et al., 2013; Katayama et al., 2010). This also 

provided a more native lipid environment for the PA channel complexes. Each complex 

was assembled on nickel affinity resin using His-tags in the enzyme substrates and eluted 

with imidazole. The resulting complexes of PA bound by its cytotoxic substrates inserted 

into lipid nanodiscs provide soluble samples that take random orientation, allowing for 

single-particle cryoEM analysis (Figure 2.1a,c).  

The available space on the heptameric PA channel for EF binding can only 

accommodate up to three EF molecules due to steric hindrance (Young & Collier, 2007). 

Indeed, 2D classification of cryo-EM images of PA channel bound with EF showed that 

the EF binding varies in different classes (Figure 2.1a,b), suggesting that the space is not 

fully occupied. Therefore, we used a symmetry expansion method in Relion for 3D 

classification and were able to resolve the asymmetrically attached EF (Materials and 

Methods, Figure 2.2). Remarkably, the same symmetry expansion method also worked 

for cryoEM images of PA channel with LF bound even though the 2D classification 

failed to classify the asymmetrically bound LF in the PA-LF complex (Materials and 

Methods, Figure 2.3).  
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Figure 2.1 CryoEM image and 2D classification of LF-bound and EF-bound PA 
channels. (a) A cryoEM micrograph of the EF-bound PA channels after drift correction; 
(b) Representative 2D class averages of EF-bound PA channels obtained in RELION; (c) 
A cryoEM micrograph of the LF-bound PA channel after drift correction; (d) 
Representative 2D class averages of LF-bound PA channel obtained in RELION. 

a b 

c d 
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Figure 2.2 Data processing of PA7EF structures. Data processing workflow for EF-
bound PA channels. See Materials and Methods for more details. 
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Figure 2.3 Data Processing of PA7LF. Data processing workflow for LF-bound PA 
channels. For processing above the red dash line, the particle images were binned to a 
pixel size of 2.14 Å. The rest of processing was performed with a pixel size of 1.07 Å. 
See Materials and Methods for more details. 
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In total, we determined four structures: three for the EF(s) in complex with the 

heptameric PA channel and one for the LF in complex with the heptameric PA channel 

and, at an average resolution of 3.2-3.4-Å and 4.6-Å, respectively (Figures 2.4 and 2.5),  

 

Figure 2.4 Structural determination process for EF-bound PA channels. (a-c) Upper 
panels: angular distribution for all particles used for the final maps; middle panels: FSC 
as a function of spatial frequency demonstrating the resolution for the final 
reconstruction; lower panels: Resmap local resolution estimation. 

 

“gold-standard” Fourier shell correlation (FSC) 0.143 cutoff criterion (Rosenthal & 

Henderson, 2003; Scheres, 2012b). The resulting maps revealed a ‘flower-on-a-stem’ 

heptameric channel with 27-Å wide β barrel, consistent with the channel conformation. In 

all our structures, the conformation of the PA channel remains largely unchanged from  

c a b PA7-1,3-EF PA7-1,4-EF 
 

PA7-EF 
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Figure 2.5 Structural determination for LF-bound PA channels. (a) angular 
distribution for all particles used for the final map; (b) FSC as a function of spatial 
frequency demonstrating the resolution for the final reconstruction; (c) Resmap local 
resolution estimation. 
 

the previously determined structure of the PA channel without substrate bound (PDB 

3J9C (Figures 2.6 and 2.7) (Jiang et al., 2015). Atomic models of LF and EF were built 

a 

b 

c 
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Figure 2.6 Overall structure of PA7LF. Two orthogonal views of the overall PA7-LF 
structure, fit within the 4.6 -Å density map. 
  

into cryoEM density maps. Only one LF is visible in the LF binding complex (referred to 

as PA7-LF), while there are three configurations of the EF-bound structures: one EF and 

two isoforms of two EF in the EF binding complexes (referred to as PA7-EF; PA7-1,3-EF; 

PA7-1,4-EF) (Figure 2.4). Regardless of this, we could clearly observe that an amino-

terminal helix of both LF and EF binds to the α clamp of the heptameric PA channel in 

all complex structures; meanwhile, the rest of the amino terminal domains of both LF and 

EF are well-ordered (2.8 and 2.9). These structures reveal how the enzymatic factors bind 

to the PA channel to form a complex and how the subunits in the complex interact with 

one another in preparation for the translocation process.  

 

110 Å 

160 Å 

75 Å 

35 Å 

90° 
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Figure 2.7 Overall structure of PA7EF. Two orthogonal views of the overall PA7-EF 
structure, fit within the 3.2 -Å density map. 
 

a clamp site from prechannel to channel complex 

In our PA7-LF channel structure, the LFN (the amino terminal domain of LF) 

binds two neighboring PA subunits, one denoted as PAN, which binds the N-terminus of 

LFN, and the other as PAC, which binds the C-terminus of LFN (Figure 2.8). The cryoEM  

density reveals a helix of LFN bound in the α-clamp site (Figure 2.8a), indicating that this 

site continues to engage the enzymatic factors in the PA channel. This helix of LFN in the 

PA7 α clamp appears to bind within this site in much the same manner as in the PA8-

(LFN)4 prechannel structure (PDB 3KWV) (Feld et al., 2010) (Figure 2.8c). However, at 

4.6-Å resolution, it is not possible to determine whether hydrogen bonds form within the 

α-clamp site between LFN β1 and PAN β13. Nonetheless, upon alignment with 3KWV 

(Feld et al., 2010), β13 in the PA channel and in the PA8-(LFN)4 prechannel have a highly 

75 Å 

110 Å 

160 Å 

90° 

105 Å 
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Figure 2.8 Binding of the channel α clamp by LFN. (a) Zoomed-in density of LFN α1 
within the α clamp; (b) Detailed view α-clamp binding site; (c) Structure comparison of 
substrate-binding α clamp between PA7-LF channel and PA8-(LFN)4 prechannel. 
 

similar conformation, with the first α helix (LFN α1) aligning well between the two 

structures (Figure 2.8c). This alignment indicates that LFN α1 binds within the α-clamp 

site similarly in both the PA channel and the prechannel. The catalytic domain of LF is 

invisible in our EM structure, suggesting that it is flexible. 

The amino terminal domain of EF (EFN) and LFN share similar structures upon 

binding to the PA channel (Figure 2.9a). In the solution crystal structures of EF and LF  

c 

b a 
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Figure 2.9 Binding of the channel α clamp by EF (a) Zoomed in density of EF α1 
within the α clamp; (b) Detailed view of EF engaged in α clamp, hydrogen bonds shown 
in orange; (c) Structure comparison of substrate-binding α clamp between PA7-EF 
channel and PA8-(LFN)4 prechannel. Binding plasticity in the α clamp by different α-
helices, with F464 rotated outwards and EF α1 elevated approximately 2.5 -Å. 

 

free of PA binding, LF α1 is an ordered α-helix (Pannifer et al., 2001) but the 

homologous region in EF is flexible and disordered (Shen et al., 2005). Upon PA binding, 

these disordered residues of EF (residues 20-30) refold into an α-helix (EFN α1) and bind 

within the α-clamp site (Figure 2.9b). β1 (Leu33 to Lys35) of EFN forms parallel β-sheet 

with β13 (Leu203 to Pro205) of PAN (Figure 2.9b). The hydrogen bonds between the two 
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β-strands are analogous to those found in the PA8-(LFN)4 prechannel structure (PDB 

3KWV) (Feld et al., 2010). This confirms predictions that the amino terminus of EF 

binds in a similar way as LF to the PA channel (Figure 2.9c) (Feld et al., 2010). 

Plasticity of helix binding within the α-clamp site 

While α1 and β1 in LF and EF bind to the α clamp of PA analogously with β1 

forming hydrogen bonds with PAN, their α1 helices dock within the α clamp differently, 

suggesting that there is structural plasticity of α-helix binding within this α-clamp site 

(Figure 2.9c). LF α1 is angled downward towards the pore in the α-clamp site, while the  

amino-terminal end of EF α1 is elevated approximately 2.9 Å as measured using the 

carbonyl groups on LF Glu34 and EF Glu24. This elevation in EF α1 appears to be 

caused by a change in the orientation of PAN Phe464. The phenyl ring in PAN Phe464 is 

positioned outwards toward the bound EF α1. This change in the orientation of Phe464 

appears to restrict EF α1 in its elevated conformation in the α-clamp site. Overall, this 

structural plasticity makes sense, given previous work determining that the α clamp in PA 

binds α helices repeatedly and nonspecifically during translocation of its substrates (Das 

& Krantz, 2016). 

Interface destabilization may play role in translocation 

 A hydrophobic interface is formed between the carboxy-terminal subdomain of 

EFN and PA, specifically between EF residues Val223, Leu226, Tyr227 and PAC residues 

Phe202, Pro205, Ile207 and Ile210 (Figure 2.10a). Like those in the PA8-(LFN)4 

prechannel complex crystal structure previously determined(Feld et al., 2010), PAC 

Ile210 and EF Tyr227 are well packed in this hydrophobic interface, allowing the phenol  
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Figure 2.10 PA7EF binding interface. (a) A hydrophobic interface is formed between 
the carboxy-terminal of EF PA binding domain, allowing formation of hydrogen bonds 
(orange) between EF Tyr227 and PAC His211 and Asp195; (b) Hydrogen bonds (solid 
orange) present in PANPACLFN prechannel are lost (dashed orange lines) between 
analogous residues in PA7EF channel structure.  
 

hydroxyl to form hydrogen bonds within the interface with PAC residues His211 and 

Asp195 (Figure 2.10a). 

Despite the above similarity, it is worth noting that, upon undergoing the 

conformational change from prechannel to channel, the substrate appears to have moved 

up (Figure 2.10b), away from the binding interface with PAC compared to the prechannel  

structure (Feld et al., 2010). This conformational change has resulted in a loss of salt 

bridges that had previously formed upon binding of the LF to the prechannel between 

residues PAC Lys213 and Lys214 and LF Asp187 and Asp184, respectively where the 

distance between PAC Lys213 and LF Asp187 increases from 3.5 Å in the prechannel  

structure to 4.6 Å in the PA7-EF channel structure; the distance between PAC Lys214 and 

LF Asp184 increases from 2.8 Å in the prechannel structure to 4.3 Å in the PA7-EF 

channel structure (Figure 2.10b). The loss of these salt bridges in the binding interface of 

PA7-LF should destabilize the binding interface, preparing the substrate for subsequent 

a b 
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dissociation and unfolding prior to its translocation. Thus, the LF/EF binding interface 

with PA can be maintained in a higher affinity mode when PA is in the prechannel 

conformation where complex assembly is more important; but when PA converts into the 

channel state, the affinity of the LF/EF binding interface is destabilized, allowing for 

more rapid dissociation and unfolding of LF/EF during translocation.  

EF domains reorganize upon binding the PA channel 

 Unlike LF, all the domains of EF are well-resolved in our channel complex 

structures (Figures 2.7 and 2.11a,b). The corresponding amino acid sequence for the 

different domains with respective α helices and β sheets is shown in Figure 2.11c. In all 

our structures of the EF-bound channel (PA7-EF, PA7-1,3-EF, and PA7-1,4-EF) presented 

here, EF undergoes a significant conformation change compared to its calmodulin 

(CaM)-bound structure (Shen et al., 2005). In the previous CaM-bound EF structure 

(PDB: 1XFY) (Shen et al., 2005), CaM stabilizes the CA and CB adenylate cyclase 

domains (ACD) along with the helical domain (HD) of EF, and there are no significant 

interactions among these domains of EF (Figure 2.12a). While in the PA7-bound EF  

structures, the HD domain contributes to a new conformation by bridging the PA binding 

domain (PABD) and ACD. Further analysis indicated that the folding pattern within the 

three domains only changes slightly from CaM-bound EF to PA7-bound EF, but the three 

domains are reorganized in PA7-bound EF (Figure 2.12a).  

In more detail, on one side of the HD, residues near α29 and α30 of HD interact 

with those near α2 and β1 of the PABD. Hydrogen bonds are formed between inter-

domain residues, one from HD and the other from PABD, such as Gln746-Asn40, 

Lys767-Gln50, Asn737-Ile71, Asn737-Phe73 and Glu739-Phe73 (Figure 2.12b). On the  
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Figure 2.11 EF domain structure bound to PA7 channel. (a) Structure of PA7-EF with 
EF shown as ribbon and PA7 as surface; (b) Domain architecture of EF with individual 
domains colored and the boundary residues labeled; (c) Sequence and secondary 
structures of the PA7-bound EF. 

 

other side of HD, a loop between α26 and α27 interacts with residues near α22 and α24 of 

ACD, mainly through inter-domain hydrogen bonds (Figure 2.12b). With the extensive 

interactions mentioned above, HD moves towards and binds PABD eventually. Notably, 

the refolding of N-terminal residues (Lys20 to Thr42) of PABD (Figure 2.12a), which is 

a consequence of PA7 binding, yields the space that enables the interactions between HD  

and PABD, leading to a 60° swing of ACD (yellow arrow in 2.12a), which mounts α22 

and α24 of ACD on the loops near α25, α26 and α27 of HD (2.12b). 

a 

c 
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Figure 2.12 EF domain reorganization upon binding to PA7. (a) Superposition of EF 
structures in its PA7-bound and CaM-bound (PDB: 1XFY) forms. The two EFs are 
aligned by the PABD domain for clarity. Three domains of CaM-bound EF—PABD, 
ACD, HD—are colored in grey, light blue and cyan, respectively. Domain 
reorganizations are marked by arrows; (b) Close-up view at the interactions among 
PABD, ACD and HD domains in PA7-bound EF. The hydrogen bonds are shown as 
green lines. 
 

2.4 Discussion 

 In this chapter, we report a total of four cryoEM structures of heptameric PA 

channel bound with toxin substrates: three for the complex with EF at resolutions at 3.2-

3.4 Å and one for the complex with LF at 4.6 Å resolution. Our results reveal that upon  

a 
b 
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the binding of the substrate to the PA channel, conformational changes occur in the 

enzymatic substrates LF and EF. When full-length LF binds to the PA channel, its 

catalytic domains exhibit significant flexibility, and thus only the PA binding domain, 

LFN, is visible in the cryoEM density map; by contrast, the PA-binding and catalytic 

domains are visible in the crystal structure of LF (Pannifer et al., 2001). In the case of EF, 

its domains reorganize, compared to the EF structure bound to CaM (Shen et al., 2005). 

This reorganization involves refolding of PABD residues (Lys20 to Thr42), a 70° swing 

of HD towards PABD and mounting of ACD to HD. The reorganized conformation of EF 

is stabilized by the formation of hydrogen bonds. We suggest that this reorganization of 

the domains plays a role in the ordered translocation of the EF through the channel.  

Previously, Feld et al. showed in detail that different substrates could bind to the α 

clamp (Feld et al., 2010), indicating nonspecific binding at the α-clamp site. Our results 

also show the α clamp engages different α-helices, either from EF or LF. Interestingly, 

PA’s Phe464, a residue lining the α clamp, changes conformation to accommodate 

different residues in these helices. These results demonstrate plasticity within the α-clamp 

site, which allows for the binding of different helical substrates. When bound to the 

prechannel, LFN forms numerous stabilizing interactions on its amino and carboxyl 

terminal subdomains. Upon conversion to the channel conformation, the carboxyl 

terminal subdomain of LFN destabilizes its interface with PA. This destabilization occurs 

while the complex is exposed to the acidic pH of the endosomal compartment. This 

interface destabilization, paired with the acidic environment, most likely plays an 

important role in allowing the bound substrate to unfold and translocate through the 

channel more efficiently.  
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Our four high-resolution structures of PA channel with LF and EF—representing 

the first structures of the complex in the channel conformation—provide further insights 

into the mechanism of how substrate proteins are translocated across membranes by the  

PA channel. In our current model (Figure 2.13), the enzymatic factors bind to PA  

 

Figure 2.13 Mechanism of EF translocation. Illustration of the anthrax toxin channel 
translocation steps with EF. Initially, EF binds to the PA prechannel, and the N-terminal 
α-helix of the PABD of EF docks into the α clamp, yielding the space for domain 
reorganization of EF. After the PA prechannel changes to the channel state at low pH, the 
destabilization of the interface between the PABD of EF and the PA channel allows the 
N-terminal α-helix to translocate down to the ϕ-clamp site. In parallel, the α clamp 
engages the EF polypeptide again, causing an allosteric change in the ϕ clamp. The 
change in the ϕ clamp applies force to the α-helix, changing its conformation to extended 
chain and driving it past the charged clamp site located near the top of the β barrel. The 
cycle repeats on the next section of EF polypeptide. 
 

prechannels, before the cell undergoes endocytosis. The PA prechannel undergoes a 

conformational change within the endosomal compartment, forming the channel state. 

This conformational change results in an alteration of the binding interaction between the  

channel and its substrate enzymes, thus destabilizing the interaction. This destabilization, 

accompanied by partial protonation of the polypeptides, allows the proton gradient to 

drive translocation of the bound substrate through the channel. As the polypeptide is 

translocated through the channel, it is engaged by the α clamp repeatedly and non-
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specifically (Das & Krantz, 2016). During much of the translocation process, the 

polypeptide is accommodated by the channel in its secondary structure. It is engaged as 

an α-helix while binding within the α clamp. As it moves down and is bound in the ϕ-

clamp site, the α clamp engages the polypeptide again. When the α clamp re-engages 

with the polypeptide, it causes an allosteric change in the ϕ clamp (Krantz et al., 2005).  

This change in the ϕ clamp applies force to the α-helix, changing its conformation to 

extended chain and driving it past the charge clamp site. Once past the ϕ clamp, the 

polypeptide is deprotonated within the anionic charge clamp. This prevents retro-

translocation of the polypeptide chain back towards the endosome. At this point the 

polypeptide can begin to reform its secondary structure. Once exiting the channel, the 

translocating polypeptide refolds into its tertiary structure and can perform its enzymatic 

effects on the host cytosol. In the case of EF, this involves binding CaM and taking on its  

CaM-bound domain organization (Shen et al., 2005).  

 

2.5 Materials and Methods 

Protein Expression and Purification 

Heptameric PA oligomer (PA7) was prepared as described (Kintzer et al., 2009). 

Briefly, PA83 was expressed in Escherichia coli BL21(DE3) using a pET22b plasmid 

directing expression to the periplasm. PA83 was extracted from the periplasm and further 

purified using Q-Sepharose anion-exchange chromatography in 20 mM Tris, pH 8.0, and 

20 mM Tris, pH 8.0 with 1 M NaCl. PA83 was then treated with trypsin to form PA63 and 

subjected to anion-exchange chromatography to isolate the oligomerized PA7. 

Recombinant LF and EF containing an amino-terminal His-tag was overexpressed in E. 
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coli BL21(DE3) from pET15b constructs and purified from the cytosol using His6 affinity 

chromatography (Krantz et al., 2006).  

PA-LF and PA-EF complex assembly 

LF or EF were mixed with PA7 prechannel at a ratio of 5:1 (LF/EF:PA7) and 

allowed to assemble on ice for one hour. The PA prechannel in complex with LF and EF 

was then purified over S400 gel filtration in 20 mM Tris pH 8, 150 mM NaCl.  

Nanodisc Insertion 

The His6 tag was removed from membrane scaffold protein 1D1 (MSP1D1) 

(Grinkova et al., 2004). pMSP1D1 was a gift from Stephen Sligar (Addgene plasmid 

#20061). 300 µL wet volume Ni-NTA Superflow resin (Qiagen) was added to an 800 µL 

centrifuge column (Pierce) twice with 50 mM NaCl, 50 mM Tris-HCl, pH 7.5 (Buffer A). 

300 µL of 1 µM of our PA complex and 300 µL of 2 M urea were added to the resin, for 

a final urea concentration of 1 M. This mix was collected and incubated at 37 °C for 5 

min to induce conversion from the prechannel to channel conformation (Akkaladevi et 

al., 2013). The mix was then collected and added back into a centrifuge column, and the 

resin (now bound to complex) was washed twice with 500 µL Buffer A. A mixture 

containing MSP1D1 and palmitoyloleoyl phosphocholine (POPC) was made by first 

evaporating chloroform off of POPC, then adding MSP1D1 and sodium cholate in Buffer 

A. The final concentration contained 4 µM MSP1D1, 400 µM POPC, and 25 mM sodium 

cholate in Buffer A. 500 µL of a MSP1D1-(POPC) mix was added to the dry resin bound 

with PA complex (Katayama et al., 2010). This resin slurry was then collected and 

dialyzed in Slide-A-Lyzer cassette (10 kDa molecular weight cut-off) (Thermo Scientific) 

in excess Buffer A for 8-12 hours at a time, with two buffer changes. The Ni-NTA was 
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then collected after dialysis. The resin was washed twice with 500 µL Buffer A. The resin 

was then washed with 500 µL of 50 mM NaCl, 50 mM imidazole, 50 mM Tris pH 7.5 to 

elute any remaining proteins bound non-specifically. The nanodisc complex was then 

eluted in 50 mM NaCl, 300 mM imidazole, 50 mM Tris pH 7.5. This eluted sample was 

then dialyzed into Buffer A and concentrated to 0.274 mg ml-1 (PA channel in complex 

with LF) and 0.498 mg ml-1 (PA channel in complex with EF) Concentration was 

estimated by a Nanodrop spectrophotometer. 

CryoEM sample preparation and imaging 

For cryoEM sample optimization, an aliquot of 2.5 μl of sample was applied onto 

a glow-discharged holey carbon copper grid (300 mesh, QUANTIFOIL® R 2/1). The 

grid was blotted and flash-frozen in liquid ethane with an FEI Mark IV Vitrobot. An FEI 

TF20 cryoEM instrument was used to screen grids. CryoEM grids with optimal particle 

distribution and ice thickness were obtained by varying the gas source (air or H2/O2), 

time for glow discharge, the volume of applied samples, chamber temperature/humidity, 

and blotting time/force. For the PA channel in complex with LF, our best grids were 

obtained using H2/O2 for glow discharge and with the Vitrobot sample chamber set at 12 

°C temperature and 100% humidity. For the PA channel in complex with EF, our best 

grids were obtained using air for glow discharge and with the Vitrobot sample chamber 

set at 16 °C temperature and 100% humidity. 

 Optimized cryoEM grids were loaded into an FEI Titan Krios electron 

microscope with a Gatan Imaging Filter (GIF) Quantum LS device and a post-GIF K2 

Summit direct electron detector. The microscope was operated at 300 kV with the GIF 

energy-filtering slit width set at 20 eV. Movies were acquired with Leginon (Carragher et 
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al., 2000) by electron counting in super-resolution mode at a pixel size of 0.535 Å per 

pixel. A total number of 45 frames were acquired in 9 seconds for each movie, giving a 

total dose of ~60 e-/Å2/movie. 

Drift correction for movie frames 

Frames in each movie were aligned for drift correction with the graphics 

processing unit (GPU)-accelerated program MotionCor2 (Zheng et al., 2017). The first 

frame was skipped during drift correction due to concern of more severe drift/charging of 

this frame. Two averaged micrographs, one with dose weighting and the other without 

dose weighting, were generated for each movie after drift correction. The averaged 

micrographs have a calibrated pixel size of 1.07 Å on the specimen scale. The averaged 

micrographs without dose weighting were used only for defocus determination and the 

averaged micrographs with dose weighting were used for all other steps of image 

processing. 

Structure determination for the PA channel in complex with EF 

For the PA channel in complex with EF, the defocus value of each averaged 

micrograph was determined by CTFFIND4 (Rohou & Grigorieff, 2015) generating 

values ranging from -1.5 to -3 μm. Initially, a total of 1,481,285 particles were 

automatically picked from 6,811 averaged images without reference using Gautomatch 

(http://www.mrc-lmb.cam.ac.uk/kzhang). The particles were boxed out in dimensions of 

256 × 256 square pixels square before further processing by the GPU accelerated 

RELION2.1. Several iterations of reference-free 2D classification were subsequently 

performed to remove bad particles (i.e., classes with fuzzy or un-interpretable features), 

yielding 725,251 good particles. The reported map of the heptameric anthrax toxin PA 
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channel (Jiang et al., 2015) (EMD-6224) was low-pass filtered to 60 Å to serve as an 

initial model for 3D classification. After one round of 3D classification with C7 

symmetry, only the classes showing feature corresponding to the intact PA7 channel were 

kept, which contained 486,169 particles. We re-centered those particles and removed 

duplications based on the unique index of each particle given by RELION (Scheres, 

2012b). The resulting 486,169 particles were applied one round of auto-refinement by 

RELION, yielding a map with an average resolution of 3.0 Å.  

Next, we expanded C7 symmetry to C1, yielding 3,403,183 (486,169 x 7) 

particles. These particles were submitted to further classification (skip align) with 29 

classes. A cylinder mask was created only for the EF binding region (Figure 2.2) and 

applied for the focus classification. Among these 29 classes, four different types of 

density maps were identified. Four classes have no clear density of EF (PA7), 14 classes 

show clear density of only one EF binds to the PA7 channel (PA7-EF), six classes with 

density of two EF (PA7-1,3-EF), and four classes with density of two EF which were 

located further away from each other (PA7-1,4-EF) (Figure 2.2). Subsequently, we 

merged the particles from classes belonging to PA7-EF, PA7-1,3-EF, PA7-1,4-EF, 

respectively. After removing duplications based on the unique particle names given by 

RELION, we got 333,455 particles for PA7-EF (68.8% of all particles), 72,864 particles 

for PA7-1,3-EF (15.0% of all particles) and 73,784 particles for PA7-1,4-EF (15.1% of all 

particles).  

The unique particles of each dataset (PA7-EF, PA7-1,3-EF, PA7-1,4-EF) resulting 

from the focused classification were subjected to a final step of 3D auto-refinement with 

C1 symmetry. The two half maps of each dataset from this auto-refinement step were 
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subjected to RELION’s standard post-processing procedure. The final maps of PA7-EF, 

PA7-1,3-EF, PA7-1,4-EF achieved an average resolution of 3.2 Å, 3.4 Å and 3.4 Å, 

respectively, based on RELION’s gold-standard FSC (see below). 

Structure determination for the PA channel in complex with LF 

For the PA channel in complex with LF, the defocus value of each averaged 

micrograph was determined by CTFFIND4 (Rohou & Grigorieff, 2015) generating 

values ranging from -1.5 to -3 μm. Initially, a total of 616,153 particles were 

automatically picked from 2502 averaged images without reference using Gautomatch 

(http://www.mrc-lmb.cam.ac.uk/kzhang). The particles were boxed out in dimensions of 

320 × 320 square pixels square and binned to 160 × 160 square pixels (pixel size of 2.14 

Å) before further processing by the GPU accelerated RELION2.1. Several iterations of 

reference-free 2D classification were subsequently performed to remove bad particles 

(i.e., classes with fuzzy or un-interpretable features), yielding 204,395 good particles. 

The reported map of the heptameric anthrax toxin PA channel (Jiang et al., 2015) (EMD-

6224) was low-pass filtered to 60 Å to serve as an initial model for 3D classification. 

After one round of 3D classification with C7 symmetry, only the classes showing feature 

corresponding to the intact PA7 channel were kept, which contained 194,849 particles. 

We re-centered those particles and removed duplications based on the unique index of 

each particle given by RELION. The resulting 194,775 particles were un-binned to 320 × 

320 square pixels (pixel size of 1.07 Å) and applied one round of auto-refinement by 

RELION, yielding a map with an average resolution of 3.4 Å.  

The C7 symmetry was then expanded to C1, giving 1,363,425 (194,775 × 7) 

particles for further classification. A cylinder mask was created only for the LF-binding 
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region (Figure 2.3) and applied for the focus classification with seven classes. Six of the 

seven classes show clear density for only one LF bound to the PA7 channel (PA7-LF) 

(Figure 2.3). We next merged the good particles from the six classes and removed 

duplications based on the unique particle names given by RELION.  

 The 63,807 un-binned, unique particles (10.4% of all particles) resulting from the 

focused classification were subjected to a final step of 3D auto-refinement with C1 

symmetry. The two half maps from this auto-refinement step were subjected to 

RELION’s standard post-processing procedure. The final map of the PA7-LF complex 

has an average resolution of 4.6 Å based on RELION’s gold-standard FSC. We also got a 

3D auto-refinement result (3.6 Å) with C7 symmetry using this dataset, which helped the 

model building process (see model building below). 

Resolution assessment 

All resolutions reported above are based on the “gold-standard” FSC 0.143 

criterion (Scheres & Chen, 2012). FSC curves were calculated using soft spherical masks 

and high-resolution noise substitution was used to correct for convolution effects of the 

masks on the FSC curves (Shaoxia Chen et al., 2013). Prior to visualization, all maps 

were sharpened by applying a negative B-factor which was estimated using automated 

procedures20. 

Local resolution was estimated using ResMap (Kucukelbir, Sigworth, & Tagare, 

2014). The overall quality of the maps for the PA channel in complex with EF and LF is 

presented in Figures 2.4 and 2.5, respectively. Data collection and reconstruction 

statistics are presented in Table 2.1. 

Model building and refinement 
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Atomic model building was accomplished in an iterative process involving Coot 

(Emsley & Cowtan, 2004), Chimera(Pettersen et al., 2004), and Phenix (Adams et al., 

2010). For the PA7-LF complex, the structure of anthrax toxin PA channel heptamer 

(Jiang et al., 2015) (PDB ID: 3J9C) was fitted into cryoEM map (4.6 Å, C1 symmetry) by 

using the ‘fit in map’ routine in Chimera. The atomic model building of PA7 channel was 

facilitated by using the 3.6 Å cryoEM map in C7 symmetry (63,807 particles, Figure 2.3). 

Next, the crystal structure of LF (Pannifer et al., 2001) (PDB ID: 1J7N) was fitted in to 

the cryoEM map (4.6 Å, C1 symmetry) to create a full atomic model for PA7-LF. Finally, 

the structure was manually adjusted using Coot and refined using Phenix in real space 

with secondary structure and geometry restraints.  

For the PA channel in complex with EF, we have three different types of density 

maps—PA7-EF, PA7-1,3-EF, and PA7-1,4-EF. Owing to the higher resolution and single 

EF binding in PA7-EF, we first carried out model building on this density map. The 

structure of PA7 channel (Jiang et al., 2015) (PDB ID: 3J9C), was fitted into the cryoEM 

map of PA7-EF as initial model by using the ‘fit in map’ routine in Chimera. This fit 

revealed the extra density corresponding to EF. However, further docking showed the 

density of EF in cryoEM map has significant differences with respect to the crystal 

structure of EF (Shen et al., 2005) (PDB ID: 1XFX). The full-length EF consists of 4 

domains, the PABD, two catalytic core domains CA and CB forming the ACD, and the 

HD. The domains in the cryoEM map have a different arrangement, however. Thus, we 

fit the domains into the density separately to create an initial atomic model for PA7-EF, 

which was refined by ‘real-space refinement’ in Phenix. We then manually adjusted the 

main chain and side chains to match the cryoEM density map with Coot. This process of 
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real space refinement and manual adjustment steps was repeated until the peptide 

backbone and side chain conformations were optimized. Secondary structure and 

geometry restraints were used during the refinement. 

Refinement statistics of the PA channel in complex with LF and EF are 

summarized in Table 2.1. These models were also evaluated based on MolProbity scores 

(V. B. Chen et al., 2010) and Ramachandran plots (Table 2.1). Representative densities 

for the proteins are shown in Figure 2.14.  

 

Figure 2.14 Representative cryoEM density maps for both EF and LF complexed 

with PA channels. 
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Table 2.1 CryoEM data collection and refinement statistics of PA channel 

structures. 

 

Data collection LF complex EF complex 
 PA7-LF PA7-EF PA7-1,3-

EF 
PA7-1,4-

EF 
EM equipment FEI Titan Krios FEI Titan Krios 
Voltage (KV) 300 300 
Detector Gatan K2 Gatan K2 
Pixel size (Å) 1.07 1.07 
Electron dose (e-/Å2) 62.9 60.2 
Defocus range (μm) -1.5 ~ -3.0 1.5 ~ -3.0 
Reconstruction     
Software RELION2.1 RELION2.1 
Number of used particles 63,807 333,455 72,864 73,784 
Accuracy of rotation (°) 2.51 1.62 1.36 1.41 
Accuracy of translation (pixels) 1.70 0.76 0.71 0.72 
Map sharpening B-factors (Å2) -169.7 -80 -80 -80 
Resolution FSC 0.143 (Å) 4.6 3.2 3.4 3.4 
Model building      
Software  COOT COOT COOT COOT 
Refinement      
Software PHENIX PHENIX PHENIX PHENIX 
Resolution (Å) 4.6 3.2 3.4 3.4 
R-factor 0.37    
Number of protein residues 4,154 3,681 4,401 4,401 
Map CC 0.81 0.86 0.84 0.85 
R.m.s deviations     
  Bonds length (Å) 0.01 0.01 0.01 0.01 
  Bonds angle (°) 1.15 1.17 0.90 0.94 
Ramachandran plot statistics 
(%) 

    

  Preferred 96.67 95.49 93.30 92.72 
  Allowed 3.33 4.51 6.69 7.28 
  Outlier 0 0 0 0 
Rotamers outliers (%) 0.40 0.29 0.21 0.35 
C-beta deviations 0 0 0 0 
Clash score 6.78 4.83 5.34 5.24 
MolProbity score 1.59 1.57 1.72 1.74 
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Chapter 3 

Atomic structures of anthrax prechannel bound with full-length lethal and 

edema factors 

3.1 Abstract 

Pathogenesis of anthrax disease involves two cytotoxic enzymes—edema factor 

(EF) and lethal factor (LF)—which are individually recruited by the protective antigen 

heptamer (PA7) or octamer (PA8) prechannel and subsequently translocated across 

channels formed on the endosomal membrane upon exposure to low pH. Here, we report 

the first atomic structures of PA8 prechannel-bound full-length EF and LF. In this pre-

translocation state, the N-terminal segment of both factors refolds into an α-helix engaged 

in the α clamp of the prechannel. Recruitment to the PA prechannel exposes an originally 

buried β strand of both toxins and enables domain organization of EF. Many interactions 

are formed on domain interfaces in both PA prechannel-bound EF and LF, leading to 

toxin compaction prior to translocation. Our results provide key insights into the 

molecular mechanisms of translocation-coupled protein unfolding and translocation. 

 

3.2 Introduction 

Anthrax is an ancient and deadly disease caused by the spore-forming bacterial 

pathogen Bacillus anthracis. Today, anthrax mostly affects wildlife and livestock, though 

it remains a major public health concern, particularly among people who handle 

contaminated animal products. More significantly, the month-long 2001 anthrax attacks 

that occurred one week after the September 11 terrorist attacks has resulted in public 

awareness of anthrax as a bioterrorism threat. Among the tier 1 biological select agents 
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and toxins of the Federal Select Agent Program enacted since the September 11 attacks, 

B. anthracis is of particular concern due to the high resilience of its spores, high fatality 

rate and the lack of a civilian vaccination program.  

Anthrax toxin harms the host only after translocation across host cell membranes. 

Protein translocation follows two main steps: recruitment of the target protein 

(accompanied by partial unfolding) and threading the protein through the narrow 

translocon spanning the cell membrane (Ho et al., 2018; Krantz et al., 2006; Matouschek, 

2003; Wickner & Schekman, 2005; S. Zhang et al., 2004). During anthrax infections, two 

enzymatic factors, edema factor (EF, 89 kDa) and lethal factor (LF, 91 kDa) are 

translocated through the membrane protein protective antigen (PA, 83 kDa). PA 

undergoes furin cleavage, allowing it to form a ring-shaped homo-oligomeric prechannel, 

either as a heptamer (PA7) or an octamer (PA8) (Kintzer et al., 2009). The PA prechannel 

then binds and partially unfolds EF or LF prior to binding to the anthrax toxin receptor at 

the cell surface. Upon binding, the complex is then endocytosed into the cell. Within the 

endosomal compartment, the low pH induces a conformational change in the PA 

prechannel, resulting in the formation of a β-barrel channel that inserts itself into the 

endosomal membrane (Jiang et al., 2015). A proton gradient is formed between the 

endosome and the cytosol, providing the energy required to drive translocation of the 

bound substrate (Krantz et al., 2006). The bound EF or LF is destabilized by the acidic 

environment within the endosome, facilitating its unfolding and translocation through the 

channel (Krantz et al., 2004). 

 Atomic structures of the PA prechannel and channel have been determined by X-

ray crystallography (Feld et al., 2010; Kintzer et al., 2009; Lacy et al., 2004; Petosa et al., 
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1997; Santelli, Bankston, Leppla, & Llddington, 2004) and cryo electron microscopy 

(cryoEM) (Jiang et al., 2015), respectively. These structures have provided features of PA 

necessary for protein translocation. For example, PA monomer undergoes a four-domain 

organization whereby a ring-shaped structure with a negatively charged lumen is formed. 

The PA channel contains three polypeptide clamps (Katie L. Thoren & Krantz, 2011): the 

α clamp (Feld et al., 2010), the ϕ clamp (Krantz et al., 2005), and the anionic charge 

clamp (Wynia-Smith et al., 2012). The α clamp, found on the topmost surface of PA, is a 

cleft formed between two PA subunits. It has been shown to non-specifically bind α-

helices (Feld et al., 2010). The ϕ clamp is located directly below the α clamp, within the 

center of the channel. The 2.9-Å resolution cryoEM structure of the PA channel revealed 

that the ϕ clamp forms a constricted 6-Å bottleneck, with each PA protomer contributing 

its Phe427 (Feld et al., 2010; Jiang et al., 2015). Below the ϕ clamp is an anionic charge 

clamp formed within the transmembrane β-barrel (Wynia-Smith et al., 2012). As the 

partially protonated polypeptide chain moves from the lower pH in the endosome towards 

the higher pH within the cytosol, it passes the negatively charged acidic residues making 

up the clamp. The inner diameter of the channel spans a range of diameters as low as 20 

Å, wide enough to accommodate a translocating α-helix, but not large enough to fit the 

completely folded domains of the enzymatic factors. Crystal structures of LF alone 

(Pannifer et al., 2001) and of EF bound with calmodulin (Drum et al., 2002; Shen et al., 

2005) have also been determined by crystallography, along as a structure of the PA 

octameric prechannel in a complex with the truncated or N-terminal domain of LF, 

known as LFN (Feld et al., 2010). However, in the absence of high-resolution structures 

of the full-length cytotoxic enzymes in complex with the PA prechannel, the detailed 
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mechanism of how these two seemingly very different enzymatic proteins are recruited to 

PA remains unknown. Recently, we have determined the cryoEM structures of PA7 

bound by LF and EF. In addition, EF is known to be a calmodulin-activated adenylyl 

cyclase, which depends on CaM for its function (Drum et al., 2002). It is unclear if or 

how EF interacts with CaM during EF’s interaction with PA.  

 Here, we report the first cryoEM structures of the PA8 prechannel bound to full-

length LF and EF. These high-resolution structures of the PA prechannel with partially 

unfolded protein cytotoxin factors reveal conformational changes that occur within the 

enzymatic factors upon binding. These structures provide key insight into the mechanism 

of cytotoxin recruitment prior to translocation through the PA channel. 

 

3.3 Results 

Structure of the PA octamer prechannel in complex with EF 

 Although the structure of the PA octamer prechannel bound by LFN has been 

determined by X-ray crystallography (Feld et al., 2010), as well as the EF-calmodulin 

(EF-CaM) structure (Shen et al., 2005), structural information with regards to EF binding 

to PA prechannel prior to the PA converting to the channel is not available. To gain 

insight into these questions, we set out to determine the structure of the PA prechannel-

EF complex by single-particle cryoEM (Figure 3.1). Though both PA heptamer (PA7) and 

octamer (PA8) are known to translocate toxins effectively (Kintzer et al., 2009), PA8 was 

chosen in this study. Unlike PA7, the PA8 prechannel contains four binding sites, allowing 

for binding of up to four EF cytotoxins simultaneously, potentially facilitating image 

processing. 2D classification of cryoEM images of EF-bound PA prechannel showed that  
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Figure 3.1 CryoEM image and 2D classification of LF-bound and EF-bound 
octameric PA prechannels. (a) A cryoEM micrograph of the EF-bound PA prechannel 
after drift correction; (b) Representative 2D class averages of EF-bound PA prechannel 
obtained in RELION; (c) A cryoEM micrograph of the LF-bound PA channel after drift 
correction; (d) Representative 2D class averages of LF-bound PA channel obtained in 
RELION. 
 

the EF binding space is not fully occupied (Figure 3.1b). Therefore, we used a symmetry 

expansion method for 3D (Methods, Figure 3.2) and classified the particles into classes 

with different numbers of bound EF subunits. The 3D classification result indicates that 

73% of the particles have four EF molecules bound to each PA8 prechannel, though other 

classes, including those with zero, one, two, or three EF-bound, also exist (Figure 3.2).   

a b 

c d 
PA8LF4 prechannel 

PA8EF4 prechannel 
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Figure 3.2 Data processing workflow for EF-bound prechannels. See Materials and 
Methods for more details. 
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Our subsequent structural refinement and atomic modeling focuses on the class with four 

EF bound, due to the large number of particles that permitted high-resolution analysis. 

The final resolution of the cryoEM structure of EF in complex with PA8 

prechannel reached 3.3 Å (Figures 3.3 and 3.4), which was sufficient for us to build  

 

Figure 3.3 Structural determination process for the EF-bound PA prechannels.  
(a) Angular distribution for all particles used for the final map of PA8 prechannel-EF4; (b) 
Resmap local resolution estimation of PA8 prechannel-EF4; (c) FSC as a function of 
spatial frequency demonstrating the resolution for the final reconstruction of PA8 
prechannel-EF4.  

 

a 

b 
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PA8EF4 prechannel 
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atomic models de novo for the PA8 prechannel with bound EF for regions involved in 

PA-EF interactions (Figure 3.4). The structure of the complex has a “flowers-in-vase”  

    

Figure 3.4 Overall structure of PA8EF4. Two orthogonal views of the overall PA8EF4 

structure, fit within the 3.3 -Å density map. 

 

appearance: the vase corresponds to the octameric PA prechannel and the flowers to the 

four EF molecules “plugged” into the vase (Figure 3.4). Viewed from the top, the four EF 

“flowers” are distributed symmetrically in a square, but there are no direct interactions 

between any two EF molecules in the complex (Figure 3.4 ). Each EF subunit occupies 

binding surfaces from two neighboring PA subunits with its “flower stem” plugged into 

the top of the PA8 prechannel (Figure 3.4 and 3.5a).  

The PA prechannel structure in the complex remains the same as the reported 

prechannel crystal structure (Feld et al., 2010), while the overall structure of EF has  

 

75 Å 
 

160 Å 

105 Å 

90° 
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Figure 3.5 EF α clamp binding upon binding to PA8. (a) Density of the EF amino 
terminus α-helix within the α-clamp site. (b) Close up of how EF α1 binds within the α 
clamp site. 

 

significant differences compared to the PA-unbound EF structure (Shen et al., 2005). The 

structure of the full-length EF subunit in the PA8 prechannel-EF4 complex consists of  

four domains: PA binding domain (PABD), two adenylate cyclase domains (ACD) and a 

helical domain (HD). Among the four domains, only PABD has direct interactions with 

PA prechannel, one with its α-clamp and the other with its domain 1 (Figures 3.5 and 

3.6). The N-terminal residues (Lys20 to Thr42) of PABD form an α-helix (α1), which 

docks into the α-clamp of PA prechannel (Figure 3.5). However, in the CaM-bound EF 

structure (Shen et al., 2005), Lys20-Ile30 remain a disordered region while the rest form 

a β strand and a loop. In addition to the α-clamp engaged interactions, another 

a 

b 
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hydrophobic interface is formed between domain 1 of the PA prechannel and PABD of 

EF (Figure 3.6a), similar to that found in the previous PA8LFN4 structure. Notably, 

 

Figure 3.6 EF PABD binding interface. (a) A hydrophobic interface is formed between 
the carboxy-terminal of the EF PA binding domain, as in both the PA8LFN4 prechannel, 
and the PA7EF channel structure, with EF Tyr227 packing well with PAC His211 and 
Asp195, allowing the formation of hydrogen bonds (orange); (b) Alignment of the 
PA8EF4 prechannel EF and PA7EF channel (grey) show that the hydrogen bond (orange) 
between Lys213 and D174 in the prechannel structure is lost upon conversion of PA to 
the channel. 
 

similar as in the previously reported structure (Feld et al., 2010), Lys213 in PAC forms a 

salt bridge with EF Asp174 (Figure 3.6b). This is in contrast to the previous structure of 

the channel bound by EF, which contains no salt bridges within this region (Figure 3.6b). 

The loss of this hydrogen bond between the prechannel and channel conversion provides 

support to the hypothesis that this binding region becomes destabilized in preparation for 

translocation of EF.  

 EF undergoes drastic conformational changes in the PA8 prechannel-EF4 complex 

compared to that of the CaM-bound EF structure. In the reported CaM-bound EF 

structure (Shen et al., 2005) (PDB: 1XFY), CaM stabilizes the adenylate cyclase domains 

a b 
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(ACD) and the helical domain (HD) of EF, but there are no significant interactions 

among these domains within each EF. Meanwhile in the PA8- bound EF structure, the HD 

domain contributes to a new conformation by bridging PABD and ACD. Further analysis 

indicates that the fold of individual domains remains the same from CaM-bound EF to 

PA8-bound EF, but the domains are reorganized in the PA8-bound EF (Figure 3.7a).  

 

Figure 3.7 EF domain reorganization upon binding to PA8. (a) Superposition of EF 
structures in its PA8-bound and CaM-bound (PDB: 1XFY) forms. The two EFs are 
aligned by the PABD domain for clarity. CaM-bound EF is colored in pale blue. Domain 
reorganization is marked with arrows; (b) Alignment of the PA8 prechannel-bound and 
PA7 channel-bound EF (grey) show that the prechannel-bound EF takes on the same 
overall orientation as channel-bound EF. 
 

Notably, refolding of the N-terminal residues (Lys20 to Thr42) of PABD yields the space 

that enables the interactions between HD and PABD (Figure 3.7a). The final structure 

a b 
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taken by EF upon binding to the PA8 prechannel matches the overall structure of EF 

bound to the PA7 channel (Figure 3.7b). In detail, on one side of the HD, residues near 

α29 and α30 of the HD interact with those near α2 and β2 of the PABD (Figure 3.8).  

 

Figure 3.8 The HD of EF bridges the ACD and PABD upon binding to PA. The HD 
of EF moves in upon binding to PA, with α29 and α30 docking near α2 and β2, allowing 
the formation of hydrogen bonds. On the other side of the HD, a loop between α26 and 
α27 forms hydrogen bonds with α22 and α24 of the ACD.  
 

With the movement of the HD, after a ~60° swing (yellow arrow in Fig 3.7a), a loop 

between α26 and α27 interacts with residues near α22 and α24 of ACD, mainly through 
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inter-domain hydrogen bonds (Figure 3.8). This change in EF structure from the CaM-

bound EF indicates that the EF takes on this PA-bound conformation upon binding to the  

PA prechannel. α29 and α30 of HD interact with those near α2 and β2 of the PABD 

(Figure 3.8). With the movement of the HD, after a ~60° swing (yellow arrow in Fig 

3.7a), a loop between α26 and α27 interacts with residues near α22 and α24 of ACD, 

mainly through inter-domain hydrogen bonds (Figure 3.8). This change in EF structure 

from the CaM bound indicates that the EF takes on this PA-bound conformation upon 

binding to PA prechannel. 

Structure of the PA octamer prechannel in complex with LF 

Unlike EF, lethal factor (LF) is a protease that cleaves and disables the mitogen-activated 

protein kinase family members. In a previous study, the crystal structure of PA8 

prechannel in complex with a domain of LF was solved (Feld et al., 2010), but lack of 

full-length LF binding has prevented a complete mechanistic understanding of the toxin 

recruitment. Our 2D classification of cryoEM images of the PA8 prechannel bound with 

full-length LF showed that bind of the toxin factors varies in different classes (Figure 

3.1), similar to the situation observed for the PA8 prechannel-EF4 complex. Similar data-

processing was thus applied to the PA8-LF data. This yielded a cryoEM density map of 

LF in complex with the PA8 prechannel at an average resolution of 3.8 Å (Figures 3.9 and 

3.10). 

 The overall structure of the PA8 prechannel-LF4 shares the “flowers-in-vase” 

appearance of the above described PA8 prechannel-EF4 complex (Figure 3.11). The vase 

corresponds to the octameric PA prechannel and the flowers to the four LF molecules 

“plugged” into the vase (Figure 3.11a). Viewed from the top, the four LF “flowers” are  
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Figure 3.9 Data processing workflow for LF-bound prechannels. See Materials and 
Methods for more details. 
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Figure 3.10 Structural determination process for the LF-bound PA prechannels. 
(a) Angular distribution for all particles used for the final map of PA8 prechannel-LF4; (b) 
Resmap local resolution estimation of PA8 prechannel-LF4; (c) FSC as a function of 
spatial frequency demonstrating the resolution for the final reconstruction of PA8 
prechannel-LF4.  
 

distributed symmetrically in a square. (Figure 3.11b). Similar to the situation of PA8 

prechannel-bound EF, each LF subunit occupies binding surfaces from two neighboring 

PA subunits with its “flower stem” plugged into top of the PA8 prechannel (Figure 3.11). 

 

a 

b 

c 

PA8LF4 prechannel 
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Figure 3.11 Overall structure of PA8LF4. Two orthogonal views of the overall PA8LF4 
structure, fit within the 3.8 -Å density map. 
 

This is the first structure of PA8 prechannel in complex with the full-length LF. Each LF 

has four domains including a PABD, VIP2 like domain (VIPD), helix bundle domain 

(HBD) and catalytic center domain (CCD) (Figure 3.12). Similar to the structure of 

prechannel-bound EF, the PABD of LF is the only domain interacting with the PA 

prechannel. In contrast to domain reorganization observed with EF, a comparison of the 

PA8-bound LF and apo-form LF reveals no conformational change upon PA prechannel 

binding, except for the refolding of the N-terminal residues (Figure 3.13a). Like with EF, 

the N-terminal residues (Asn29-Glu47) of LF unfold from the PABD, while maintaining 

their α-helix/ β-strand secondary structure and docking into the α clamp of PA8 (Figure 

3.13b). This refolding of N-terminal residues happens in both LF and EF and plays a 

critical role in PA binding, though the conformations of the two N-terminal α-helices 

(α1) are not the same, as discussed below.  

 

75 Å 
 

160 Å 

105 Å 

90° 
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Figure 3.12. Domains of LF. LF has four domains; a PA binding domain (PABD), VIP2 
like domain (VIPD), a helix bundle domain (HBD) and catalytic center domain (CCD). 
 

Besides the N-terminal residues of LF, residues Try108, Leu188, Tyr223 and 

Val232 in the PABD interact with the PA prechannel mainly through hydrophobic 

interactions (Figure 3.14). LF Tyr236 is particularly well packed, as in the prechannel  

PA8LFN4 structure, allowing the phenol hydroxyl to form hydrogen bonds with PAC 

Asp195 and His211. Generally, the interaction between PA prechannel and PABD in 

either EF or LF occurs in a similar manner. In addition, every LF molecule has 

interactions with its neighboring LF, while no such interactions occur between 

neighboring EFs in the PA8 prechannel-EF4 complex, as discussed later.  
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Figure 3.13 Structural comparisons of PA8-bound LF and apo-LF. (a) Structure of 
PA-bound LF and its superposition with apo-LF structure (PDB: 1J7N); (b) LF α1/ β1 
unfold and dock within the α-clamp site upon LF binding to PA. 
 

Comparison of prechannel-bound EF and LF reveals essential features in pre-

translocation state 

EF and LF are very different cytotoxic enzymes: the former is a calmodulin-

activated adenylyl cyclase (Tang & Guo, 2009) while the latter is a protease belonging to 

the MAPKK family (Duesbery et al., 1998). As such, EF and LF have no functional 

similarity, but both are translocated by PA. Comparison of the PA8 prechannel-EF4 with 

PA8 prechannel-LF4 structures thus provides an opportunity to identify the essential 

features required for pre-translocation of anthrax toxins. 

Comparing EF and LF structures in their prechannel-bound state with those in the 

prechannel-unbound state (i.e. LF alone and CaM-bound EF) reveals that the refolding of 

N-terminal residues in the PABD domain is a shared conformational change, which has  

a 
 b 
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Figure 3.14. LF hydrophobic interface. LF forms a hydrophobic interface with PAC 
upon binding with the C-terminus of the LF PABD. 

 

been described as an important step in preparing for polypeptide translocation (Feld et al., 

2010). Remarkably, the amino acid sequences of the PABD is conserved in EF and LF  

(38% identity) (Figure 3.15), especially for those residues involved in the hydrophobic 

interactions with PA. A PABD-aligned superposition between prechannel-bound EF and 

LF also shows that the overall structure of the two PABDs is conserved (Figure 3.16a). In 

contrast to these similarities, this superposition reveals that the N-terminal α-helices (α1) 

of EF and LF are not in the same conformation. The α1 of EF shifts upwards about 25° 
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Figure 3.15 Alignment of EF and LF. The amino acid sequences of the PABD in EF 
and LF are conserved at 38%. The α1 sequences binding in the α clamp share no 
similarity compared to the remainder of the PABD of EF and LF.  
 

(Figure 3.16b); moreover, the sequences of α1 are not similar when compared to the full 

PABD (38% identities) (Figure 3.15). In the channel structure of EF, PAN Phe464 takes 

on a different rotamer from the prechannel which we believed was responsible for the 

elevation of EF α1 compared to LFN. Interestingly, it appears that in the prechannel 

structure the rotamer remains in the same orientation in both EF and LF bound PA 

(Figure 3.16b). Beyond mutation analysis (Feld et al., 2010), our structures provide direct  

 

EF 
 LF 
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Figure 3.16 Structural comparison of EF and LF bound to the PA8 prechannel. (a) 
Superposition of PA8-bound EF and LF after alignment of the PABD; (b) α1 of EF 
remains elevated compared to LF upon binding to PA8 prechannel, while in the 
prechannel PAN Phe464 maintains the same orientation in both PA8EF4 and PA8LF4. 
 

structural evidence to support the notion that the α-clamp of the PA prechannel 

demonstrates plasticity in its binding of different α-helices from enzymatic factors. 

As has been mentioned earlier, the PA prechannel-bound EF undergoes a drastic 

domain reorganization, but PA bound LF does not (Figure 3.13a), with only α1/ β1 

unfolding to bind in the α clamp. As reported, EF is a calmodulin-activated adenylyl 

cyclase whose activity highly depends on CaM binding. However, it seems impossible 

for PA to translocate CaM together with EF, as CaM is not found outside of mammalian 

cytosol. Our PA8 prechannel-EF4 structure indicates that EF has to release CaM when 

binding to the PA prechannel, which enables the above-described EF domain 

reorganization leading to compaction of the overall structure.  

Despite the fact that LF doesn’t undergo the same type of drastic domain 

movement as EF when binding to the PA prechannel, the β2 strands in each PABD both 

a b 
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maintain protein interactions, thus possibly contributing to toxin binding. The β2 strand is 

located near the critical N-terminal α1 and its subsequent loop in both toxins (Figure 

3.17a). The β2 strand of EF’s PABD interacts with a loop of HD from the same EF  

 

Figure 3.17 β2 of EF and LF appears to be important in binding stability of these 
subunits to the PA prechannel. (a) EF β2 interacts with the HD of the same EF subunit; 
(b) LF β2 interacts with the CCD of a neighboring LF subunit. 
 

subunit (Figure 3.17a), without any interactions with any neighboring EF molecules. In 

contrast, the β2 strand of LF’s PABD also interacts with a loop, though it is from the 

CCD of a neighboring LF subunit (Figure 3.17b). We suggest that the interactions 

involving β2 help stabilize the lethal factor binding to the prechannel. No matter whether 

domain reorganization happens or not when binding to the PA prechannel, plenty of 

interactions located on domain interfaces were observed in both EF and LF structures, 

which implies that the compact overall structures of these toxin factors are favorable for 

PA binding and subsequent translocation. 

 

3.4 Discussion 

a b 
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Here, we report two cryoEM structures of PA8 prechannel bound with full-length 

toxin substrates: the PA8 prechannel-EF4 complex structure at 3.3 Å resolution and the 

PA8 prechannel-LF4 complex structure at 3.8 Å resolution. Our results reveal that, upon 

binding to the PA prechannel, conformational changes occur in both EF and LF, but the 

detailed structural remodeling is not identical. Compared to the CaM bound EF structure, 

two significant conformational changes are observed in the EF structure. First, the N-

terminal residues (Lys20 to Thr42) of PABD refolds from β-strand to an α helix and a 

loop, which docks to the α clamp of the PA prechannel. Second, the domains of EF 

reorganize involving a 70° swing of HD towards PABD and mounting of ACD to HD. 

The refolding of the N-terminus of the PABD yields the space for HD movement and  

exposes the β2 strand that then can interact with a HD loop. In the case of LF, only the 

refolding of N-terminal residues occurs, with the rest of the structure remaining the same 

as the apo-form of LF. Thus, the N-terminal residues unfolding and binding is shared 

between both EF and LF. In previous work, Feld et al. showed that different amino acid 

sequences could binds to α clamp (Feld et al., 2010). Both complex structures presented 

here give direct structural evidence to confirm that the α clamp of the PA prechannel has 

the flexibility to engage the different α-helices of both its cytotoxic substrates. 

 Furthermore, EF and LF have no functional similarity even though both are 

translocated by PA. However, most residues of the PABD involving in prechannel 

binding are well conserved. In comparing the EF and LF PABD, β2 attracts the most 

attention. Near the critical N-terminal α1, β2 in EF interacts with a loop from HD of 

same EF in PA8 prechannel-EF4, while LF β2 interacts with the CCD of the neighboring 
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LF in PA8 prechannel-LF4, indicating that the β2 interactions are helpful for PA 

prechannel binding. 

 Our PA8 prechannel-EF4 and PA8 prechannel-LF4 structures, as the first full-

length EF and LF complexes with a PA prechannel, provide further insights into the 

mechanism of how PA prechannel recruits the toxin factors and prime them for 

translocation. Before binding to the PA prechannel, EF must remain unbound by CaM so 

that EF can reorganize and refold to adapt to the prechannel entrance at the α clamp 

(Figure 3.18). Although the structure of the apo-form of EF is not available, our  

 

Figure 3.18 Pre-translocation illustration of the anthrax toxins. 1. PA83 binds to the 
anthrax toxin receptor (ATR) and undergoes furin cleavage to PA63. 2. PA assembles into 
a heptamer or octamer prechannel. 3. EF and LF bind to the PA prechannel, then are 
endocytosed along with the PA into the endosome. Once within the endosome, a 
conformational change occurs from PA prechannel to channel, allowing EF and LF to be 
translocated through the endosomal membrane into the host cytosol. 
 

observation suggests that, without the assistance of CaM or PA, apo-EF may be in a 

domain disordered state. For LF, as the original structure is relatively compact already, it 

may be that no major conformation changes are needed. Subsequently, when EF or LF 

binds to PA prechannel, the N-terminal residues of PABD are induced to adapt a partially 
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unfolded α-helix/ β1 strand configuration that directly docks into the α clamp of the PA 

prechannel. Moreover, this critical refolding exposes the β2 strand, making it possible for 

β2 to interact with loops from the same EF or a neighboring LF. In both EF and LF, these 

interactions could help with recruitment of the cytotoxic factors. With limited binding 

space for the cytotoxic factors on the PA prechannel, it appears to be more favorable for 

the cytotoxins to adopt a compact and ordered conformation for more effective 

recruitment.  

 In summary, our structural study of both toxin factors bound to PA prechannel 

provides key insights into the molecular mechanisms of target recruitment in the pre-

translocation state, involving translocation-coupled protein unfolding and binding. The 

atomic description of the robust α clamp and highly conserved PABD structures resolved 

in both EF and LF are valuable when considering strategies for engineered PABD-tag 

protein to target cells for medical applications. 

 

3.5 Materials and Methods 

Protein Expression and Purification 

Two mutants of PA, a D512K mutant (PAD512K), and a K242G/R252N mutant 

(PAG/N), which when mixed exclusively form octameric PA in the presence of substrate 

(Phillips et al., 2013), were created using QuikChange II XL Site-directed mutagenesis 

kits (Agilant Product Number 200251). In both mutants, the furin cleavage site was 

replaced with a 3C Protease cleavage site (Cordingley, Callahan, Sardana, Garsky, & 

Colonno, 1990), allowing for assembly with no trypsin degradation of the complex.  
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These PA83 variants were produced in E. coli BL21(DE3) cells transformed with pET22b 

recombinant vectors expressing PA and secreting it to the periplasm, using 3 cells as 

previously described. Bacteria were grown in 10L fermenters at 37 °C in ECPM1 broth 

(Barnard, A., and Payton, 1995). At an OD600 of ~4, expression was induced at 30 °C for 

2 hours with IPTG to a final concentration of 300 µM. Periplasmic lysis was performed 

by resuspending the pelleted bacterial cells in 20% (w/v) sucrose, 20 mM Tris pH 8, 1 

mM EDTA. Bacteria were then pelleted and resuspended in 5 mM MgSO4. The bacteria 

were pelleted a final time, and the supernatant containing the periplasmic lysate was 

collected. PA83 was further purified using Q-Sepharose anion-exchange chromatography 

in 20 mM Tris, pH 8 and 20mM Tris pH 8, 1M NaCl. PA83 mutants were then cleaved 

using 3C Protease at a ratio of 20 U of 3C Protease to 1 mg PA (at 1 mg/ml PA 

concentration). This reaction was allowed to procede overnight at 4 °C.  

Recombinant LF and EF containing an amino-terminal His-tag were 

overexpressed in E. coli BL21(DE3) from pET15b constructs and purified from the 

cytosol using His6 affinity chromatography(Krantz et al., 2006).  

PA-LF and PA-EF complex assembly 

After 3C cleavage, 5 mg PAD512K and 5 mg PAG/N were mixed with 10 mg of EF 

or LF (1:1 w/w), and diluted to 1 mg/ml total protein concentration (20 ml) in 20 mM 

Tris pH 8, 150 mM NaCl. This mixture was allowed to assemble overnight at 4 °C. The 

PA prechannel in complex with LF and EF was concentrated to between 3-4 ml, then 

purified over S400 gel filtration in 20 mM Tris pH 8, 150 mM NaCl. The sample was 

then concentrated to 0.87 mg ml-1 (PA prechannel in complex with LF) and 1.05 mg ml-1 
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(PA prechannel in complex with EF). Concentration was estimated by a Nanodrop 

spectrophotometer. 

CryoEM sample preparation and imaging 

For cryoEM sample optimization, an aliquot of 2.5 μl of sample was applied onto 

a glow-discharged holey carbon copper grid (300 mesh, QUANTIFOIL® R 2/1). The 

grid was blotted and flash-frozen in liquid ethane with an FEI Mark IV Vitrobot. An FEI 

TF20 cryoEM instrument was used to screen grids. CryoEM grids with optimal particle 

distribution and ice thickness were obtained by varying the time for glow discharge, the 

volume of applied samples, chamber temperature/humidity and blotting time/force.  

 Optimized cryoEM grids were loaded into an FEI Titan Krios electron 

microscope with a Gatan Imaging Filter (GIF) Quantum LS device and a post-GIF K2 

Summit direct electron detector. The microscope was operated at 300 kV with the GIF 

energy-filtering slit width set at 20 eV. Movies were acquired with SerialEM 

(Mastronarde, 2005) by electron counting in super-resolution mode at a pixel size of 

0.535 Å per pixel. A total number of 45 frames were acquired in 9 seconds for each 

movie, giving a total dose of ~60 e-/Å2/movie. 

Drift correction for movie frames 

Frames in each movie were aligned for drift correction with the graphics 

processing unit (GPU)-accelerated program MotionCor2(Zheng et al., 2017). The first 

and last frame were discarded during drift correction. Two averaged micrographs, one 

with dose weighting and the other without dose weighting, were generated for each 

movie after drift correction. The averaged micrographs have a calibrated pixel size of 

1.07 Å on the specimen scale. The averaged micrographs without dose weighting were 
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used only for defocus determination and the averaged micrographs with dose weighting 

were used for all other steps of image processing. 

Structure determination for the PA8 prechannel in complex with either EF or LF 

For the PA prechannel in complex with EF, the defocus value of each averaged 

micrograph was determined by CTFFIND4 (Rohou & Grigorieff, 2015) generating 

values ranging from -1.5 to -3 μm. Initially, a total of 1,010,953 particles were 

automatically picked from 4,353 averaged images without reference using Gautomatch 

(http://www.mrc-lmb.cam.ac.uk/kzhang). The particles were boxed out in dimensions of 

256 × 256 square pixels before further processing by the GPU accelerated Relion v3.0 

(Scheres, 2012c, 2012a). Several iterations of reference-free 2D classification were 

subsequently performed to remove ‘bad’ particles (i.e. classes with fuzzy or un-

interpretable features), yielding 447,121 ‘good’ particles. These particles were submitted 

to cryoSPARC (Punjani et al., 2017) for an initial model. After one round of 3D 

classification with C8 symmetry, only the classes showing features corresponding to the 

intact PA8 prechannel were kept, which contained 107,095 particles. These particles were 

subjected to one round of auto-refinement by RELION, yielding a map with an average 

resolution of 3.3 Å.  

The EF binding sites in PA8 prechannel were not fully occupied, thus we needed 

to perform symmetry mismatch classification to obtain the high-resolution map for EF. 

We expanded the ‘good’ particles (intact PA8 prechannel) from C8 symmetry to C1, 

yielding 856,760 (107,095 x 8) particles. These particles were submitted to further 

classification (skip align) with 10 classes. A cylinder mask was created only for the EF 

binding region (Figure 3.2) and applied for the focus classification. Among these 10 



  

 78 

classes, two classes have no clear density of EF and 3 classes have density of four EF 

(Figure 3.2). Subsequently, we selected the particles from classes with four EFs. 

Removing duplications based on the unique particle names given by RELION yielded 

78,465 particles for PA8 prechannel-LF4. These unique particles were subjected to a final 

step of 3D auto-refinement with C4 symmetry. The two half maps of each dataset from 

this auto-refinement step were subjected to RELION’s standard post-processing 

procedure. The final map achieved 3.3 Å resolution based on RELION’s gold-standard 

FSC (see below). 

For the data set of the PA prechannel in complex with LF data set, the data 

processing workflow follows a similar manner as the PA8 prechannel-EF4 data set. 

Briefly, 593,079 raw particles were boxed out from 2,037 micrographs and binned to a 

pixel size of 2.14 Å. After rounds of 3D classification, 57,860 good particles with intact 

PA8 prechannel were selected, yielding a 4.28 Å map with C4 symmetry (Figure 3.9).  

231,440 particles were generated after the symmetry expansion from C4 to C1, 

and further applied to ‘skip align’ 3D classification with 6 classes. A tight mask covering 

the whole LF binding region was used during the symmetry mismatch classification. 

Only one good class (23,839 particles) containing four LFs was selected. These particles 

were finally subjected to a 3D auto-refinement with C4 symmetry and yielded a map at 

3.8 Å resolution (Figure 3.9). All resolutions reported above are based on the “gold-

standard” FSC 0.143 criterion. FSC curves were calculated using soft spherical masks 

and high-resolution noise substitution was used to correct for convolution effects of the 

masks on the FSC curves(Shaoxia Chen et al., 2013). Prior to visualization, all maps were 

sharpened by applying a negative B-factor that was estimated using automated 
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procedures. Local resolution was estimated using Resmap (Swint-Kruse & Brown, 2005). 

The overall quality of the maps for the PA channel in complex with EF or LF is presented 

in Figure 3.3 and 3.10, respectively. Data collection and reconstruction statistics are 

presented in Table 3.1. 

Model building and refinement 

Atomic model building was accomplished in an iterative process involving Coot 

(Emsley & Cowtan, 2004), Chimera (Pettersen et al., 2004), and Phenix (Adams et al., 

2010). For the PA channel in complex with EF, the structure of PA8 prechannel octamer 

(Kintzer et al., 2009) (PDB: 3HVD) was fitted into the cryoEM map of PA8 prechannel-

EF4 as initial model by using the ‘fit in map’ routine in Chimera. This fit revealed the 

extra density corresponding to EF. However, further docking showed the density of EF in 

cryoEM map has significant differences with respect to the crystal structure of EF (Shen 

et al., 2005) (PDB ID: 1XFX). The full-length EF consists of 3 domains, the PA binding 

domain (PABD), adenylate cyclase domains (ACD), and the helical domain (HD). The 

domains in the cryoEM map have a different arrangement. Thus, we fit the domains into 

the density separately to create an initial atomic model for PA8 prechannel-EF4, which 

was refined by ‘real-space refinement’ in Phenix (Adams et al., 2010). We then manually 

adjusted the main chain and side chains to match the cryoEM density map with Coot 

(Emsley & Cowtan, 2004). The process of real space refinement and manual adjustment 

steps was repeated until the peptide backbone and side chain conformations were 

optimized. Secondary structure, NCS restraints and geometry restraints were used during 

the refinement. 
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For the PA8-LF complex, the structure of anthrax toxin PA prechannel octamer 

(Kintzer et al., 2009) (PDB: 3HVD) was fitted into the bottom of cryoEM map by using 

the ‘fit in map’ routine in Chimera. Then, the crystal structure of lethal factor (Pannifer et 

al., 2001) (PDB: 1J7N) was fitted in to the top of cryoEM map to create a full atomic 

model for the PA8 prechannel-LF4 complex. Finally, the structure was manually adjusted 

using Coot (Emsley & Cowtan, 2004) and refined using Phenix (Adams et al., 2010) in 

real space with secondary structure and geometry restraints. 

Refinement statistics of the PA prechannel in complex with LF and EF are 

summarized in Table 3.1. These models were also evaluated based on MolProbity scores 

(V. B. Chen et al., 2010) and Ramachandran plots (Table 3.1). Representative densities 

for the proteins are shown in Figure 3.19.  
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Figure 3.19 Representative cryoEM density maps for both EF and LF complexed 

with PA prechannels. (a) PA8 prechannel-bound EF; (b) PA8 prechannel-bound LF. 

 

 

 

 

 

 

 

 

 

 

 

a b PA8-bound EF PA8-bound EF 
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Table 3.1 CryoEM data collection and refinement statistics of prechannel 

structures. 

Data collection LF complex EF complex 
 PA8-LF4 PA8-EF4 
EM equipment FEI Titan Krios FEI Titan Krios 
Voltage (KV) 300 300 
Detector Gatan K2 Gatan K2 
Pixel size (Å) 1.07 1.07 
Electron dose (e-/Å2) 62.9 60.2 
Defocus range (μm) -1.5 ~ -3.0 1.5 ~ -3.0 
Reconstruction   
Software RELION3.0 RELION3.0 
Number of used particles 23,839 78,465 
Accuracy of rotation (°) 0.98 0.93 
Accuracy of translation (pixels) 0.69 0.60 
Map sharpening B-factors (Å2) -154 -100 
Resolution FSC 0.143 (Å) 3.8 3.3 
Model building    
Software  COOT COOT 

 Refinement   
Software PHENIX PHENIX 
Resolution (Å) 3.8 3.3 
Number of protein residues 7,220 7,208 
Map CC 0.82 0.86 
R.m.s deviations   
  Bonds length (Å) 0.01 0.01 
  Bonds angle (°) 0.83 0.90 
Ramachandran plot statistics (%)   
  Preferred 94.24 91.89 
  Allowed 5.76 8.11 
  Outlier 0 0 
Rotamers outliers (%) 0.88 0.54 
C-beta deviations 0 0 
Clash score 4.53 6.25 
MolProbity score 1.62 1.83 
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Chapter 4 

Closing remarks 

4.1 Summary of Research Accomplishments 

Here I have presented a total of six novel protein structures of the anthrax toxin 

PA bound by its enzymatic factors. These are the first structures of EF bound to PA, both 

in the channel (Figure 4.1) and prechannel configurations. In addition, these are also the  

 
 

 

Figure 4.1 Structures of EF bound to the PA Channel. The structures of PA7EF and of 
the two different PA7EF2 structures. 
 

first structures of the PA channel bound to a substrate, and the first of the full-length LF 

bound to PA. The structure of LF bound to both the channel and prechannel have shown 

that upon binding to the prechannel, the catalytic domain of LF is placed to interact with 

PA7-1-,3-EF PA7-1-,4-EF PA7-EF 
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β2 of the neighboring LF (Figure 4.2a). However, when the conversion to channel occurs, 

the LF catalytic domain appears to be flexible (Figure 4.2b). The structures provided here

   

Figure 4.2 Conversion of prechannel to channel bound by a single LF results in a 
flexible catalytic domain. (a) In the prechannel structure, LF is bound with its catalytic 
domain in an ordered structure interacting with neighboring LF β1; (b) Upon conversion 
to the channel, the catalytic domain of LF in the prechannel (grey) appears to become 
disordered when only a single LF is bound.  
 

have provided further clarity into the biophysical steps occurring upon binding of 

substrate to a translocon. These structures have revealed binding plasticity within the α 

clamp, with EF α1 taking on an elevated conformation compared to LF α1. This supports 

previous work showing that the α clamp engages the translocating α-helices repeatedly 

and nonspecifically. These structures have also revealed that upon conversion to the 

channel, a loop in the PA moves away from the PABD of EF, resulting in the loss of salt 

a b 
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bridges. The destabilization of this binding interface likely results in the bound substrate 

being easier to translocate through the channel.  

Most interestingly, this work has opened up many future directions for 

biophysical characterization of the interactions between EF and the PA. It will provide 

framework to address interactions between the LF subunits in prechannel binding using 

further biophysical techniques. This work is also of interest in the field of structure-based 

drug design. Given the use of anthrax in bioterrorism, it remains classified as a Tier 1 

Select agent in the United States by the Federal Select Agents Program. As early 

symptoms of inhalation anthrax infection mimic influenza, it is difficult to diagnose early 

(Borio, Frank, & Mani, 2001; Plotkin, Brachman, Utell, Bumford, & Atchison, 2002). By 

the time it is diagnosed, toxins may have already accumulated to lethal levels. These 

structures may allow structure-based drug design of novel antitoxins to neutralize anthrax 

toxin that would decrease fatality rates in the case of inhalation anthrax (Huang et al., 

2015).  

In addition, anthrax toxin is currently being developed as a method of targeting 

cancer cells due to their high protease expression by mutating their protease sensitivity 

(Bachran & Leppla, 2016; S. Liu, Netzel-Arnett, Birkedal-Hansen, & Leppla, 2000; 

Shihui Liu, Bugge, & Leppla, 2001). The cryoEM structures provided here could provide 

assistance into increasing the efficiency of using PA as a drug delivery system to help 

stabilize cytotoxic LFN fusion proteins (Bachran & Leppla, 2016; Gupta, Moayeri, 

Crown, Fattah, & Leppla, 2008; Wesche, Elliott, Falnes, Olsnes, & Collier, 1998). 

 

4.2 Future Directions 
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Binding of multiple LF subunits to the PA channel 

Currently, our structure of the PA7LF remains at a relatively low resolution (4.6-

Å) compared to our PA7EF structures. In addition, the catalytic domain of LF becomes 

disordered in our structure. Is this disorder due to the single LF remaining bound to PA 

after conversion to the channel? Perhaps if multiple LF subunits were bound to the PA 

channel, the interaction between the LF catalytic domain and the neighboring β2  

would give rise to a well-ordered structure. To address this, the insertion of PA7LF into 

lipid nanodiscs should be repeated. Once the complex is successfully inserted into the 

lipid nanodisc, additional LF can be titrated into the sample, yielding a saturated 

(PA7LF3) complex in the channel conformation. In addition, when imaging is performed, 

more images would hopefully result in a higher resolution structure. This would address 

questions with regard to the catalytic interactions of LF, along with increasing the 

resolution. This would also allow for analysis of the PABD-PA interactions to determine 

if the same loss of salt bridges (indicative of interface destabilization) occurs upon 

conversion to the channel as happens in the PA7EF channel structure.  

Targeting of the binding interface for translocation 

Future work using these structures should address changes within the binding 

interface for the LF and EF PABD between the channel and prechannel. The α clamp has 

been shown to be critical in protein translocation, with mutations in this area causing 

drastic decreases in translocation efficiency. Now that there are structures showing that 

different polypeptides are engaged in both the prechannel and channel conformation, this 

site should be of great interest in the development of novel therapeutics for B. anthracis 

infections. During inhalation anthrax infection, the infection is often mistaken for 
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influenza until levels of anthrax toxin in the bloodstream reach critical levels (Huang et 

al., 2015). At this point, while the infection can be treated with antibiotics, the toxin 

levels within the blood have already reached a critical peak and wreak havoc within the 

infected organism. A small molecule or peptide could be developed as a therapeutic that 

would bind to the α clamp preferentially over LF and EF, thereby preventing/reducing 

translocation of the cytotoxic factors. This would potentially neutralize the toxin and aid 

in the treatment of anthrax, preventing the toxins that have built up in the bloodstream 

from exerting their functions. Previous work in this direction has focused on blocking the 

PA channel using small molecules that target f clamp site (Nestorovich & Bezrukov, 

2014).  

Identifying secondary structure of translocating polypeptides 

Going forward, there is still much more structural work to be done using anthrax 

toxin to study protein translocation. Further work going forwards will need to involve 

capturing translocating polypeptides within the PA channel to elucidate structurally the 

biophysical mechanisms occurring during protein translocation. While these structures 

have further elucidated mechanisms at play between the substrate in the channel to 

prepare for translocation through the channel, we have yet to show structures of 

polypeptide engaged the PA channel. Previous work indicates that a helix-coil transition 

is important for the translocation of polypeptides through the channel (Das & Krantz, 

2016; Ghosal et al., 2017). Is this due to the formation of helices within the translocon 

generating the force to push the polypeptide past the constricted f clamp, as in a helix-

compression model of translocation? To address this, the translocating substrate must 

somehow be caught within the channel, ideally while engaging with both the α clamp and 
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f clamp. Using cysteine mutations, it may be possible trap the leading sequence of the 

polypeptide as it enters the channel. However, the amino terminal residues of both LF 

and EF remain disordered in our structures. To facilitate determination of these 

structures, extending the amino terminus of the bound substrate by repeating the known 

α1 helices might result in clear density within the f clamp. If these α-helices can be 

trapped as they are directed down into the channel, it would provide density that would 

be easy to build the polypeptide backbone into. Working to fill the density from the 

known α-clamp site with a known sequence. As these sequences have known helical 

conformation, if they adopt any other conformation while moving down out of the α 

clamp, that would support a model that the polypeptide unfolds into an extended chain. If 

it maintains a helical conformation or compacts into a tighter helix within the α clamp 

site, this would support a helix-compaction model of translocation.  

Biophysical analysis of the domain reorganization of EF 

In addition, mutagenesis studies could be performed on the EF to determine the 

importance of the domain reorganization. These new structures of EF have provided new 

insights into interactions between the EF domains. How does this domain organization 

affect translocation efficiency? Or is the domain reorganization more important for 

efficient transport into the endosome? A variety of binding experiments paired with 

translocation experiments will need to be performed to obtain further insight into how 

this domain organization factors into the overall process of translocation.   

Branching this work to other systems 

While all of the structures presented so far are useful in determining translocation 

mechanisms found in anthrax toxin, I believe that the mechanisms found within the PA 
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translocon will be able to be applied to other translocons as well. To that end, structures 

of other protein translocons will need to be determined. A homolog of PA of interest in 

human infection, C. difficile CtB (TcdB), would provide an ideal candidate for further 

translocation work (Krantz et al., 2005). Using cryoEM, the structure of the C. difficile 

CtB could be determined to a high resolution. With structures, CtB would provide an 

ideal model system for further expanding our understanding of translocation mechanisms 

common to bacterial translocons, and potentially other systems as well. Like PA, CtB is 

pH sensitive, converting to a channel conformation upon being exposed to the lower pH 

within the endosome (Shuyi Chen et al., 2016). The N-terminal glucosyltransferase 

domain of CtB is cleaved at neutral pH, prior to endocytosis into the cell (Rupnik et al., 

2005). In addition, previous studies have shown that it is possible to insert into a planar 

lipid bilayer in a similar manner to PA (Genisyuerek et al., 2011; Zhifen Zhang et al., 

2014). If the CtB can be inserted into a lipid bilayer as single channels, small 

polypeptides taken from the glucosyltransferase domain could be used to study 

translocation through the channel with electrophysiology (Das & Krantz, 2016). 



  

 90 

References 

 
Adams, P. D., Afonine, P. V., Bunkóczi, G., Chen, V. B., Davis, I. W., Echols, N., … 

Zwart, P. H. (2010). PHENIX: A comprehensive Python-based system for 
macromolecular structure solution. Acta Crystallographica Section D: Biological 
Crystallography, 66(2), 213–221. https://doi.org/10.1107/S0907444909052925 

 
Agrawal, A., Lingappa, J., Leppla, S. H., Agrawal, S., Jabbar, A., Quinn, C., & 

Pulendran, B. (2003). Impairment of dendritic cells and adaptive immunity by 
anthrax lethal toxin. Nature, 424(6946), 329–334. 
https://doi.org/10.1038/nature01794 

 
Akkaladevi, N., Hinton-Chollet, L., Katayama, H., Mitchell, J., Szerszen, L., Mukherjee, 

S., … Fisher, M. T. (2013). Assembly of anthrax toxin pore: Lethal-factor 
complexes into lipid nanodiscs. Protein Science, 22(4), 492–501. 
https://doi.org/10.1002/pro.2231 

 
Alibek, K., & Handelman, S. (1999). Biohazard : the chilling true story of the largest 

covert biological weapons program in the world, told from the inside by the man 
who ran it. New York: Random House. 

 
Alileche, A., Serfass, E. R., Muehlbauer, S. M., Porcelli, S. A., & Brojatsch, J. (2005). 

Anthrax lethal toxin-mediated killing of human and murine dendritic cells impairs 
the adaptive immune response. PLoS Pathogens, 1(2), 0150–0158. 
https://doi.org/10.1371/journal.ppat.0010019 

 
Autzen, H. E., Myasnikov, A. G., Campbell, M. G., Asarnow, D., Julius, D., & Cheng, Y. 

(2018). Structure of the human TRPM4 ion channel in a lipid nanodisc. Science, 
359(6372), 228–232. https://doi.org/10.1126/science.aar4510 

 
Bachran, C., & Leppla, S. H. (2016). Tumor targeting and drug delivery by anthrax toxin. 

Toxins, 8(7), 1–16. https://doi.org/10.3390/toxins8070197 
 
Bai, X. C., Fernandez, I. S., McMullan, G., & Scheres, S. H. W. (2013). Ribosome 

structures to near-atomic resolution from thirty thousand cryo-EM particles. ELife, 
2013(2), 2–13. https://doi.org/10.7554/eLife.00461 

 
Barnard, A., and Payton, M. (1995). Current Protocols in Protein Science (P. T. Coligan, 

J. E., Dunn, B. M., Plough, H. L., Speicher, D. W., and Wingfield, Ed.). John Wiley 



  

 91 

& Sons, Inc. 
 
Basilio, D., Jennings-Antipov, L. D., Jakes, K. S., & Finkelstein, A. (2011). Trapping a 

translocating protein within the anthrax toxin channel: Implications for the 
secondary structure of permeating proteins. Journal of General Physiology, 137(4), 
343–356. https://doi.org/10.1085/jgp.201010578 

 
Basilio, D., Juris, S. J., Collier, R. J., & Finkelstein, A. (2009). Evidence for a proton-

protein symport mechanism in the anthrax toxin channel. The Journal of General 
Physiology, 133(3), 307–314. https://doi.org/10.1085/jgp.200810170 

 
Basilio, D., Kienker, P. K., Briggs, S. W., & Finkelstein, A. (2011). A kinetic analysis of 

protein transport through the anthraxtoxin channel. Journal of General Physiology, 
137(6), 521–531. https://doi.org/10.1085/jgp.201110627 

 
Berg, B. Van Den, Jr, W. M. C., Collinson, I., Modis, Y., Hartmann, E., Harrison, S. C., 

… Clemons, W. M. (2004). X-ray structure of a protein-conducting channel. Nature, 
427(6969), 36–44. https://doi.org/10.1038/nature02218 

 
Blaustein, R. O., Lea, E. J. A., & Finkelstein, A. (1990). Voltage-dependent block of 

anthrax toxin channels in planar phospholipid bilayer membranes by symmetric 
tetraalkylammonium ions. Journal of General Physiology, 96(5), 921–942. 
https://doi.org/10.1085/jgp.96.5.921 

 
Blevins, S. M., & Bronze, M. S. (2010). Robert Koch and the “golden age” of 

bacteriology. International Journal of Infectious Diseases, 14(9), 744–751. 
https://doi.org/10.1016/j.ijid.2009.12.003 

 
Borio, L., Frank, D., & Mani, V. (2001). Death due to bioterrorism-related inhalational 

anthrax. JAMA: The Journal of …, 286(20), 2554–2559. Retrieved from 
http://jama.ama-assn.org/content/286/20/2554.short 

 
Brilot, A. F., Chen, J. Z., Cheng, A., Pan, J., Harrison, S. C., Potter, C. S., … Grigorieff, 

N. (2012). Beam-induced motion of vitrified specimen on holey carbon film. 
Journal of Structural Biology, 177(3), 630–637. 
https://doi.org/10.1016/j.jsb.2012.02.003 

 
Brown, M. J., Thoren, K. L., & Krantz, B. a. (2011). Charge requirements for proton 

gradient-driven translocation of anthrax toxin. Journal of Biological Chemistry, 
286(26), 23189–23199. https://doi.org/10.1074/jbc.M111.231167 



  

 92 

 
Cao, E., Liao, M., Cheng, Y., & Julius, D. (2013). TRPV1 structures in distinct 

conformations reveal activation mechanisms. Nature, 504(7478), 113–118. 
https://doi.org/10.1038/nature12823 

 
Carpenter, E. P., Beis, K., Cameron, A. D., & Iwata, S. (2008). Overcoming the 

challenges of membrane protein crystallography. Current Opinion in Structural 
Biology, 18(5), 581–586. https://doi.org/10.1016/j.sbi.2008.07.001 

 
Carragher, B., Kisseberth, N., Kriegman, D., Milligan, R. A., Potter, C. S., Pulokas, J., & 

Reilein, A. (2000). Leginon: An automated system for acquisition of images from 
vitreous ice specimens. Journal of Structural Biology, 132(1), 33–45. 
https://doi.org/10.1006/jsbi.2000.4314 

 
Chai, Q., Arndt, J. W., Dong, M., Tepp, W. H., Johnson, E. A., Chapman, E. R., & 

Stevens, R. C. (2006). Structural basis of cell surface receptor recognition by 
botulinum neurotoxin B. Nature, 444(7122), 1096–1100. 
https://doi.org/10.1038/nature05411 

 
Chen, P., Lam, K., Liu, Z., Mindlin, F. A., Chen, B., Gutierrez, C. B., … Jin, R. (2019). 

Structure of the full-length Clostridium difficile toxin B. Nature Structural & 
Molecular Biology, 26(8), 712–719. https://doi.org/10.1038/s41594-019-0268-0 

 
Chen, Shaoxia, McMullan, G., Faruqi, A. R., Murshudov, G. N., Short, J. M., Scheres, S. 

H. W., & Henderson, R. (2013). High-resolution noise substitution to measure 
overfitting and validate resolution in 3D structure determination by single particle 
electron cryomicroscopy. Ultramicroscopy, 135, 24–35. 
https://doi.org/10.1016/j.ultramic.2013.06.004 

 
Chen, Shuyi, Wang, H., Gu, H., Sun, C., Li, S., Feng, H., & Wang, J. (2016). 

Identification of an essential region for translocation of clostridium difficile toxin B. 
Toxins, 8(8), 1–13. https://doi.org/10.3390/toxins8080241 

 
Chen, V. B., Arendall, W. B., Headd, J. J., Keedy, D. A., Immormino, R. M., Kapral, G. 

J., … Richardson, D. C. (2010). MolProbity: All-atom structure validation for 
macromolecular crystallography. Acta Crystallographica Section D: Biological 
Crystallography, 66(1), 12–21. https://doi.org/10.1107/S0907444909042073 

 
Cheng, Y. (2018). Membrane protein structural biology in the era of single particle cryo-

EM. Current Opinion in Structural Biology, 52, 58–63. 



  

 93 

https://doi.org/10.1016/j.sbi.2018.08.008 
 
Cheng, Y., Grigorieff, N., Penczek, P. A., & Walz, T. (2015). A primer to single-particle 

cryo-electron microscopy. Cell, 161(3), 438–449. 
https://doi.org/10.1016/j.cell.2015.03.050 

 
Cordingley, M. G., Callahan, P. L., Sardana, V. V., Garsky, V. M., & Colonno, R. J. 

(1990). Substrate requirements of human rhinovirus 3C protease for peptide 
cleavage in vitro. Journal of Biological Chemistry, 265(16), 9062–9065. 

 
Corre, J. P., Piris-Gimenez, A., Moya-Nilges, M., Jouvion, G., Fouet, A., Glomski, I. J., 

… Goossens, P. L. (2013). In vivo germination of bacillus anthracis spores during 
murine cutaneous infection. Journal of Infectious Diseases, 207(3), 450–457. 
https://doi.org/10.1093/infdis/jis686 

 
Das, D., & Krantz, B. A. (2016). Peptide- and proton-driven allosteric clamps catalyze 

anthrax toxin translocation across membranes. Proceedings of the National Academy 
of Sciences, 113(34), 9611–9616. https://doi.org/10.1073/pnas.1600624113 

 
Dill, K. A., Fiebig, K. M., & Hue Sun Chan. (1993). Cooperativity in protein-folding 

kinetics. Proceedings of the National Academy of Sciences of the United States of 
America, 90(5), 1942–1946. https://doi.org/10.1073/pnas.90.5.1942 

 
Drum, C. L., Yan, S.-Z., Bard, J., Shen, Y.-Q., Lu, D., Soelaiman, S., … Tang, W.-J. 

(2002). Structural basis for the activation of anthrax adenylyl cyclase exotoxin by 
calmodulin. Nature, 415(6870), 396–402. https://doi.org/10.1038/415396a 

 
Du, J., Lü, W., Wu, S., Cheng, Y., & Gouaux, E. (2015). Glycine receptor mechanism 

elucidated by electron cryo-microscopy. Nature, 526(7572), 224–229. 
https://doi.org/10.1038/nature14853 

 
Duesbery, N. S., Webb, C. P., Leppla, S. H., Gordon, V. M., Klimpel, K. R., Copeland, 

T. D., … Vande Woude, G. F. (1998). Proteolytic inactivation of MAP-kinase-
kinase by anthrax lethal factor. Science, 280(5364), 734–737. 
https://doi.org/10.1126/science.280.5364.734 

 
Emsley, P., & Cowtan, K. (2004). Coot: Model-building tools for molecular graphics. 

Acta Crystallographica Section D: Biological Crystallography, 60(12 I), 2126–
2132. https://doi.org/10.1107/S0907444904019158 

 



  

 94 

Falnes, P., & Sandvig, K. (2000). Penetration of protein toxins into cells. Current 
Opinion in Cell Biology, 12(4), 407–413. https://doi.org/10.1016/S0955-
0674(00)00109-5 

 
Feld, G. K., Brown, M. J., & Krantz, B. a. (2012). Ratcheting up protein translocation 

with anthrax toxin. Protein Science, 21(5), 606–624. 
https://doi.org/10.1002/pro.2052 

 
Feld, G. K., Thoren, K. L., Kintzer, A. F., Sterling, H. J., Tang, I. I., Greenberg, S. G., … 

Krantz, B. a. (2010). Structural basis for the unfolding of anthrax lethal factor by 
protective antigen oligomers. Nature Structural & Molecular Biology, 17(11), 1383–
1390. https://doi.org/10.1038/nsmb.1923 

 
Fischer, A., Holden, M. A., Pentelute, B. L., & Collier, R. J. (2011). Ultrasensitive 

detection of protein translocated through toxin pores in droplet-interface bilayers. 
Proceedings of the National Academy of Sciences of the United States of America, 
108(40), 16577–16581. https://doi.org/10.1073/pnas.1113074108 

 
Genisyuerek, S., Papatheodorou, P., Guttenberg, G., Schubert, R., Benz, R., & Aktories, 

K. (2011). Structural determinants for membrane insertion, pore formation and 
translocation of Clostridium difficile toxin B. Molecular Microbiology, 79(6), 1643–
1654. https://doi.org/10.1111/j.1365-2958.2011.07549.x 

 
Ghosal, K., Colby, J. M., Das, D., Joy, S. T., Arora, P. S., & Krantz, B. A. (2017). 

Dynamic Phenylalanine Clamp Interactions Define Single-Channel Polypeptide 
Translocation through the Anthrax Toxin Protective Antigen Channel. Journal of 
Molecular Biology, 429(6), 900–910. https://doi.org/10.1016/j.jmb.2017.02.005 

 
Gogol, E. P., Akkaladevi, N., Szerszen, L., Mukherjee, S., Chollet-Hinton, L., Katayama, 

H., … Fisher, M. T. (2013). Three dimensional structure of the anthrax toxin 
translocon-lethal factor complex by cryo-electron microscopy. Protein Science, 
22(5), 586–594. https://doi.org/10.1002/pro.2241 

 
Goyal, P., Krasteva, P. V, Van Gerven, N., Gubellini, F., Van den Broeck, I., Troupiotis-

Tsaïlaki, A., … Remaut, H. (2014). Structural and mechanistic insights into the 
bacterial amyloid secretion channel CsgG. Nature, 516(7530), 250–253. 
https://doi.org/10.1038/nature13768 

 
Grinkova, Y. V, Lazarides, A. A., & Sligar, S. G. (2004). Directed Self-Assembly of 

Monodisperse Phospholipid Bilayer Nanodiscs with Controlled Size. Journal of the 
American Chemical Society, 126(11), 3477–3487. https://doi.org/10.1021/ja0393574 



  

 95 

 
Guo, Q., Shen, Y., Zhukovskaya, N. L., Florián, J., & Tang, W. J. (2004). Structural and 

kinetic analyses of the interaction of anthrax adenylyl cyclase toxin with reaction 
products cAMP and pyrophosphate. Journal of Biological Chemistry, 279(28), 
29427–29435. https://doi.org/10.1074/jbc.M402689200 

 
Gupta, P. K., Moayeri, M., Crown, D., Fattah, R. J., & Leppla, S. H. (2008). Role of N-

terminal amino acids in the potency of anthrax lethal factor. PLoS ONE, 3(9), 1–8. 
https://doi.org/10.1371/journal.pone.0003130 

 
Harrell, L. J., Andersen, G. L., & Wilson, K. H. (1995). Genetic variability of Bacillus 

anthracis and related species. Journal of Clinical Microbiology, 33(7), 1847–1850. 
 
Ho, C. M., Beck, J. R., Lai, M., Cui, Y., Goldberg, D. E., Egea, P. F., & Zhou, Z. H. 

(2018). Malaria parasite translocon structure and mechanism of effector export. 
Nature, 561(7721), 70–75. https://doi.org/10.1038/s41586-018-0469-4 

 
Huang, E., Pillai, S. K., Bower, W. A., Hendricks, K. A., Guarnizo, J. T., Hoyle, J. D., … 

Meaney-Delman, D. (2015). Antitoxin Treatment of Inhalation Anthrax: A 
Systematic Review. Health Security, 13(6), 365–377. 
https://doi.org/10.1089/hs.2015.0032 

 
Janowiak, B. E., Fischer, A., & Collier, R. J. (2010). Effects of introducing a single 

charged residue into the phenylalanine clamp of multimeric anthrax protective 
antigen. Journal of Biological Chemistry, 285(11), 8130–8137. 
https://doi.org/10.1074/jbc.M109.093195 

 
Jiang, J., Pentelute, B. L., Collier, R. J., & Zhou, Z. H. (2015). Atomic structure of 

anthrax protective antigen pore elucidates toxin translocation. Nature, 521, 545–549. 
https://doi.org/10.1038/nature14247 

 
Katayama, H., Wang, J., Tama, F., Chollet, L., Gogol, E. P., Collier, R. J., & Fisher, M. 

T. (2010). Three-dimensional structure of the anthrax toxin pore inserted into lipid 
nanodiscs and lipid vesicles. Proc Natl Acad Sci U S A, 107(8), 3453–3457. 
https://doi.org/10.1073/pnas.1000100107 

 
Kim, S. O., Jing, Q., Hoebe, K., Beutler, B., Duesbery, N. S., & Han, J. (2003). 

Sensitizing anthrax lethal toxin-resistant macrophages to lethal toxin-induced killing 
by tumor necrosis factor-α. Journal of Biological Chemistry, 278(9), 7413–7421. 
https://doi.org/10.1074/jbc.M209279200 



  

 96 

 
Kintzer, A. F., Thoren, K. L., Sterling, H. J., Dong, K. C., Feld, G. K., Tang, I. I., … 

Krantz, B. a. (2009). The Protective Antigen Component of Anthrax Toxin Forms 
Functional Octameric Complexes. Journal of Molecular Biology, 392(3), 614–629. 
https://doi.org/10.1016/j.jmb.2009.07.037 

 
Koch, R. (1876). The etiology of anthrax, based on the life history of. Beitrage Zur 

Biologie Der Pflanzen, 2(2), 277–310. 
 
Krantz, B. A., Finkelstein, A., & Collier, R. J. (2006). Protein translocation through the 

anthrax toxin transmembrane pore is driven by a proton gradient. Journal of 
Molecular Biology, 355(5), 968–979. https://doi.org/10.1016/j.jmb.2005.11.030 

 
Krantz, B. A., Melnyk, R. A., Zhang, S., Juris, S. J., Lacy, D. B., Wu, Z., … Collier, R. J. 

(2005). A phenylalanine clamp catalyzes protein translocation through the anthrax 
toxin pore. Science, 309(5735), 777–781. https://doi.org/10.1126/science.1113380 

 
Krantz, B. A., Trivedi, A. D., Cunningham, K., Christensen, K. A., & Collier, R. J. 

(2004). Acid-induced unfolding of the amino-terminal domains of the lethal and 
edema factors of anthrax toxin. Journal of Molecular Biology, 344(3), 739–756. 
https://doi.org/10.1016/j.jmb.2004.09.067 

 
Kucukelbir, A., Sigworth, F. J., & Tagare, H. D. (2014). Quantifying the local resolution 

of cryo-EM density maps. Nature Methods, 11(1), 63–65. 
https://doi.org/10.1038/nmeth.2727 

 
Kuhlbrandt, W. (2014). The Resolution Revolution. Science, 343(6178), 1443–1444. 

https://doi.org/10.1126/science.1251652 
 
Lacy, D. B., Wigelsworth, D. J., Melnyk, R. a, Harrison, S. C., & Collier, R. J. (2004). 

Structure of heptameric protective antigen bound to an anthrax toxin receptor: a role 
for receptor in pH-dependent pore formation. Proceedings of the National Academy 
of Sciences of the United States of America, 101(36), 13147–13151. 
https://doi.org/10.1073/pnas.0405405101 

 
Li, X., Mooney, P., Zheng, S., Booth, C. R., Braunfeld, M. B., Gubbens, S., … Cheng, Y. 

(2013). Electron counting and beam-induced motion correction enable near-atomic-
resolution single-particle cryo-EM. Nature Methods, 10(6), 584–590. 
https://doi.org/10.1038/nmeth.2472 

 



  

 97 

Liao, M., Cao, E., Julius, D., & Cheng, Y. (2013). Structure of the TRPV1 ion channel 
determined by electron cryo-microscopy. Nature, 504(7478), 107–112. 
https://doi.org/10.1038/nature12822 

 
Liu, S., Netzel-Arnett, S., Birkedal-Hansen, H., & Leppla, S. H. (2000). Tumor cell-

selective cytotoxicity of matrix metalloproteinase-activated anthrax toxin. Cancer 
Research, 60(21), 6061–6067. 

 
Liu, Shihui, Bugge, T. H., & Leppla, S. H. (2001). Targeting of Tumor Cells by Cell 

Surface Urokinase Plasminogen Activator-dependent Anthrax Toxin. Journal of 
Biological Chemistry, 276(21), 17976–17984. 
https://doi.org/10.1074/jbc.M011085200 

 
Loll, P. J. (2003). Membrane protein structural biology: The high throughput challenge. 

Journal of Structural Biology, 142(1), 144–153. https://doi.org/10.1016/S1047-
8477(03)00045-5 

 
Louie, G. V., Yang, W., Bowman, M. E., & Choe, S. (1997). Crystal structure of the 

complex of diphtheria toxin with an extracellular fragment of its receptor. Molecular 
Cell, 1(1), 67–78. https://doi.org/10.1016/S1097-2765(00)80008-8 

 
Makino, S. I., Uchida, I., Terakado, N., Sasakawa, C., & Yoshikawa, M. (1989). 

Molecular characterization and protein analysis of the cap region, which is essential 
for encapsulation in Bacillus anthracis. Journal of Bacteriology, 171(2), 722–730. 
https://doi.org/10.1128/jb.171.2.722-730.1989 

 
Martin, A., Baker, T. A., & Sauer, R. T. (2008). Pore loops of the AAA+ ClpX machine 

grip substrates to drive translocation and unfolding. Nature Structural & Molecular 
Biology, 15(11), 1147–1151. https://doi.org/10.1038/nsmb.1503 

 
Mastronarde, D. N. (2005). Automated electron microscope tomography using robust 

prediction of specimen movements. Journal of Structural Biology, 152(1), 36–51. 
https://doi.org/10.1016/j.jsb.2005.07.007 

 
Masuyer, G., Conrad, J., & Stenmark, P. (2017).  The structure of the tetanus toxin 

reveals pH ‐mediated domain dynamics . EMBO Reports, Vol. 18, pp. 1306–1317. 
https://doi.org/10.15252/embr.201744198 

 
Matouschek, A. (2003). Protein unfolding - An important process in vivo? Current 

Opinion in Structural Biology, 13(1), 98–109. https://doi.org/10.1016/S0959-



  

 98 

440X(03)00010-1 
 
McMullan, G., Faruqi, A. R., & Henderson, R. (2016). Direct Electron Detectors. In 

Methods in Enzymology (1st ed., Vol. 579). 
https://doi.org/10.1016/bs.mie.2016.05.056 

 
Meselson, M., Guillemin, J., Hugh-jones, M., Langmuir, A., Popova, I., Shelokov, A., & 

Yampolskaya, O. (1994). The Sverdlovsk Anthrax Outbreak of 1979 Published by : 
American Association for the Advancement of Science The Sverdlovsk Anthrax 
Outbreak of 1979. Science, 266(5188), 1202–1208. 

 
Moayeri, M., Leppla, S. H., Vrentas, C., Pomerantsev, A. P., & Liu, S. (2015). Anthrax 

Pathogenesis. Annual Review of Microbiology, 69(1), 185–208. 
https://doi.org/10.1146/annurev-micro-091014-104523 

 
Nestorovich, E. M., & Bezrukov, S. M. (2014). Designing inhibitors of anthrax toxin. 

Expert Opinion on Drug Discovery, 9(3), 299–318. 
https://doi.org/10.1517/17460441.2014.877884 

 
Okinaka, R. T., Cloud, K., Hampton, O., Hoffmaster, A. R., Hill, K. K., Keim, P., … 

Jackson, P. J. (1999). Sequence and organization of pXO1, the large Bacillus 
anthracis plasmid harboring the anthrax toxin genes. Journal of Bacteriology, 
181(20), 6509–6515. 

 
Pannifer, A. D., Wong, T. Y., Schwarzenbacher, R., Renatus, M., Petosa, C., 

Blenkowska, J., … Liddington, R. C. (2001). Crystal structure of the anthrax lethal 
factor. Nature, 414(6860), 229–233. https://doi.org/10.1038/n35101999 

 
Pentelute, B. L., Barker, A. P., Janowiak, B. E., Kent, S. B. H., & Collier, R. J. (2010). A 

semisynthesis platform for investigating structure?function relationships in the N-
terminal domain of the anthrax lethal factor. ACS Chemical Biology, 5(4), 359–364. 
https://doi.org/10.1021/cb100003r 

 
Pentelute, B. L., Sharma, O., & Collier, R. J. (2011). Chemical dissection of protein 

translocation through the anthrax toxin pore. Angewandte Chemie - International 
Edition, 50(10), 2294–2296. https://doi.org/10.1002/anie.201006460 

 
Petosa, C., Collier, R. J., Klimpel, K. R., Leppla, S. H., & Liddington, R. C. (1997). 

Crystal structure of the anthrax toxin protective antigen. Nature, Vol. 385, pp. 833–
838. https://doi.org/10.1038/385833a0 



  

 99 

 
Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M., Meng, E. 

C., & Ferrin, T. E. (2004). UCSF Chimera - A visualization system for exploratory 
research and analysis. Journal of Computational Chemistry, 25(13), 1605–1612. 
https://doi.org/10.1002/jcc.20084 

 
Phillips, D. D., Fattah, R. J., Crown, D., Zhang, Y., Liu, S., Moayeri, M., … Leysath, C. 

E. (2013). Engineering Anthrax Toxin Variants That Exclusively Form Octamers 
and Their Application to Targeting Tumors * □. Journal of Biological Chemistry, 
288(13), 9058–9065. https://doi.org/10.1074/jbc.M113.452110 

 
Pirazzini, M., Tehran, D. A., Leka, O., Zanetti, G., Rossetto, O., & Montecucco, C. 

(2016). On the translocation of botulinum and tetanus neurotoxins across the 
membrane of acidic intracellular compartments. Biochimica et Biophysica Acta - 
Biomembranes, 1858(3), 467–474. https://doi.org/10.1016/j.bbamem.2015.08.014 

 
Plotkin, S. A., Brachman, P. S., Utell, M., Bumford, F. H., & Atchison, M. M. (2002). An 

epidemic of inhalation anthrax, the first in the twentieth century: I. Clinical features: 
This article was originally published in The American Journal of Medicine, Volume 
29, Number 6, December 1960, pp. 992-1001. American Journal of Medicine, 
112(1), 4–12. https://doi.org/10.1016/S0002-9343(01)01050-6 

 
Punjani, A., Rubinstein, J. L., Fleet, D. J., & Brubaker, M. A. (2017). CryoSPARC: 

Algorithms for rapid unsupervised cryo-EM structure determination. Nature 
Methods, 14(3), 290–296. https://doi.org/10.1038/nmeth.4169 

 
Radermacher, M., Rao, V., Grassucci, R., Frank, J., Timerman, A. P., Fleischer, S., & 

Wagenknecht, T. (1994). Cryo-electron microscopy and three-dimensional 
reconstruction of the calcium release channel/ryanodine receptor from skeletal 
muscle. Journal of Cell Biology, 127(2), 411–423. 
https://doi.org/10.1083/jcb.127.2.411 

 
Reig, N., Jiang, A., Couture, R., Sutterwala, F. S., Ogura, Y., Flavell, R. A., … Van Der 

Goot, F. G. (2008). Maturation modulates caspase-1-independent responses of 
dendritic cells to anthrax lethal toxin. Cellular Microbiology, 10(5), 1190–1207. 
https://doi.org/10.1111/j.1462-5822.2008.01121.x 

 
Riedel, S. (2004). Biological Warfare and Bioterrorism: A Historical Review. Baylor 

University Medical Center Proceedings, 17(4), 400–406. 
https://doi.org/10.1080/08998280.2004.11928002 

 



  

 100 

Rohou, A., & Grigorieff, N. (2015). CTFFIND4: Fast and accurate defocus estimation 
from electron micrographs. Journal of Structural Biology, 192(2), 216–221. 
https://doi.org/10.1016/j.jsb.2015.08.008 

 
Rosenthal, P. B., & Henderson, R. (2003). Optimal determination of particle orientation, 

absolute hand, and contrast loss in single-particle electron cryomicroscopy. Journal 
of Molecular Biology, 333(4), 721–745. https://doi.org/10.1016/j.jmb.2003.07.013 

 
Rubinstein, J. L., & Brubaker, M. A. (2015). Alignment of cryo-EM movies of individual 

particles by optimization of image translations. Journal of Structural Biology, 
192(2), 188–195. https://doi.org/10.1016/j.jsb.2015.08.007 

 
Rupnik, M., Pabst, S., Rupnik, M., von Eichel-Streiber, C., Urlaub, H., & Söling, H. D. 

(2005). Characterization of the cleavage site and function of resulting cleavage 
fragments after limited proteolysis of Clostridium difficile toxin B (TcdB) by host 
cells. Microbiology, 151(1), 199–208. https://doi.org/10.1099/mic.0.27474-0 

 
Santelli, E., Bankston, L. A., Leppla, S. H., & Llddington, R. C. (2004). Crystal structure 

of a complex between anthrax toxin and its host cell receptor. Nature, 430(7002), 
905–908. https://doi.org/10.1038/nature02763 

 
Scheres, S. H. W. (2012a). A bayesian view on cryo-EM structure determination. Journal 

of Molecular Biology, 415(2), 406–418. https://doi.org/10.1016/j.jmb.2011.11.010 
 
Scheres, S. H. W. (2012b). RELION: Implementation of a Bayesian approach to cryo-

EM structure determination. Journal of Structural Biology, 180(3), 519–530. 
https://doi.org/10.1016/j.jsb.2012.09.006 

 
Scheres, S. H. W. (2012c). RELION: Implementation of a Bayesian approach to cryo-EM 

structure determination. Journal of Structural Biology, 180(3), 519–530. 
https://doi.org/10.1016/j.jsb.2012.09.006 

 
Scheres, S. H. W., & Chen, S. (2012). Prevention of overfitting in cryo-EM structure 

determination. Nature Methods, 9(9), 853–854. https://doi.org/10.1038/nmeth.2115 
 
Shen, Y., Lee, Y. S., Soelaiman, S., Bergson, P., Lu, D., Chen, A., … Tang, W. J. (2002). 

Physiological calcium concentrations regulate calmodulin binding and catalysis of 
adenylyl cyclase exotoxins. EMBO Journal, Vol. 21, pp. 6721–6732. 
https://doi.org/10.1093/emboj/cdf681 

 



  

 101 

Shen, Y., Zhukovskaya, N. L., Guo, Q., Florián, J., & Tang, W. J. (2005). Calcium-
independent calmodulin binding and two-metal-ion catalytic mechanism of anthrax 
edema factor. EMBO Journal, 24(5), 929–941. 
https://doi.org/10.1038/sj.emboj.7600574 

 
Song, L., Hobaugh, M. R., Shustak, C., Cheley, S., Bayley, H., & Gouaux, J. E. (1996). 

Structure of staphylococcal α-hemolysin, a heptameric transmembrane pore. 
Science, 274(5294), 1859–1866. https://doi.org/10.1126/science.274.5294.1859 

 
Sternbach, G. (2003). The history of anthrax. Journal of Emergency Medicine, 24(4), 

463–467. https://doi.org/10.1016/S0736-4679(03)00079-9 
 
Swint-Kruse, L., & Brown, C. S. (2005). Resmap: Automated representation of 

macromolecular interfaces as two-dimensional networks. Bioinformatics, 21(15), 
3327–3328. https://doi.org/10.1093/bioinformatics/bti511 

 
Tang, W. J., & Guo, Q. (2009). The adenylyl cyclase activity of anthrax edema factor. 

Molecular Aspects of Medicine, 30(6), 423–430. 
https://doi.org/10.1016/j.mam.2009.06.001 

 
Tasota, F. J., Henker, R. A., & Hoffman, L. A. (2002). Anthrax as a biological weapon: 

an old disease that poses a new threat. Critical Care Nurse, 22(5), 21–32, 34; quiz 
35. 

 
Thoren, K L, Worden, E. J., Yassif, J. M., & Krantz, B. A. (2009). Lethal factor 

unfolding is the most force-dependent step of anthrax toxin translocation. Proc Natl 
Acad Sci U S A, 106(51), 21555–21560. https://doi.org/10.1073/pnas.0905880106 

 
Thoren, Katie L., & Krantz, B. a. (2011). The unfolding story of anthrax toxin 

translocation. Molecular Microbiology, 80(3), 588–595. 
https://doi.org/10.1111/j.1365-2958.2011.07614.x 

 
Turnbull, P. C. B. (1991). Anthrax vaccines: past, present and future. Vaccine, 9(8), 533–

539. https://doi.org/10.1016/0264-410X(91)90237-Z 
 
Ulmer, T. S., Soelaiman, S., Li, S., Klee, C. B., Tang, W. J., & Bax, A. (2003). Calcium 

dependence of the interaction between calmodulin and anthrax edema factor. 
Journal of Biological Chemistry, 278(31), 29261–29266. 
https://doi.org/10.1074/jbc.M302837200 

 



  

 102 

Vitale, G., Bernardi, L., Napolitani, G., Mock, M., & Montecucco, C. (2000). 
Susceptibility of mitogen-activated protein kinase kinase family members to 
proteolysis by anthrax lethal factor. Biochemical Journal, 352(3), 739–745. 
https://doi.org/10.1042/0264-6021:3520739 

 
Vitale, Gaetano, Pellizzari, R., Recchi, C., Napolitani, G., Mock, M., & Montecucco, C. 

(1998). Anthrax lethal factor cleaves the N-terminus of MAPKKs and induces 
tyrosine/threonine phosphorylation of MAPKs in cultured macrophages. 
Biochemical and Biophysical Research Communications, 248(3), 706–711. 
https://doi.org/10.1006/bbrc.1998.9040 

 
Wang, W., & MacKinnon, R. (2017). Cryo-EM Structure of the Open Human Ether-à-go-

go-Related K+ Channel hERG. Cell, 169(3), 422-430.e10. 
https://doi.org/10.1016/j.cell.2017.03.048 

 
Wesche, J., Elliott, J. L., Falnes, P., Olsnes, S., & Collier, R. J. (1998). Characterization 

of membrane translocation by anthrax protective antigen. Biochemistry, 37(45), 
15737–15746. https://doi.org/10.1021/bi981436i 

 
Wickner, W., & Schekman, R. (2005). Protein Translocation across Biological 

Membranes. Science, 310(5753), 1452–1456. 
https://doi.org/10.1126/science.1113752 

 
Wynia-Smith, S. L., Brown, M. J., Chirichella, G., Kemalyan, G., & Krantz, B. A. 

(2012). Electrostatic ratchet in the protective antigen channel promotes anthrax toxin 
translocation. Journal of Biological Chemistry, 287(52), 43753–43764. 
https://doi.org/10.1074/jbc.M112.419598 

 
Young, J. A. T., & Collier, R. J. (2007). Anthrax Toxin: Receptor Binding, 

Internalization, Pore Formation, and Translocation. Annual Review of Biochemistry, 
76(1), 243–265. https://doi.org/10.1146/annurev.biochem.75.103004.142728 

 
Zhang, S., Udho, E., Wu, Z., Collier, R. J., & Finkelstein, A. (2004). Protein translocation 

through anthrax toxin channels formed in planar lipid bilayers. Biophys J, 87(6), 
3842–3849. https://doi.org/10.1529/biophysj.104.050864 

 
Zhang, Zhe, & Chen, J. (2016). Atomic Structure of the Cystic Fibrosis Transmembrane 

Conductance Regulator. Cell, 167(6), 1586-1597.e9. 
https://doi.org/10.1016/j.cell.2016.11.014 

 



  

 103 

Zhang, Zhifen, Park, M., Tam, J., Auger, A., Beilhartz, G. L., Lacy, D. B., & Melnyk, R. 
A. (2014). Translocation domain mutations affecting cellular toxicity identify the 
Clostridium difficile toxin B pore. Proceedings of the National Academy of Sciences 
of the United States of America, 111(10), 3721–3726. 
https://doi.org/10.1073/pnas.1400680111 

 
Zheng, S. Q., Palovcak, E., Armache, J. P., Verba, K. A., Cheng, Y., & Agard, D. A. 

(2017). MotionCor2: Anisotropic correction of beam-induced motion for improved 
cryo-electron microscopy. Nature Methods, 14(4), 331–332. 
https://doi.org/10.1038/nmeth.4193 

 


