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Introduction to Apoptosis  

 

1.1 Cell death and apoptosis 

In the life cycle of every cell, there is time for growth and death. For all multi 

cellular organisms, cell death can occur by injury or through a purposeful and 

regulated process called apoptosis. In Greek the term 'apoptosis' means falling off 

leaves from trees. It was first coined in 1972 by Kerr and coworkers [1] to describe an 

alternative type of cell death different from necrosis. In necrosis, physical agents like 

trauma and toxic agents will cause cell injury and induce a dying process where cell 

structure and activity are destroyed, resulting in cellular and organelle swelling, cell 

membrane lysis, and release of cellular contents into surrounding tissues. This results 

in damage of surrounding cells and a strong inflammatory response in the 

corresponding tissue. As a consequence, necrotic cell death causes an inflammatory 

response with cytokine release by the surrounding macrophages. Apoptosis or 

programmed cell death (PCD) on the other hand, is a nontraumatic way to remove 

unwanted cells in a normal and controlled process induced by specific death signals. 

Apoptosis is an organized suicide program that begins when the mitochondria break 

down releasing cytochrome c into the cytoplasm. The cell then shrinks and develops 

blebs on its surface. The cytoskeleton is destroyed and nuclear DNA is degraded. 

Ultimately, the cell breaks apart into membrane-wrapped cellular fragments called 

―apoptotic bodies‖. The apoptotic bodies are engulfed by macrophages and 

subsequently removed from the tissue without leading to an inflammatory response. 

 

 1.2 Role of apoptosis in multicellular organisms 

Apoptosis is an important counterpart to mitosis and plays significant role in 

the normal development and homeostasis of multicellular organisms by removing 
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tissues and maintaining cell numbers. For example, billions of erythrocytes are 

released from the bone marrow every day, and it follows that a corresponding number 

must be eliminated to make way for these new arrivals. Apoptosis participates in 

sculpting the webbing between the fingers and toes of a human fetus or in the 

disappearance of a tadpole‘s tail as it develops into an adult frog [2]. In developing 

cells, apoptosis controls and adjusts the cell number to ensure healthy growth. In adult 

tissues apoptosis regulates the cell numbers by balancing cellular division and 

proliferation. These cells receive constant extracellular signals to maintain survival; 

without these signals, apoptosis will occur. When apoptosis is inhibited or over-

stimulated, abnormal tissue degeneration or uncontrolled growth leads to conditions 

such as autoimmune disease and cancer [8]. Lack of cell death regulation is observed 

in cancerous cells which are able to survive and divide without extra cellular survival 

signals. Apoptosis also eliminates infected cells that are harmful to the body. For 

example virus infected cells are killed by cytotoxic T lymphocytes inducing 

apoptosis. This will prevent virus replication and the release of pathogenic particles to 

surrounding tissues. Once the viral pathogen is eliminated, activated cytotoxic T cells 

are down-regulated by apoptosis to prevent further destruction of neighboring cells 

[3]. Without this apoptotic regulation, an autoimmune response is initiated. The last 

10-15 years of research in this area revealed complex web of molecules (the death 

machinery) that regulates apoptosis. The death machinery can be activated by diverse 

stimuli. 

 

1.3 Pathways of apoptosis 

 The three important pathways of apoptosis are: the intrinsic or mitochondrial 

pathway of apoptosis, the extrinsic death receptor pathway, and the caspase 

independent pathway involving apoptosis inducing factor (AIF) [4]. In addition to 
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these three, there is another process in which the endoplasmic reticulum has been 

found to contribute to apoptosis through calcium-ion signaling. 

 

1.3.1 Intrinsic pathway  

As its name suggests, the intrinsic pathway (Figure 1) is initiated from within 

the cell. It is initiated by death stimuli like exposure to radiation (ultraviolet light or 

X-rays) and chemotherapeutic drugs that damage DNA, intracellular components such 

as oxidants, and the accumulation of improperly folded proteins. In the intrinsic 

pathway, mitochondria and Bcl-2 family proteins play key role. When the signals for 

cell survival are unfavorable, the mitochondrial membrane disintegrates and releases 

cytochrome c   into the cytoplasm. The released cytochrome c binds to Apaf-1 and 

activates procaspase-9 [9-13]. The activated caspase-9 then initiates the apoptotic 

caspase cascade. The primary regulators of intrinsic pathway are Bcl-2 family 

proteins. The delicate balance between the pro-apoptotic and anti-apoptotic members 

of the Bcl-2 super family proteins regulates the permeability of the mitochondrial 

membrane. According to their function in apoptosis, the mammalian Bcl-2 family can 

be divided into pro-apoptotic and anti-apoptotic members. The pro-apoptotic 

members include Bax, Bcl-Xs, Bak, Bok/Mtd, which contain 2 or 3 Bcl-2 homology 

(BH) regions, and molecules such as Bad, Bik/Nbk, Bid, Hrk/DP5, Bim/Bod, and Blk, 

which contains only the BH3 region. The anti-apoptotic Bcl-2 family members 

include Bcl-2, Bcl-xL, Bcl-w, A1/Bfl-1, Mcl-1, and Boo/Diva, which contain three or 

four regions with extensive amino acid sequence similarity to Bcl-2 (BH1-BH4). 

These integral membrane proteins are found on the outer mitochondrial membrane, 

endoplasmic reticulum, and other organelle surfaces [14]. In the healthy cell, caspases 

are inactive and pro-apoptotic Bcl-2 family members such as BH3-only proteins kept 

apart from pro-survival Bcl-2 molecules. In the presence of internal damage, BH3-

only proteins act opposite of Bcl-2, first detecting damage and then interacting with 
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this membrane protein to elicit cell death. BH3 binds to Bcl-2 on mitochondrial 

surfaces and recruits pro-death proteins such as Bax and Bak. Bax is predominantly 

confined to the cytosol; upon a death stimulus however, it undergoes conformational 

changes and moves to the outer mitochondrial membrane during apoptosis. Bak, a 

protein that resides in the mitochondria, acts in a similar fashion, working with Bax to 

permealize the organelle‘s outer membrane [15]. This allows cytochrome c to be 

released from the mitochondrial intermembrane space into the cytosol of the cell. 

Cytochrome c in the cytosol binds to and activates the apoptotic protease activating 

factor (Apaf-1), causing a conformational change which results in the recruitment of 

procaspase-9. This combination forms the apoptosome complex which activates 

caspase-9 by allosteric change [7]. Caspase-9 is an initiator caspase and begins the 

apoptosis cascade by cleaving and activating other proteases, such as caspase-3 and 

caspase-7. Unlike caspase-9, caspases-3 and -7 are executioner caspases, which 

cleave downstream apoptotic substrates. This proteolytic cascade results in the 

degradation of structural proteins in the cytosol and chromosomal DNA in the 

nucleus. Membrane blebbing and phagocytosis of cellular fragments complete the 

apoptotic process. 

 

1.3.2 Extrinsic pathway 

The extrinsic pathway is also called the Death Receptor pathway (Figure 1) 

because of the involvement of the death receptor proteins expressed on the cell 

surface. Here, apoptosis is triggered by extracellular death stimuli which involve 

interactions between the members of the death receptor family and their 

complementary death ligand activators. Six distinct death receptors have been 

identified (TNF-R1, Fas/CD95/Apo-1, DR3, DR4 (TRAIL-R1), DR5 (TRAIL-R2) 

and DR6) whose triggering may initiate the extrinsic pathway [5, 6].  The death 

receptors are the transmembrane proteins expressed on the surface of the cells. The 
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death stimuli in the form of death ligands bind to the extracellular portion of the death 

receptors. Tumor necrosis factor-α and lymphotoxin (or tumor necrosis factor-β) are 

examples of death activators that bind to the TNF receptor. These ligands are 

cytokines secreted by macrophages and other immune cells. Another death activator is 

the Fas ligand (FasL) of the cytotoxic T cell which binds to the Fas (or CD95) 

receptor of a target cell. Upon binding by the cognate ligand, the death receptors 

trimerize and, in their intracellular portion, assemble a death-inducing signaling 

complex (DISC), where the FADD/MORT1 adaptor recruits ‗initiator‘ caspases, as 

pro-caspase-8 [6]. In the DISC, pro-caspase-8 undergoes auto-proteolytic activation. 

This then activates downstream effector caspases, as caspase-3 and -7. For example, 

binding of Fas ligand to the Fas receptor leads to the recruitment of the adaptor 

molecule FADD to the cytoplasmic tail of Fas. The FADD in turn binds to the 

prodomain of procaspase-8 and results in the activation of caspase-8 which in turn 

activates caspase-3 via direct cleavage. In addition, caspase-8 cleaves Bid, a BH3 

protein, promoting apoptosis by the mitochondrial pathway and caspase-9 activation 

[7]. This results in the amplification of the caspase cascade, and ultimately the cell 

death. 

 

1.4 Caspases 

Upon receiving a signal to induce apoptosis, the cell endures many regulated 

morphological changes such as degradation of cellular components. A family of 

cysteine proteases called caspases (cysteinyl aspartate specific proteases) is 

responsible for these actions and therefore mediates the process of apoptosis. The 

prime role of caspases in programmed cell death was discovered in the laboratory of 

Horvitz [16] that found the genes responsible for cell death in a nematode called 

Caenorhabditis elegans. In C. elegans, the 1090 somatic cells are formed during the 

development of an adult worm of which 131 die during the process and are engulfed  
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Figure 1. Simplified model of major pathways of Apoptosis 
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by neighboring cells. Because these cell deaths occur at precise locations and times 

during worm development, they were considered to be genetically programmed. 

Finally, it was discovered that the genes ced-3, ced-4 and ced-9 were responsible for 

cell death.  

 Caspases are proteases that use cysteine as the nucleophilic group for substrate 

cleavage and cleave peptide bonds on the carboxyl side of aspartic acid residues .To 

prevent premature activation of apoptosis, caspases are synthesized as zymogens. The 

activation of these caspases requires proteolytic processing of the zymogens. 

Caspases are composed of an N-terminal prodomain, a large subunit (p20), and a 

small subunit (p10). Active forms of caspases are heterotetramers containing two p20 

and p10 heterodimers as well as two active sites. Most caspase activation occurs when 

an active initiator caspase cleaves an Asp-X bond of downstream zymogen between 

the p20 and p10 domains or between the prodomain and p20 domain [17].  There are 

two main classes of caspases, the upstream/initiator caspases and the 

downstream/executioner caspases. Upstream/initiator caspases are activated by 

dimerization with a protein [7]. This occurs through long N-terminal prodomains 

necessary for initiator caspases to associate with apoptotic complexes. The classic 

example of this is the activation of caspase-9 by Apaf-1. Upon mitochondrial 

permeabilization, cytochrome c binds to and causes a conformational change in Apaf-

1. Procaspase-9 is then able to interact with Apaf-1 at its caspase activation and 

recruitment domain (CARD), forming the apoptosome complex and caspase-9 is 

activated. The apoptosome is then able to activate downstream caspases to begin 

further proteolysis and activate DNase to degrade nuclear material [4]. In the case of 

the extrinsic apoptotic pathway, caspase-8 is activated in a similar fashion through 

interaction with other proteins via its death effector domain (DED) and the subsequent 

formation of a multimeric complex called the death inducing signaling complex 

(DISC). Examples of downstream or ―executioner‖ caspases are caspase-3, caspase-6, 
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and caspase-7, which remain inactive until cleaved by initiator caspases such as 

caspase-8 and caspase-9. Executioner caspases have shorter or no N-terminal 

prodomains and function to destroy various protein substrates in the cell [17]. 

Caspases do not randomly destroy any proteins in the cell. Instead, there are known to 

be about one dozen caspases in mammals, each designed to selectively cleave a 

specific set of substrates. The results of caspase cleavage vary depending on the 

substrate and where the cleavage occurs. Caspases activate other proteins by cleaving 

after the aspartate residue, but can inactivate target proteins as well.  

 

1.5 Inhibitor of apoptosis proteins 

 In the healthy cell, inhibitors of apoptosis proteins (IAPs) keep caspases 

inactive by binding to them and preventing their enzymatic activity. Highly conserved 

in several species, IAPs bind to and inhibit caspases through their IAP baculovirus 

inhibitors repeat (BIR) domains which are necessary for their anti-apoptotic function. 

IAPs also promote caspase degradation and isolate caspases from their substrates [18]. 

IAPs called c-IAP-1, c-IAP-2, XIAP, and survivin are found in mammalian cells. 

While there are a number of IAPs, they are specific for and only interact with certain 

caspases. In mammalian cells, IAPs XIAP, c- IAP-1, and c-IAP-2 can only inhibit 

caspase-3, caspase-7, and caspase-9 but not caspase-1, caspase-6, caspase-8, and 

caspase-10. Also, survivin does not interact with caspase-8, but is vital to inactivate 

caspase-3 and caspase-7. Upon receiving death stimuli, pro-apoptotic proteins such as 

Diablo/Smac and Omi/Htr2 are released from mitochondria and inhibit IAP activity in 

the cytosol. This does not actively initiate apoptosis however, functions as one of 

many steps toward apoptosis.  
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1.6 The Cytochrome c mediated apoptosis 

In 1995, the laboratory of Xiaodong Wang developed a cell free system to 

study the caspase activation. The laboratory found that addition of the nucleotide 

dATP/ATP induced activation of caspase-3, a major executioner caspase in HeLa cell 

cytosolic extracts. They found a 15 kDa protein required for this dATP-triggered 

caspase-3 activation; surprisingly it turned out to be cytochrome c [19]. For many 

years cytochrome c is known as an important molecule for energy production in 

mitochondria. Thus the involvement of cytochrome c in cell death was surprising. But 

the central role of cytochrome c in apoptosis was confirmed by two important 

findings. The first one was the identification of its downstream binding partner, Apaf-

1, a homolog of C. elegans Ced-4 [20]. The second was the demonstration that Bcl-2 

inhibits cell death by preventing cytochrome c release from mitochondria [21]. These 

observations support the concept that cytochrome c plays an essential role in 

apoptosis. Finally, the concept was solidified by the identification of cytochrome c 

and dATP-dependent formation of an Apaf-1/caspase-9 complex [22], which 

subsequently activates the effector caspases, caspase-3 and -7. So, Apaf-1 acts as an 

adaptor molecule to bring the procaspase-9 molecules into close proximity to form 

functional apoptosome which activates it into mature caspase-9. 

 

1.6.1 Structure and function of Apaf-1  

 In 1997, Zou et al. [20] reported the purification, cDNA cloning and 

characterization of the human homolog of C. elegans Ced-4 gene, which was named 

Apoptotic Protease Activating Factor-1 (Apaf-1). The Apaf-1 mRNA is ubiquitously 

expressed in human adult and fetal tissues [33], and the corresponding 130 kDa 

cytoplasmic protein is able to bind cytochrome c and contributing to caspase-3 

activation [20].  
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  The Apaf-1 molecule contains three important functional domains. (1) The N-

terminal CARD domain having the first 97 amino acids is similar to CED-3 of          

C. elegans and interacts with the prodomain of caspase-9. (2) The middle 320 amino 

acid stretch with homology for CED-4 of C. elegans is called CED-4/ATP binding 

domain. The conserved Walker‘s A- and B-box consensus sequences present in CED-

4 domain facilitate dATP/ATP binding. CED-4 domain is important for 

oligomerization of Apaf-1. (3) The big C-terminal segment with 12-13 WD repeats is 

called WD-40 domain which is involved in negative regulation of Apaf-1 [23].  

 

 

   

There are four differently spliced isoforms of Apaf-1 molecules: Apaf-1L, 

Apaf-1XL, Apaf-1M, and Apaf-1XS. These alternative Apaf-1 isoforms differ from 

the original Apaf-1 molecule in the number of WD40 repeats (12 or 13) and/or for the 

presence of additional 11 amino acid sequence inserted between the CARD and the 

Ced-4 homologous domains [24-26]. The original Apaf-1(S) clone (1194 amino 

acids), which contained neither the 11 WD-40 amino acid inserts, was essentially 

inactive in reconstituting a functional apoptosome [26-28]. The additional WD-40 

repeat, which is found in Apaf-1XL and Apaf-1L, is essential for activity as only 

these isoforms are capable of supporting caspase activation [26]. 

 

 

 

                                                                                                                          A. Anichini et al. Cancer Lett. 238(2006) 168-179 

 Figure  2. Domain organization  in Apaf-1. 
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1.6.1.1 CARD domain of Apaf-1 

The Apaf-1 CARD belongs to the CARD family of apoptotic signaling motifs. 

The 97-residue CARD domain shares, 20% sequence homology with the prodomain 

of procaspase-9. The CARD-homology domain is present in several other caspase-

activating proteins, such as CED-4and RAIDD/CRADD [30, 31] and in other initiator 

caspases, such as CED-3 and caspase-2/ICH-1 [32]. 

 The NMR [33, 34] and X-ray crystallographic
 
[35] analysis of Apaf-1 CARD 

and its mutants allowed greater insights in understanding the molecular three 

dimensional structure of Apaf-1 CARD and its interaction with the prodomain of 

caspase-9. The Apaf-1 CARD is a globular protein having seven closely packed 

antiparallel amphipathic α-helices. All these helices are tightly packed against a 

hydrophobic core which consists of conserved residues found in most CARD family 

proteins.  

     The N-terminal H1 helix has a 50° turn which is subsequently divided into 

two smaller helices called H1a and H1b. The helices H2, H3, H4 and H5 are parallel 

to each other and forms characteristic four- helix bundle. In Apaf-1 the H2, H3, H4 

are more compact so H2, H3 come more close to each other. Helix 5 is connected to 

H4 by a tight turn and crosses the surface of H2, H4 at an angle of 50°. Helix 6 pairs 

with H5 and lies in the same plane. 

 The surface of Apaf-1 CARD contains two highly charged surface patches 

located on two adjacent sides of the molecule (Figure 3). On one side, a positively 

charged patch consists of five basic residues, Arg 13, Lys 42, Lys 58, Lys 62 and Lys 

63, which are mainly located on helix H4 and the turn between H1a and H1b. On the 

adjacent side, three acidic residues on helices H2 and H3, Asp 27, Glu 40 and Glu 41, 

constitute a stripe of negatively charged surface. The basic residues create a concave 

surface, while the acidic ones form a convex surface. To facilitate this, procaspase-9 
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is recognized by Apaf-1 through CARD-CARD homophilic interaction. The Apaf-1 

CARD interacts with the prodomain of caspase-9 in a 1:1 binding stoichiometry. Both 

Apaf-1 CARD and the procaspase-9 prodomain have similar globular fold, each 

consisting of seven antiparallel α-helices. These two domains interact through two 

complementary surfaces. The slightly concave surface of procaspase-9 formed by the 

positively charged helices H1a/H1b and H4 is recognized by Apaf-1 CARD through a 

convex surface formed by the negatively charged helices H2 and H3. The hinge 

region between the H1a/H1b helices in the prodomain is involved in interaction with 

the C-terminal end of H2 helix in the CARD. 

  The complex formation is mediated by a negatively charged surface in Apaf-1 

CARD and a highly positively charged surface in the procaspase-9 prodomain. The 

acidic surface of Apaf-1 CARD at the interface contains three negatively charged 

residues, Asp 27, Glu 40 and Glu 41. The more extensive basic surface of the 

procaspase-9 prodomain consists of five arginine residues at positions 10, 11, 13, 52 

and 56. These two surfaces are not only opposite in charge distribution, but also 

                                                                                     H. Qin et al. Nature 399 (1999) 547–555. 

Figure 3. Structure of Apaf-1 CARD domain. a, In the structure, the acidic residues on helices 

H2/H3 and the basic residues on helices H1a/H1b/H4 are represented by red and blue sticks, 

respectively. b, Electrostatic surface potential of Apaf-1 CARD. 
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complementary in shape, with the H1a/H1b/H4 helices of caspase-9 forming a 

concave surface for reception of the convex surface formed by the H2/H3 helices of 

Apaf-1. The residues participating in the interaction were identified by mutational 

analysis [35] of Apaf-1 CARD. Two mutations, Asp27Ala on helix H2 and Glu40Ala 

on helix H3 of Apaf-1 CARD eliminated the interaction with the wild-type 

procaspase-9 prodomain. A third mutation, Ser31Ala, weakened but failed to abolish 

the interaction. Together, these three mutations define the core of the observed acidic 

surface on the structure of Apaf-1 CARD. But the mutations on the basic surface 

patch have no effect on the interaction. On the procaspase-9 prodomain, two 

mutations, Arg13Ala at the hinge region between H1a and H1b helices and Arg56Ala 

on helix H4, prevented interaction with wild-type Apaf-1 CARD.  Two additional 

mutations, Arg11Ala at the end of helix H1 and Arg52Ala on helix H4, also 

significantly reduced the interaction. In contrast, seven mutations affecting negatively 

charged face had no detectable effect on Apaf-1/procaspase-9 complex formation 

[35].  

The interaction between oppositely charged surfaces is mediated by 

electrostatic interactions. But in case of Apaf-1 CARD and caspase-9, it is mediated 

not only by electrostatic interactions but also by hydrogen bonding and van der Waals 

forces. That is why the binding remains undisrupted at high ionic strength. There are a 

total of eleven intermolecular hydrogen bonds at the interface, constituting two 

networks. The most extensive network involves eight hydrogen bonds and five 

residues, Asp 27 and Glu 40 from Apaf-1, and Arg 13, Arg 52 and Arg 56 from 

procaspase-9.  This network makes a large contribution to the stability of the Apaf-

1/procaspase-9 complex. Apart from hydrogen bonding, the presence of significant 

hydrophobic interactions in the buried hydrophobic core of the two proteins stabilizes 

the binding. This is supported by the titration experiments and NMR analysis by 

Wagner and co-workers [33].    
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1.6.1.2 ATP binding domain 

  After the CARD domain, the 320 amino acid stretch follows which is called 

CED-4 or ATP binding domain. This domain shows 22% identity and 48% similarity 

with CED-4 of C .elegans [20]. The two longest conserved amino stretches of CED-4 

at positions 141-157 and 227 are called Walker‘s A- and B-box consensus sequences 

[37]  for nucleotide binding. 

  The 2.2 Å crystal structure [36] of ADP bound, WD-40 deleted Apaf-1 (Figure 

4) by Yigong Shi and co-worker explained the nucleotide binding and oligomerization 

of Apaf-1 and further activation of Procaspase-9. The WD40 deleted Apaf-1 consists 

of 586 amino acid residues. The crystal structure of ADP-bound Apaf-1 has five 

distinct domains: CARD, three-layered α/β domain, helical domain I, winged-helix 

domain, and helical domain II (Figure 4). The N-terminal CARD domain contains six 

α- helices, α1- α6 arranged in a Greek-key topology. The three layered α/β domain 

(residues 108-284) consists of five parallel β- strands β1- β5, in the centre sandwiched 

by four α- helices on each side. The helical domain I, containing α16- α19 is followed 

by an unexpected winged-helix domain. The extended helical domain II is exclusively 

of α- helices, α25- α32, arranged in a right-handed super-helical conformation. 

 The structural homology search showed that Apaf-1 belonged to AAA 

(ATPase associated with various cellular activities) family of ATPases. The presence 

of a short helical domain following the α/β fold is a hallmark of the AAA+ family of 

ATPases, in which the helical domain contributes to nucleotide binding energetically. 

 The CARD domain of Apaf-1 interacts with the prodomain of caspase-9 and 

this interaction is crucial for the recruitment and subsequent activation of caspase-9 

[3, 4]. The N-terminal CARD stacks against the α/β fold and the winged-helix domain 

through a large interface involving helices α 2, α 4 and α 5 of the CARD domain. The 

interactions between CARD and the α/β fold and the winged-helix domain involve a 
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                                       S.J. Riedl, et al. Nature 434 (2005)926-933. 

Figure 4. A schematic diagram of the interdomain 

packing between CARD (green), the α/β fold (blue) and 

the winged-helix domain (magenta). The bridging helix 

(red), which forms a single folding unit with the α/β 

fold, closely stacks against helix α5 of the CARD 

domain. 

 

 

network of 13 inter-domain hydrogen bonds and some van der Waals interactions. In 

the ADP bound Apaf-1 structure, the binding pocket for ADP is formed at the 

junction of four domains, CARD, 

α/β fold, helical domain I and 

winged-helix domain. Through 

extensive interactions, ADP seems 

to serve as an organizing centre to 

bring together these four adjoining 

domains and locks Apaf-1 in a 

closed conformation.   

The CARD domain of 

WD-40 deleted Apaf-1 in the 

closed conformation is able to 

interact with caspase-9 in the 

absence of dATP/ATP with a 

stoichiometry   of 1:1. The 

complex shows four-fold elevated 

catalytic activity of caspase-9. But 

in the presence of ATP, the 

activity drastically enhanced by two orders of magnitude. This is because the only 

accessible narrow channel for solvent exposure to ADP is blocked by CARD domain. 

Upon interaction of the CARD domain with prodomain of caspase-9, the nucleotide 

binding pocket becomes more accessible to dATP. 

 

 

 

 

http://www.google.co.in/search?hl=en&ei=6JISSvzlJ4vo6gOjxLG4Dg&sa=X&oi=spell&resnum=0&ct=result&cd=1&q=stoichiometry&spell=1
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1.6.1.3 WD-40 domain. 

The C-terminal large domain after the CED-4 domain is called WD-40 domain 

because of the presence of multiple WD-40 repeats. The original Apaf-1(S) contains 

11 WD-40 repeats but functionally inactive in reconstituting a functional apoptosome 

[26-28]. The cytochrome c released from mitochondria is thought to bind to the WD-

40 region of Apaf-1. Only those Apaf-1 isoforms like Apaf-1XL with additional WD-

40 repeats are able to bind cytochrome c and participates in caspase-3 activation. The 

sequence homology search of Apaf1-1 showed that it is similar with the WD-40 

protein family. The WD-40 proteins normally participate in protein-protein 

interactions.  A typical WD repeat contains a 44–60 residue sequence with a GH 

dipeptide, 11–24 residues from the N-terminus and separated by a conserved core 

sequence from the WD dipeptide at the C-terminus [38]. The best-characterized WD 

repeat protein is the Gβ subunit of heterotrimeric G proteins, which has a seven 

bladed β-propeller structure. Each blade of the propeller is a four-stranded anti-

parallel β sheet, which is made up of three strands from one WD repeat and another 

strand from the next repeat. Usually, β-propeller structures contain 4–8 blades. 

Although proteins have been described with as many as 16 WD repeats, it is not 

known whether this results in one large propeller or two smaller 8-bladed propellers. 

If the latter structure is favored, then it may be that the WD repeat domain in Apaf-1 

is arranged as two asymmetric (7- and 6-bladed) β-propellers. The closed circular 

structure of β-propellers is extremely rigid and such proteins do not readily undergo 

conformational changes. There is no obvious function or enzymatic activity of the 

WD-40 repeats, other than protein–protein interactions with other molecules. 

Interestingly, cytochrome oxidase cd1 also contains a rigid 8-bladed propeller in 

which the cytochrome c moiety is located at and above the axis of the propeller [39]. 
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1.6.2 Apoptosome formation and activation of caspase-9 

 Caspases are produced as inactive zymogens. The intrachain cleavage makes 

them catalytically active. This is very effective in the case of effector caspases only. 

The intrachain cleavage simply is not enough for many initiator caspases like caspase-

9. They require an apoptosome complex [55-56] for their complete activity. The 

unprocessed procaspase-9 is catalytically inactive and the processed free caspase-9 is 

only marginally active. But the processed caspase-9 when present in apoptosome is 

very highly active. So the apoptosome acts as holoenzyme for caspase-9 activity. 

 In mammalian apoptosome, the Apaf-1 molecule is the primary component 

which oligomerizes in the presence of dATP/ATP and cytochrome c, and is 

responsible for activation of caspase-9.  [27, 28, 40, 41]. In Drosophila, the activation 

of Dronc requires an octameric protein complex of Dark [42] or Dapaf-1, a 

homologue of Apaf-1. In C. elegans, the activation of CED-3 caspase zymogen is 

facilitated by the CED-4 complex [43] which exhibits significant sequence homology 

to Apaf-1. 

There are three important steps involved in the apoptosome formation. First, 

the cytochrome c released from mitochondria binds to the WD-40 domain of Apaf-1. 

Second, the hydrolysis of dATP/ATP and nucleotide exchange. Third, procaspase-9 is 

recruited into apoptosome. The molecular and kinetic assembly of apoptosome is not 

completely understood and there are still many unanswered questions. The Apaf-1 

homolog of C-eleagan’s CED-4 does not have the WD-40 domain. So the exact 

function of WD-40 domain is not completely understood. But it is expected to act as a 

negative regulator of Apaf-1. This is evident when the WD-40 deletion mutant of 

Apaf-1 is constitutively active and capable of processing caspase-9 in the absence of 

dATP and cytochrome c [44, 45].  These studies suggest that cytochrome c binds to 

Apaf-1 possibly to the WD-40 region. So in Apaf-1, the CARD domain is normally 
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blocked by the WD repeats, and dATP and cytochrome c cause Apaf-1 to undergo 

conformational changes that expose the CARD domain and allow recruitment of 

caspase-9. Fluorescence polarization studies have shown that cytochrome c can bind 

to recombinant Apaf-1 in a 2:1 stoichiometry with high affinity (Ka = 10
11

 M
–1

) that is 

markedly reduced (Ka = 4 X 10
7
 M

–1
) in the presence of normal intracellular K

+ 

concentrations [46, 47]. So the WD-40 domain might be consisting two propeller 

structures, each of which can bind a cytochrome c molecule. Mutational epitope 

studies indicate [48] the involvement of lysine rich interface close to the heme pocket 

and the opposite surface of cytochrome c. The bound cytochrome c induces the 

dATP/ATP binding.  

  There is some controversy as to the role of the nucleotide-binding sites in 

Apaf-1. In one study, a P-loop (Walker A box) mutant, Apaf-1 K160R, failed to 

associate with Apaf-1 and inhibited recruitment and processing of caspase-9 [41]. 

However, in other studies this mutation did not markedly affect the ability of Apaf-1 

to process caspase-9 [44]. Initial studies with the non-hydrolyzable ATP analogue 

ATP-γS did not support Apaf-1 self-association or binding to procaspase-9 indicating 

that ATP hydrolysis was required for formation of the apoptosome [41]. Studies with 

[α-32P] dATP were initially reported to show that nucleotides bound to Apaf-1 were 

hydrolysed and that ATP-γS strongly inhibited caspase-3 activation [27]. Similar 

results were also reported by other groups and appeared to confirm that dATP/ATP 

binding to Apaf-1 was accompanied by hydrolysis [28]. A very recent study with 

recombinant Apaf-1 expressed in insect cells revealed the exact molecular mechanism 

involved in nucleotide binding and oligomerization of Apaf-1 [58]. Apaf-1 produced 

in insect cells contains dATP as cofactor. Upon binding with cytochrome c, the bound 

dATP undergoes one round of hydrolysis to dADP. This hydrolysis step is important. 

It serves two purposes: providing energy for the conformational changes required for 

Apaf-1 oligomerization, and allowing the exogenous dATP/ATP exchange. When 



                                                                                                                          Chapter 1 

19 

 

Apaf-1 is incubated with cytochrome c in the absence of dATP/ATP, it does 

oligomerize but they are the non functional aggregates. These aggregates are similar 

to Apoptosome complex. But they fail to activate caspase-3. So hydrolysis and 

nucleotide exchange are important steps in the formation of active and functional 

apoptosome. The hydrolysis happens only in one round. Exogeneously added dATP 

will then bind Apaf-1, but remains unhydrolysed during apoptosome formation. So 

WD-40 repeats play an autoinhibitory role. 

The conformational change that takes place upon binding with cytochrome c 

and dATP, causes seven to eight molecules of Apaf-1 to interact with each other and 

form a wheel-like structure with molecular weight in the range of 700 kDa -1.4 MDa. 

This is the functional Apoptosome that will eventually recruit the procaspase-9 in 1:1 

stoichiometry through CARD-CARD homophilic interactions. The formation of 

apoptosome is a rapid process. The assembled apoptosome complex appears to be 

relatively stable in terms of its ability to process exogenous caspases [49]. However, 

caspase-9 is recruited and rapidly processed [27,28, 49], and the processed caspase-9 

can be detected as the free form as well as bound to the apoptosome complex. 

However, it is now clear that the active form of caspase-9 is the Apaf-1 bound 

holoenzyme [50].   

  But, how the recruited procaspase-9 will become active?  This can be 

explained by induced proximity model, in which the initiator caspases autoprocess 

themselves when brought into close proximity of each other [51]. A refinement of the 

induced proximity model is the proximity-driven dimerization model [52]. Based on 

this model, the heptameric Apaf-1 apoptosome may recruit multiple copies of inactive 

procaspase-9 into close proximity of one another. The high concentration of 

procaspase-9 monomers in the apoptosome are thought to favor dimerization and 

hence activation [53.59]. This model is consistent with the observed second-order 

activation of caspase-9 by a miniapoptosome [60]. In addition, a fusion protein  
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                                                                    D. Acehan et al. Molecular cell. 9 (2002) 423-432. 

Figure 5. The Role of Apaf-1 Sequence Motifs in the Assembly of an Apoptosome (A) The relative 

positions of the CARD, CED4 homology motif, WD40 repeats, and linker regions .The approximate 

positions of the hub, the arm, and the Y domains are indicated and color-coded. The positions of the 

Walker A and B nucleotide binding motifs are shown. Thus, the nucleotide binding pocket may be 

located in close proximity to the hub, where it may regulate assembly. (B) Apaf-1 normally adopts an 

auto inhibited conformation in healthy cells (top left). In actuality, only one globular region of the hub 

domain may interact directly with the β propellers. Cytochrome c then displaces the hub domain (left 

side), which allows Apaf-1 to bind dATP/ATP (bottom). Upon nucleotide binding, a second 

conformational change may promote assembly (right side).  
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between a dimeric leucine zipper and caspase-9 led to significant enhancement of its 

catalytic activity, which suggests that the dimerization of caspase-9 might be 

sufficient for its activation [61]. In contrast to these studies, an engineered caspase-9, 

which exists as a constitutive homodimer in solution, exhibited a much lower level of 

catalytic activity compared to the apoptosome-activated caspase-9 [62]. This 

observation was taken to imply an induced conformation model for the apoptosome-

mediated activation of caspase-9, in which caspase-9 binding to the apoptosome was 

thought to result in an altered active site conformation and consequent activation of 

caspase-9.  

The three dimensional structure of the apoptosome, [53,54] determined by 

electron cryomicroscopy (cryo-EM), gives insights into apoptosme assembly and 

caspase-9 activation. The apoptosome is a wheel-shaped structure composed of seven  

molecules of Apaf-1. In the apoptosome complex, Apaf-1 interacts with adjacent 

Apaf-1 molecules with their N-terminal CARD domains to form a central hub region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

β- propellers 

a b c

Cyt c

binding 

central hub

                                                                                                                                  X. Yu et al. Structure 13 (2005). 1725–1735. 

Figure  6. A 3D model of apoptosome assembly by 12.8 A° resolution electron cryomicroscope. 

(a) The bottom view of Apoptosome   with cyt-c central hub region, the β-propellers, and cytochrome 

c binding region. (b) The ring at the center of the apoptosome, visible in an expanded view of the 

bottom surface. (c) Seven CARDs form a central ring within the apoptosome are shown as green. 

ribbons. 
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The ring outside the hub is formed of the C-terminal extended WD40 repeats. On the 

basis of electron density it is clear that one molecule of cytochrome c will bind to one 

molecule of Apaf-1. Before cytochrome c binds to Apaf-1, the latter stays in a rigid 

conformation. Upon cytochrome c binding the rigid conformation becomes flexible 

and facilitates the dATP/ATP binding. The nucleotide binding brings about the 

conformational changes for oligomerization of seven Apaf-1 molecules to form the 

apoptosome which then recruits procaspase-9.   

Recent studies show that formation and function of the apoptosome can be 

regulated by a variety of factors including intracellular levels of K
+
, inhibitor of 

apoptosis proteins (IAPs), heat shock proteins and Smac/Diablo. These various factors 

thus ensure that the apoptosome complex is only fully assembled and functional, 

when the cell is irrevocably destined to die. 

 

1.7. Major objectives of this work 

 The survey presented above identifies deficiency in at least two aspects: 

structural complexity not only of the interprotein complexes but also at the individual 

molecular level, and the thermodynamics and kinetics of the protein-protein 

interactions in the upstream segment of the intrinsic apoptotic pathway. The present 

investigations began with the primary objective of quantifying the cytochrome c 

apoptotic protein associations by both equilibrium and kinetic methods. To meet with 

the basic requirement of the studies, enormous effort was made to clone, bacterially 

overexpress, and purify Bcl-2, Bcl-xL, and various truncated forms of Apaf-1. The 

work with Bcl-2 was discontinued, as the purified protein was found to be highly 

unstable with the tendency to disintegrate. The thesis describes cloning, expression, 

purification, and aspects of cytochorme c-Apaf-1, Apaf-1-ATP, and cytochrome c-

Bcl-xL interactions. It also reports on the amyloid fibrillation of the CARD domain of 

human Apaf-1.     
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Cloning, Expression, Refolding, and ATP-Binding Properties of a 

WD40-Deleted Apaf-1 Isoform  

 

2.1 Abstract 

 

The apoptotic protease activating factor (Apaf-1) is central to the regulatory 

mechanism by which procaspase-9 is activated in the cytochrome c-mediated pathway 

of apoptosis. For a detailed biochemical and structural investigation of Apaf-1 

function, we have cloned and expressed in E. coli inclusion bodies the WD40-deleted 

protein (
∆WD40

Apaf-1) from HepG2 cell. The construct contains an N-terminal His6 tag 

derived from the cloning vector so that the mass of the protein and the tag together is 

51,594 Da, as determined by TOF/TOF mass spectrometric analysis. An optimized 

refolding protocol has allowed protein recovery in highly pure form. Basic 

fluorescence and CD probes indicate that the refolded protein retains secondary and 

tertiary structures, and unfolds in the presence of higher concentration of denaturant. 

The equilibrium ATP binding property of the protein has been measured by changes 

in fluorescence emission due to the fluorescent ATP analog, mant-ATP (2'(3')-O-(N-

methylanthraniloyl) adenosine 5'-triphosphate). The results demonstrate a tight Apaf-

1–ATP interaction, the binding affinity being 380 nM. 

 

2.2 Introduction 

 

In the mitochondrial pathway of apoptosis [1], Apaf-1 is the central player in 

the upstream events of cytochrome c dependent activation of procaspase-9 [2,3]. 

Apaf-1 consists of a CED-4 homologous domain that straddles a Caspase Recruitment 

Domain (CARD) in the N-terminal region and a 12 or 13 WD-40 repeats domain in 

the C-terminus [2,4]. The CED-4 domain is also called ATPase domain, owing to its 
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apparent ATP hydrolysis activity [2,5-7]. The biochemical mechanisms by which 

Apaf-1 involves itself to assembling a functional apoptosome, a generic term for the 

initial platform provided by Apaf-1 and cytochrome c in the presence of ATP/dATP 

leading to the activation of caspases- 9 and 3 [2,3,8], are astonishingly complex, and 

remains largely unknown. In the pursuit of this aspect at molecular and atomic level, 

Apaf-1 itself offers a major challenge by its large size and isoformic existence [3, 9]. 

Notwithstanding the largeness, electron cryomicroscopic methods have been applied 

to view the gross structural and topological features of the apoptosome, and the 

oligomerization of Apaf-1 [10-12]. More recently, a mathematical model for Apaf-1 

heptamer assembly process has also been proposed [13]. Of the three domains of 

Apaf-1, atomic-level structural descriptions have been provided for the CARD 

domain alone by NMR [14] and together with the ATPase domain by x-ray 

crystallography [7]. 

Depending on the mode of mRNA splicing, multiple Apaf-1 splice variants 

can exist [3], but not all isoforms thus produced can activate procaspase-9 [9]. It has 

been demonstrated that the isoform with an 11-amino acid insert between the CARD 

and ATPase domain, and an extra WD-40 sequence in the WD-40 domain are 

essential for ATP hydrolysis-mediated cytochrome c binding, and regulation of 

procaspase-9. According to this model, the cytochrome c-binding region in the C-

terminal WD-40 domain of functionally active Apaf-1 isoforms remains unavailable 

for binding until a conformational change possibly driven by ATP hydrolysis in the 

CED-4 domain unmasks the binding site [9]. However, Apaf-1 lacking the WD-40 

domain can bind and hydrolyze ATP/dATP. Localization of ADP in the crystal 

structure of the CED-4 domain indicates that ATP  ADP + Pi reaction is possibly 

driven by the domain itself [7]. Thus, several regulatory and mechanistic issues, 

including the regulation of nucleotide binding and hydrolysis, and the CARD‘s role 
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toward these, can be investigated using recombinant Apaf-1 lacking the WD-40 

domain.  

Here, the RT-PCR approach is employed to clone a gene corresponding to the 

N-terminal 1-419 amino acid sequence of Apaf-1 from HepG2 cell line. The gene 

construct excludes the WD-40 repeat domain (
WD40

Apaf-1), and the CARD domain 

features a 4-residue deletion. The protein overexpressed in E. coli is invariably 

localized in the cytoplasmic inclusion body. The protein was refolded, purified, and 

characterized in terms of quantification of its equilibrium interaction with ATP.  

 

2.3 Materials and methods 

2.3.1 Cloning and generation of expression construct for 
WD40

Apaf-1  

 Total RNA was isolated from ~ 5 million HepG2 cells by standard procedures 

that use TRI Reagent (Sigma), chloroform, and isopropanol. The isopropanol-pelleted 

RNA was washed with 75% ethanol, dissolved in nuclease-free water, and subjected 

to agarose gel electrophoresis to confirm the integrity of the isolated RNA. cDNA was 

prepared by using the SuperscriptII kit (Invitrogen). Approximately 5 µg of total RNA 

was added to the RT-PCR mix. Oligo dT primed cDNA synthesis was achieved by 

incubating the reaction mix at 47 
o
C for 30 min. The first strand that was made using 

SuperscriptII was used for PCR amplification of 
WD40

Apaf-1. The primers were 

 

   BamH1 

CARD-F: 5  CGGGATCCATGGATGCAAAAGCTCGAA 3                                                   

CED4-R: 5 CCCTCGAGCTAAAGAGACTTATTTACAAACTC 3  

Xho1                                     
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The 50 l PCR reaction mixture contained 5 L 10X PCR buffer, 1 L CARD-F 

primer (10 pmol), 1 µL CED4-R primer (10 pmol), 2 L cDNA, 1 L of 2.5U/µL 

EasyA Taq DNA polymerase (Stratagene), and 40 L water. PCR amplification 

involved the initial denaturation at 94 C for 2 min, followed by 30 cycles each 

consisting of a 30-sec final denaturation at 94 C, a 30 sec annealing at 54 C, and a     

1 min initial extension at 72 C. The final extension following the 30 cycles was 

allowed for 15 min at 72 C. The amplified PCR product, electrophoresed and eluted 

from agarose gel, was ligated into a TA vector, pTZ57 R/T (MBI-Fermentas). The 

positive clones, selected by Blue-white colony screening and colony PCR, were used 

to isolate plasmids employing QIAprep spin miniprep kit (Qiagen). The plasmids 

were sequenced, and the clone containing the correct sequence was digested with 

BamH1 and Xho1. The digested fragment was then ligated into BamH1 and Xho1 sites 

of pRSETa vector (Invitrogen), and transformed into DH5α E. coli cells. Positive 

clones were selected by colony PCR, and confirmed by digestion. 

 

2.3.2 Protein expression 

 The protein was expressed in LB medium containing ampicillin (100 mg/ml). 

To obtain the protein in the soluble fraction, several cell growth conditions generated 

by varying temperature and IPTG concentration were tried out. Typically, 20 ml of an 

overnight grown culture was added to a 2-L medium, and incubated with vigorous 

shaking at a temperature in the 5–37 °C range. At OD600 = 0.5 of the culture, protein 

expression was induced with IPTG in the 0.1–1 mM range. The growth was continued 

until the steady state was reached. Noting no trace protein in the soluble fraction 

under all conditions employed, we eventually chose to induce protein expression at  

37 °C with 1 mM IPTG, and let the cells grow for 5 h after induction. Cells were 
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harvested by centrifugation at 4000g for 10 min at 4 °C, washed with TE buffer (10 

mM Tris–HCl, 1 mM EDTA pH 8.0), and frozen stored at –80 °C. 

 

2.3.3 Preparation of inclusion bodies 

 The cell pellet was resuspended in 30 ml Buffer A (20 mM Tris–HCl, 100 mM 

NaCl, 1 mM PMSF, pH8.0, containing 10 μL of 1 mg/ml DNaseI), and sonicated at 4 

°C with 10 cycles, each cycle consisting of 30 s on and 60 s off times. The lysate was 

treated with deoxycholic acid (4 mg per gram weight of E. coli), stirred for 30 min at 

room temperature, and centrifuged at 10,000 rpm for 15 min at 4 °C. The pellet was 

resuspended in 9 volumes of Buffer B (20 mM Tris, 100 mM NaCl, 10 mM EDTA, 

0.5% Triton X-100, pH 8.0), stirred at room temperature for 5 min and centrifuged at 

10000 rpm for 15 min at 4 °C. The step was repeated. Inclusion bodies were then 

washed with 10 volumes of 20 mM Tris–HCl containing 100 mM NaCl at pH 8.0 

three times to remove the Triton X-100. Washed inclusion bodies are now 95% pure. 

 

2.3.4 Refolding of 
WD40

Apaf-1 

  Three procedures were applied to refold the protein from inclusion body 

aggregates, and the compositions of unfolding and refolding buffers varied slightly 

from one procedure to another. The basic buffer for solubilization of inclusion body 

was Buffer C (6.0 M GdnHCl, 20 mM Tris–HCl, 500 mM NaCl, pH 7.5). For 

refolding by the use of classical gel filtration procedure, ~ 25 mg of the inclusion 

body preparation (by wet weight) was solubilized in 5 ml of Buffer C with 1 mM 

EDTA, 1 mM DTT and 50 mM L-arginine at pH 7.4, and incubated at 25 °C for 90 

min. The unfolded protein solution, cleared after centrifugation, was diluted five-fold 

by drop wise addition into 20 ml of the same buffer containing no GdnHCl. The 

refolded protein solution, now in ~1.2 M GdnHCl was faintly hazy, and was kept in  
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cold for 90 min. The solution was then centrifuged at 15000 rpm for 15 min, and 20 

ml of it was chromatographed in a 1.6 X 100 cm (diameter and height, respectively) 

Sephadex G75 column pre equilibrated in the refolding buffer. Fractions each of 1.5 

ml size were collected at a flow rate of 20 ml/h, and analyzed by SDS-electrophoresis 

and silver staining. In the second refolding procedure, nickel affinity column was used 

to separate 
∆WD40

Apaf-1 from other proteins present in the refolded protein solution. 

Inclusion bodies were solubilized in Buffer C with 1 mM PMSF and 5 mM               

β-mercaptoethanol, pH 8.0, incubated for 2 h, and refolded by 20-fold dilution into 

Buffer C containing no GdnHCl but 0.4 M L-arginine, 0.5 M urea, and 1 mM            

β-mercaptoethanol, pH 7.5. The solution was kept in cold for 24 h, and then dialyzed 

extensively against the same refolding buffer (pH 8.0) that excluded L-arginine and  

β-mercaptoethanol. After discarding the precipitate by centrifugation, the solution was 

loaded onto a Ni-NTA His bind column (Novagen) equilibrated with the dialysis 

buffer, and washed with the same buffer. The protein, eluted by passing 20 mM Tris, 

150 mM NaCl, and 300 mM imidazole, pH 8.0, was dialyzed or centrifuged in 

Amicon 5 kDa cutoff filter devices to remove imidazole. Although nothing wrong in 

itself, this procedure for imidazole removal was time consuming under our laboratory 

conditions. We, therefore, used 20 mM Tris, 150 mM NaCl, 50 mM EDTA, pH 8 for 

protein elution.  

 The third refolding procedure involved on-column folding. The inclusion body 

preparation was unfolded in Buffer C with 1 mM PMSF and 5 mM b-

mercaptoethanol, pH 8.0, and then incubated for 2 h. Thirteen milliliters of this 

unfolded protein solution (protein concentration: ~1 mg ml 
–1

) was loaded onto a      

10 ml Ni-NTA-His bind column equilibrated in the same unfolding buffer. The 

column was washed with five volumes of 20 mM Tris, 300 mM NaCl, containing 6 M 

urea, pH 8.0. After refolding by five volume column washes with 20 mM Tris, 150  
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mM NaCl, pH 8.0, the protein was eluted with the same buffer containing 50 mM 

EDTA. The eluted protein solution was then dialyzed or centrifuge-filtered using the 

same buffer at pH 7.5 containing no EDTA. 

 

2.3.5 Western blot 

Purified 
∆WD40

Apaf-1 as well as the E. coli extract proteins were run on 10% 

SDS–PAGE, transferred onto a PVDF membrane (Amersham), incubated overnight at 

4 °C with anti-Apaf-1 rabbit polyclonal IgG (Upstate),washed with TBS, incubated 

for 1 h at room temperature with 2° antibody (anti-rabbit conjugated with alkaline 

phosphatase), and developed with BCIP-NBT solution. 

 

2.3.6 Mass spectrometry 

 2 L of the purified protein solution (~0.21 g) was mixed with 2 L of 2% 

TFA and 2 L of the matrix solution (2,5 dihydroxyacetophenone with 10 mM di-

ammonium citrate). Mass measurements were performed on an Autoflex III 

TOF/TOF spectrometer (Bruker) in the positive linear mode of operation. ~1000 

single spectra were added. Spectra were processed using 10 Da Gauss filter 

smoothing and baseline subtraction. 

 

2.3.7 Fluorescence and CD measurements 

 Fluorescence and CD spectra of 
WD40

Apaf-1 were recorded with 2 M protein 

in 20 mM Tris, 100 mM NaCl, pH 7.5, 25 C. For fluorescence, a photon counting 

instrument (FluoroMax-3, Jobin-Yvon) was used (excitation: 280 nm, 1.5 nm slit).  
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CD spectra were taken in a JASCO J715 spectropolarimeter with the protein solution 

contained in 2 mm path length cylindrical cell. Sixteen scans were averaged. 

 

2.3.8 Interaction of 
WD40

Apaf-1 and ATP measured by fluorescence  

 The titration of MANT-ATP (Invitrogen) with 
WD40

Apaf-1 was followed by 

the decrease in fluorescence of the former (excitation: 356 nm). A set of samples 

containing a fixed concentration of MANT-ATP (1 or 5 M) and variable 

concentration of 
WD40

Apaf-1 was prepared in 50 mM Tris, 50 mM NaCl, 10 mM 

MgCl2, pH 7, and equilibrated at 25 C for 1 hr. With this procedure of equilibrium 

titration experiment, where different premixed samples are used instead of repeated 

addition of aliquots of the titrant to a single protein solution, no correction for dilution 

effects are required, and the data obtained are also more accurate. Fluorescence at 444 

nm, which is the emission maximum for MANT-ATP, was used for binding analysis. 

The concentration of free 
WD40

Apaf-1 in the titration mixture is given by 

 

)1(
Δ

Δ]ATPMANT[
1]-Apaf[

free

WD40

F

F

 

in which, F=Fx Fo and F =F Fo, where Fo, Fx, and F  are 444-nm fluorescence 

of solutions containing MANT-ATP alone, MANT-ATP in the presence of x 

concentration of 
WD40

Apaf-1, and MANT-ATP in the presence of infinite or 

saturating concentration of 
WD40

Apaf-1, respectively. The association constant, Kass, 

was extracted from the equation 
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The x-intercept of the plot of log [ F/(F Fx)] vs log[
WD40

Apaf-1] gives the value of 

pKa for the interaction between MANT-ATP and 
WD40

Apaf-1. 

  

2.4 Results and discussion 

 

2.4.1 4-residue deletion in the CARD domain of 
WD40

Apaf-1 

To clone the 
WD40

Apaf-1 gene containing the N-terminal 1-419 amino acids, 

we used RNA from HepG2 cells (Figure. 1). The gene sequence aligned to the HeLa 

Apaf-1 sequence (also called Apaf-1S) originally described by Zou et al [4] and also 

cloned later by others [9], however, indicated a deletion involving four consecutive 

amino acids (VRNE) in the CARD domain (Figure  2). In the past, several studies 

have reported Apaf-1 isoforms [2, 3, 6, 9]. The occurrence of full-length Apaf-1 

isoforms in tumor cell lines have been attributed to alternative splicing that can create 

an 11-residue insert straddled by the CARD and ATPase domains or an additional 

WD40 repeat between the fifth and sixth repeats of the WD40 domain, or both. We 

observe the 11-residue insert, not present in the Apaf-1S isoform but in the Apaf-1 

gene that we have cloned. Accordingly, following the nomenclature of Benedict et al. 

[9], the 
WD40

Apaf-1 may be termed Apaf-1XL (1-419) or N+. A survey of all the 

isoforms conducted by the same authors has indicated that only Apaf-1 isoforms with 

the additional WD40 insert bind cytochrome c and activate procaspase-9. However, 

the 11-residue insert between the CARD and ATPase domains are essential for 

dATP/ATP binding and subsequent hydrolysis, thereby facilitating the binding of  
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Figure 2. Principal features of the amino acid sequence of the cloned protein, Apaf1-XL* (called 

∆WD40
Apaf-1 in the text) showing the 4-residue deletion in the CARD domain, and the 11-residue 

insert between the CARD and ATPase domains. Apaf-1S isoform is incapable of activating 

procaspase-9 in a cytochrome c and dATP/ATP-dependent manner [3]. The rest of the sequence up to 

the end of the ATPase domain is same for the two isoforms. The difference between them in theWD40 

domain is discussed in the text. 

 

Apaf-1XL* 1 MDAKARNCLLQHREALEKDIKTSYIMDHMISDGFLTISEEEK----PTQQQRAAMLIKMI

Apaf-1S    1 MDAKARNCLLQHREALEKDIKTSYIMDHMISDGFLTISEEEKVRNEPTQQQRAAMLIKMI

4-residue deletion

57 LKKDNDSYVSFYNALLHEGYKDLAALLHDGIPVVSSSGKDSVSGITSYVRTVLCEGGVP

61 LKKDNDSYVSFYNALLHEGYKDLAALLHDGIPVVSSSS-----------VRTVLCEGGVP

11-residue insert

Figure  1. (a) Agarose gel electrophoresis of PCR amplified Apaf-1 (1-419): 100 bp DNA ladder (lane 

M), and PCR product (lanes 1-3). (b) Agarose gel electrophoresis showing colony PCR for 

recombinant pRCETa-Apaf-1 (1-419): Lane M: 100 bp DNA ladder, lanes (1-7) 300 bp PCR 

amplified Apaf-1 sequence. (For colony PCR, the CARD primers of Apaf-1 were used). 
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cytochrome c. This implies that only those isoforms that carry the 11-residue insert 

could bind dATP/ATP [7], and any other deletion or insertion elsewhere should not 

alter the functional activity significantly so long as the changes do not disorder the 

protein conformation critically. Indeed, the 4-residue deletion in the CARD domain of 

Apaf-1 from HepG2 cell line does not influence the structure and function of the 

protein. In fact, 
WD40

Apaf-1 studied here preserves both the conformational integrity 

and the ATP binding property (see below).  

     

2.4.2 Refolding of 
WD40

Apaf-1 from the inclusion body fraction 

In E. coli production of recombinant 
∆WD40

Apaf-1, the protein is invariably 

localized in the cytoplasmic inclusion body fraction. We tested the expression under 

several growth conditions of temperature in the 5–37 °C range with variable use of 

IPTG concentration up to 1 mM, but could not localize the protein in the soluble 

fraction. Therefore, cells were 

grown at 37 °C, and protein 

production was induced by  

 

 

 

 

 

 

 

 

 

 

Figure 3. Sephadex G-75 isolation of 

WD40
Apaf-1 from the protein mixture 

refolded at pH 7.5 by the first procedure 

(5-fold dilution of the protein solution 

initially unfolded in 6 M GdnHCl) 

described in the text. Lanes 1-3 in the SDS 

gel correspond to the eluted fractions 

labeled 1-3 within circles. 
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adding IPTG to a final concentration of 1 mM. The insoluble aggregates of the 

inclusion body fraction were extensively washed, and solubilized in Buffer C that 

contained 6 M GdnHCl and other solvent additives (described under Materials and 

methods) depending on the refolding protocol considered. 

Figure 3 shows the isolation by gel filtration of 
∆WD40

Apaf-1 from the refolded 

protein solution. Nearly complete homogeneity of the protein isolate, more surely 

from the left half of the elution peak, is seen in the silver-stained SDS gel (inset). 

Because smaller volume of sample is preferred for gel filtration work, the initial 

unfolded protein solution (in 6 M GdnHCl) was diluted only five-fold, so that the 

refolded protein solution had finally ~ 1.2 M GdnHCl. This is a subdenaturing 

condition, where the protein may or may not have actually refolded to the globally 

native state. In any case, when present in such subdenaturing amounts, GdnHCl can 

stabilize the folding structures by chain stiffening or entropic effect due to the cross-

linking action of GdnH
+
 cations, and electrostatic effect due to the interaction of Cl¯, 

and also possibly of GdnH
+
, with charged groups of the protein [15–17]. Use of ~1 M 

GdnHCl in the refolding buffer is a common practice in the refolding of inclusion 

bodies [18, see also ref 19]. Indeed, we noticed more precipitation when the refolding 

was done by ten-fold dilution (~0.6 M GdnHCl, finally) of the unfolded inclusion 

body solution. Use of 50 mM arginine in the unfolding and refolding solutions did not 

alter the qualitative extent of precipitation during refolding. Gel filtration eventually 

removes the residual GdnHCl and arginine. 

When refolded by 20-fold dilution of the unfolded protein solution so that the 

final concentration of GdnHCl in the refolded solution became 0.3 M, a sizable 

fraction of the protein precipitated, indicating that the protein-stabilizing action of the 
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Figure  4. Effect of (a) pH, and (b) L-arginine concentrations on protein solubilization in the refolded 

protein solution, monitored by light scattering at 500 nm. In these experiments, the unfolded protein 

solution (6.0MGdnHCl, 20 mM Tris–HCl, 500 mM NaCl, pH 7.5) was diluted 20- fold into the same 

buffer containing no GdnHCl and the pH adjusted to different values. For the variable L-arginine 

experiment, pH of the refolded protein solution was 7.5. 

 

denaturant weakens as its concentration is lowered in the bid to shift the condition 

from subdenaturing to native-like [15]. We then worked on the solvent condition to 

minimize precipitation during refolding to a final GdnHCl of 0.3 M (20 mM Tris–

HCl, 500 mM NaCl). This was done by checking light scattering at 500 nm as a 

function of pH and L-arginine content of the refolding buffer. For the experiment with 

L-arginine alone, the pH of the refolded protein solution was 7.5. Effects of arginine 

on protein refolding and purification have been extensively investigated by Arakawa 

and coworkers [20–22]. Figure 4 indicates that precipitation is minimum when the pH 

is in the 7.5–8 range, and L-arginine concentration is 0.4 M or more. This 

concentration of L-arginine was previously found optimum in the refolding of 

recombinant mouse Bcl-2(1-203) also [23]. DTT in the 0-10 mM range does not 

influence protein precipitation (data not shown). Thus, for isolation of the refolded  
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protein by nickel-column chromatography, we carried out refolding to a final GdnHCl 

of 0.3 M at pH 8.0 in the presence of 0.4 M L-arginine. Elution was achieved by using 

imidazole or EDTA as described under Materials and methods. Figure 5a shows the 

EDTA elution result by silver-stained SDS gel electrophoresis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (a) Silver-stained SDS–PAGE analysis of the Ni-NTA resin affinity chromatographic   

elution of the protein refolded by 20-fold dilution of the initial 6 M GdnHCl-containing unfolded 

protein solution. The refolding buffer contained 0.4 M L-arginine at pH 8. Elution was performed 

with 50 mM EDTA. Details of the buffer composition are given in the text. Lane labels are: M, 

marker; 1, whole cell lysate; 2, unprocessed inclusion bodies; 3, the refolded inclusion body solution; 

4, flow-through fraction from the column; 5 and 6, wash fractions; 7 and 8, elution fractions. 

(b) Silver-stained SDS–PAGE analysis of Ni-resin on-column refolding. The unfolded protein (in 6 M 

GdnHCl) was allowed to bind to the column at pH 8, washed, and eluted as described in the text. Lane 

labels are: M, marker; 1, uninduced cell lysate; 2, induced cell supernatant; 3, the inclusion body 

fraction from induced cells; 4, the 6 M GdnHCl-unfolded inclusion bodies; 5, flow-through from the 

column; 6, wash fraction; 7, the eluted fraction. 
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The identity and purity of 
∆WD40

Apaf-1 is further confirmed by the Western 

blot developed with polyclonal anti-Apaf-1 (Figure 6b). For removal of EDTA and 

Ni
2+

, the eluted protein solution was extensively dialyzed against 20 mM Tris, 150 

mM NaCl, pH 7.5 

We then looked at the quantitative aspect of this procedure by starting with     

1 L culture that yielded 1.6 g wet weight cells. The details of steps and procedure 

involved were same as described above. Protein content was estimated at various  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  6. (a) Coomassie-stained SDS–PAGE analysis of refolding and purification. Lane labels are: 

M, marker; 1, whole cell lysate; 2, lysate pellet; 3, washed inclusion bodies; 4, protein debris 

precipitated from  the solubilized (unfolded) inclusion bodies; 5, solubilized inclusion bodies; 6, 

refolded inclusion body solution; 7, the refolded protein solution after dialysis; 8, flow-through 

fraction from the Ni-NTA column; 9, wash fraction; 10 and 11, elution fractions. (b) Polyclonal anti-

Apaf-1 blot of 
∆WD40

Apaf-1 obtained from the crude cell lysate (lane 1), and the purified protein (lane 

2). 
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Table 1

Protein content and fractional purity at various stages of solubilization

and purification of ∆WD40Apaf-1

Stage/sample                    Amount of protein     Fractional 

(mg)a purity b        

Washed cell lysate pellet 69 0.13

Solubilized inclusion bodies 13.2 0.2

Post refolding from inclusion 7.9 Not estimated

bodies

The dialyzed refolded protein 4.1 50.6

Post Ni NTA chromatography 1.2 1.0

a The experiment was started with 1.6 g of wet weight cells obtained 

from 1 L culture.
b The fractional purity is relative to the purity of the protein (>95%) 

after Ni-NTA chromatography

 

 

 

 

 

 

 

 

 

 

 

 

 

stages of purification, although large errors were obtained in those steps that involved 

one or both GdnHCl and L-arginine. Excluding these, the amount of protein 

determined at different stages is listed in Table 1. As discussed above, 
∆WD40

Apaf-1 is 

localized exclusively in the inclusion body fraction. The protein amount in this 

fraction is 13.2 mg, and that after Ni-NTA elution finally is 1.2 mg (Table 1), 

indicating ~ 9% recovery. The percent purity at different stages was estimated by 

coomasie stained SDS gel electrophoresis (Figure. 6a). The lane descriptions and 

other details are given in the legend to the Figure. For each lane, the integrated 

density of the 
∆WD40

Apaf-1 band was divided by the amount of protein loaded in that 

lane, because the volume and the amount of protein loaded in different lanes were not 

uniform. This yielded the fractional content of
 ∆WD40

Apaf-1 in the protein solution at 

various stages of purification. To normalize finally, the fractional contents of 

∆WD40
Apaf-1 for all lanes were divided by the fractional content corresponding to the  
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highest purity preparation. The error propagated through these estimations is in the 2–

8% range. Table 1 provides the fractional purity at some of the stages of purification. 

The 0–1 scaling of purity should be considered relative to the purity of the protein 

eluted from Ni-NTA column (>95%). 

 

2.4.3 Mass, and basic conformational characterization 

 

Fig. 7 shows the Gauss filter-smoothed mass spectrum (TOF/TOF) of 
ΔWD40

Apaf-1. 

The singly charged ([M1+H]
+
) fundamental peak corresponds to a mass of 51,594 Da. 

The molecular weight calculated for the 454- amino acid 
ΔWD40

Apaf-1 is 51534, fairly 

consistent with the experimental mass data. Part of the observed mass difference of 

60 could be due to incorrectly determined side chain charges used in calculations. The 

experimental mass should be more reliable. Of the 454-residues in the expressed 

protein, 35 residues in the N-terminus, including the six histidines   

 

 

 

 

 

 

 

 

 

 

Figure 7. Molecular mass of the His6-tagged 
WD40

Apaf-1 is 51,594 as indicated by mass 

spectrometry. The calculated mass is 51,662. 
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(MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDRWI), are due to the 

pRSETA vector. The calculated molecular weight of the actual 419-amino acid 

polypeptide is 47,436 Da at pH 7. Figure 8a shows the 280-nm excited tryptophan 

fluorescence spectra of the native and 6 M GdnHCl-unfolded proteins. The emission 

maximum of the native-state spectrum centered at 345 nm shifts to ~ 358 nm when 

the protein unfolds. The unfolding also accompanies a very significant quenching of 

fluorescence. Figure 8b presents the far-

UV CD spectrum of purified 
ΔWD40

Apaf-

1, clearly indicating substantial 

secondary structure content. These 

results suggest that the 4-residue deletion 

mutation (Figure. 2) in the N-terminal 

part of the CARD domain of HepG2 

Apaf-1 is unlikely to disorder the 

molecular conformation greatly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. (a) Fluorescence spectra of the 

refolded native protein (N) with a peak 

wavelength of 345 nm. The N protein can be 

unfolded by the addition of 6 M GdnHCl. 

Fluorescence then (U) is quenched and the 

emission maximum red-shifts to 358 nm. 

 (b) The far-UV CD spectrum of the refolded 

protein (N) also indicates the presence of 

native-state secondary structures. All spectra 

were taken in 20 mM Tris, 100 mM NaCl, pH 

7.5, 25 C. 
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2.4.4 Binding of ATP to 
∆WD40

Apaf-1 

 

To study the equilibrium binding of ATP to 
ΔWD40

Apaf-1, we used a 

fluorescent analog of the nucleotide, mant-ATP, whose fluorescence emission is 

quenched detectably when bound to proteins. Earlier studies of nucleotide binding to 

Apaf-1 employed [ -
32

P]dATP for quantification by scintillation counting [5,7]. 

Because of high sensitivity, the fluorescence method provides more accurate data, and 

facilitates the measurement of rapid binding kinetics. The fluorescence emission due 

to a fixed concentration of mant-ATP is quenched when titrated by increments of the 

protein concentration as indicated in Figure. 9a. Figure. 9b plots the binding analysis 

as described under Materials and Methods.  

The x-intercept of the linear fit of the data yields the association constant, 

Kass=2.63 M
-1

 (binding affinity, Kdiss=1/Kass=380 nM), indicating tight binding of 

ATP for 
ΔWD40

Apaf-1. The slope of the plot (n = 0.6) indicates a 1:1 interaction, and 

the Gibbs free energy for ATP–Apaf-1 interaction ( G  = RT ln Kass) is ~ 8.7 kcal 

mol
-1

 at 25 C. There appear certain ambiguities in past reports regarding nucleotide 

binding to Apaf-1. For example, the earlier demonstration that ADP, dADP, ATP, and 

dATP bind to purified Apaf-1 [2] was somewhat inconsistent with a later study where 

Apaf-1 showed little nucleotide binding activity [5]. Similarly, it is not entirely clear 

whether cytochrome c enhances dATP binding [5] or not [2]. Our study demonstrates 

that ATP does bind to purified 
ΔWD40

Apaf-1 in the absence of any other cofactor, and 

the binding affinity value of 380 nM suggests a substantially high affinity. This value 

for ATP–
∆WD40

Apaf-1 interaction is inconsistent with earlier values of 1.72 and 0.86 

μM for dATP–Apaf-1 interaction in the presence of cytochrome c and 
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Figure 9. (a) Quenching of mant-ATP fluorescence in the presence of increasing concentration of the 

protein indicates ATP binding. Spectra were recorded after equilibrating the ATP-protein mixture at 

25 °C for 1 h in 50 mM Tris, 50 mM NaCl, 10 mM MgCl2, pH 7. (b) The final plot for analysis of 

ATP binding data as described under Materials and methods (Eqs. 1 and 2). The equilibrium 

association constant, Kass = ~2.63 M
-1

, is calculated from the x-intercept of the straight line (pKass). 

The binding affinity, Kdiss=1/Kass=380 nM. The slope of the line (n = 0.6) indicates a 1:1 binding 

interaction. 
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cytochrome c plus caspase-9, respectively, measured by scintillation counting of 

radioactive dATP [5]. In fact, Apaf-1 prefers dATP to ATP [24–26], and therefore the 

affinity of dATP for Apaf-1 should be ~ 5-fold more than that of ATP [5]. The 

reasons for the observed lack of consistency, and the other molecular details of Apaf-

1–nucleotide interaction, including the influence of the WD40 domain, will be 

addressed in detail in due course of the study. It is likely that slow oligomerization 

and/or aggregation of Apaf-1 is partly responsible for the inconsistencies and the 

disparate in vitro results. In our study, the purified 
ΔWD40

Apaf-1 is monomeric, as 

reflected by its elution volume in the Sephadex G75 chromatogram (Figure. 3) Since 

the ATP binding experiments were performed with freshly prepared protein (without 

storage in between), it is likely that a large fraction of the protein was in monomeric 

form. At this stage, we cannot provide quantitative data for time dependent 

oligomerization. Although the binding results presented here demonstrate that the 4-

residue deletion in the CARD domain of HepG2 Apaf-1 does not abrogate ATP 

binding, it might affect other details—the rate constants for binding interaction, and 

hydrolysis to ADP and Pi, for example. As mentioned in the introduction, knowledge 

of such mechanistic issues is central to understand the regulatory role of Apaf-1 in 

cell death. These studies should have applications in the induction of caspase 

activated apoptosis in therapeutics. 

 

2.5 Summary and conclusion 

Apaf-1XL isoform from HepG2 cell line carries a 4-residue deletion in the 

CARD domain. The N-terminal His6- tagged protein, termed 
ΔWD40

Apaf-1, over 

expressed in E. coli is localized exclusively in the cytoplasmic inclusion body 

fraction, unaffected by growth conditions in the 5–37 °C range of temperature and 

induction by IPTG concentrations from 0.1 to 1 mM. The protein is refolded best by 

20- fold dilution of the initial 6 M GdnHCl-unfolded inclusion body preparation into a 
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buffer system composed of 20 mM Tris–HCl, 500 mM NaCl, 0.5 M Urea, 0.4 M L-

arginine, pH 7.5–8. Highly pure protein can be isolated by Ni
2+

-resin chromatography 

with 20 mM Tris, 150 mM NaCl, 50 mM EDTA, pH 8.0 as the elution buffer. The 

protein thus purified displays fluorescence and far-UV CD spectra characteristic of 

folded proteins. The interaction of 
ΔWD40

Apaf-1 with ATP has been studied by the use 

mant-ATP whose fluorescence decreases as it binds to the protein. The 1:1 ATP–

ΔWD40
 Apaf-1 interaction is characterized by the equilibrium dissociation constant, 

Kdiss, of 380 nM, and G = RT ln Kass= 8.7 kcal mol
-1

 (25 C), indicating tight 

affinity. 
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Bacterially expressed recombinant WD40 domain of human Apaf-1 

 

3.1 Abstract 

The apoptotic protease activating factor (Apaf-1) is a protein that upon binding to 

cytochrome c and in the presence of dATP/ATP oligomerizes to assume the role of an 

adaptor platform for activating the caspase-9 zymogen. In order to study the 

biochemical and structural details of Apaf-1 function, we have generated an 

expression construct from pcDNA 3-Apaf-1XL for production of the WD40 domain 

(
WD40

Apaf-1) in E .coli. The WD40 domain expressed contains 825 amino acids in 

addition to an N-terminal His6 tag derived from the cloning vector. The expressed 

protein is invariably localized in the inclusion body fraction of E. coli. A simple 

protocol involving Sephadex G100 chromatography developed for purifying the 

protein starting from inclusion bodies has allowed protein recovery in highly pure 

form. Basic fluorescence and CD spectra indicate that the refolded protein retains 

extensive secondary and tertiary structures. Immunoprecipitation studies have 

provided qualitative information about the binding interaction of 
WD40

Apaf-1 and 

cytochrome c. The binding interaction has been quantified by spectrophotometric 

titration of cytochrome c with recombinant 
WD40

Apaf-1. The results demonstrate a 

fairly tight binding for cytochrome c and 
WD40

Apaf-1 interaction, the binding affinity 

being 390 nM. The analysis indicates a 2:1 or possibly 3:1 stoichiometry for 

cytochrome c and 
WD40

Apaf-1 binding interaction.   
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3.2 Introduction 

A key upstream event in the mitochondrial pathway of apoptosis is the 

cytochrome c dependent activation of procaspase-9 so that the processed caspase-9 

can propagate the death signal by triggering events leading to activation of 

downstream caspases [1,2]. Apaf-1 is the protein that mediates the initial event of 

caspase-9 activation [3,4]. By binding to cytochrome c translocated from 

mitochondria, Apaf-1 is thought to self-associate in the presence of dATP/ATP to 

produce a homo-multimer that contains at least 8 subunits of Apaf-1 [3]. This homo-

multimeric complex in which cytochrome c and dATP are presumably still bound to 

each Apaf-1 subunit is generically dubbed the ‗apoptosome‘ [3-6] − an assembly that 

recruits procaspase-9 and activates it into caspase-9 [3, 4, 7]. The initiating events and 

structural mechanism by which Apaf-1 multimerizes to assemble a functional 

apoptosome is inexplicably complex, and to a large extent the size and form of Apaf-1 

itself generates the complexity. Apaf-1 contains a CED-4 homologous domain that 

straddles a Caspase Recruitment Domain (CARD) in the N-terminal region and a C-

terminal WD-40 domain containing 12 or 13 WD-40 repeats depending on the 

isoform [3,4, 8, 9]. The oligomerization of Apaf-1 and gross structural and topological 

details of the apoptosome have been viewed by electron cryomicroscopy [10-12]. A 

theoretical model for Apaf-1 heptamer assembly has also been reported [13]. 

However, there exists an acute dearth of atomic-level structural descriptions of Apaf-1 

and its multimeric complex, although NMR solution structure of the CARD domain 

[14] and a 2.2 Å crystal structure of an ADP-bound CARD and CED-4 homologous 

domains together [15] have been reported. 

 The WD40 domain at the C-terminal part accounts for approximately 66% of 

Apaf-1 primary sequence. The finding of at least 12 WD-40 repeats in this domain 

aroused interest right from the seminal stage of Apaf-1 description [8]. WD-repeat 
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proteins invariably assume a -propeller fold and are thus structurally related, but 

their functions remain poorly understood [16, 17]. Nonetheless, the large content of 

Asp in the WD40 domain of Apaf-1 together with the finding that Apaf-1 binds to 

cytochrome c, a basic protein rich in Lys, points to the possibility that Asp-Lys 

charge-charge interactions form the basis for Apaf-1 binding to cytochrome c. There 

is no definite structural support for this possibility except for the demonstration that 

ionic strength has a profound effect on the interaction [18]. In view of the importance 

and interest in the structure, binding epitope, and functional regulation of Apaf-1, it is 

imperative that recombinant WD40 domain is made available. Proteins, the size of the 

WD40 domain (825 amino acid residues for the present study) are often difficult to 

produce in bacterial overexpression system.  

 This study develops an expression construct for E. coli expression of 

WD40
Apaf-1. The gene construct excludes the contiguous CARD and CED-4 

homologous domains whose cloning and E. coli expression has already been 

described in Chapter 2 [also, ref 19]. This Chapter reports on the cloning, E. coli 

expression, refolding, and cytochrome c binding properties of the WD40 repeat 

domain of the human Apaf-1XL isoform, called 
WD40

Apaf-1 henceforth.  

 

3.3 Materials and methods 

3.3.1 Cloning and generation of expression construct for 
WD40

Apaf-1  

 The gene sequence encoding the 2.5 kb
 WD40

Apaf-1 (amino acid residues 424–

1248) region was specifically amplified from pcDNA3-Apaf-1XL, a generous gift 

from Gabriel Nunez‘s laboratory, by standard PCR reaction. The forward and reverse 

primers flanking the WD40 region of Apaf-1XL were: 
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                          BamH1 

WD40-F: 5′ CGGGATCCTTATTCTGTGATCGGAATGG 3′ 

WD40-R: 5′ CCCTCGAGTTATTCTAAAGTCTGTAAAATATA 3′ 

                           Xho1 

Restriction sites were included at the 5' end of each primer to facilitate cloning into 

pRSETa vector (Invitrogen), and the region of ~ 2.5 kb corresponding to 
WD40

Apaf-1 

was amplified using MBI-Fermentas long PCR enzyme mix. The 50 μL reaction 

mixture contained 5.0 μL 10X long PCR buffer, 10 pmole each of forward and 

reverse primers, 100 ng of pcDNA 3-Apaf-1 XL as template, and 2.5 U/μL of long 

PCR enzyme mix. The PCR amplification involved initial denaturation at 94 °C for    

2 min, followed by 30 cycles each consisting of a 30 s denaturation at 94 °C, a 30 s 

annealing at 55 °C, and a 2.5 min extension at 72 °C. To facilitate TA cloning, the 

final extension was allowed for 15 min at 72 °C. The amplified PCR product was 

analyzed by agarose gel electrophoresis. The 2.5 kb 
WD40

Apaf-1 fragment was sliced 

from the gel, eluted by using Qiagen gel extraction column, ligated into the TA vector 

pTZ57R/T (MBI-Fermentas), and transformed into DH5α E. coli cells. The cells were 

plated onto agar plates containing 100 μg/mL ampicillin. Positive recombinant clones 

of 
WD40

Apaf-1 were selected by colony PCR. Plasmids were isolated and digested 

with BamH1 and Xho1 restriction enzymes. The digested fragments were run on 1.0% 

agarose gel, and the digested 2.5 kb 
WD40

Apaf-1 was sliced from the gel and eluted by 

gel extraction columns. This was ligated between the BamH1 and Xho1 sites of 

pRSETa expression vector (Invitrogen). The recombinant pRSETa–
WD

40Apaf-1 

clones were selected by colony PCR, and confirmed by restriction digestion. 
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3.3.2 Protein expression 

The recombinant pRSETa–
WD40

Apaf-1 plasmids were sequenced before 

transforming into E.coli BL21 DE3 cells. Many singly isolated colonies were selected 

and screened for soluble expression of 
WD40

Apaf-1. Unfortunately, we could not 

obtain any soluble expression of the protein. Use of different E. coli strains, and 

variable growth conditions, including temperature and IPTG concentration, did not 

ameliorate the situation. Facing this difficulty, we decided to proceed with inclusion 

bodies. 

 

3.3.3 Cell growth and harvest, cell lysis, and inclusion body washing  

These steps were carried out using procedures already described for 

ΔWD40
Apaf-1 [19] with minor modifications. Briefly, E. coli BL21 DE3 cells 

containing the pRSETa–
WD40

Apaf-1 plasmid were grown in LB medium containing 

ampicillin (100 μg/mL). Typically, 10 mL of an overnight grown culture was added to 

a 1 L medium, and grown upto OD600 = 0.5 at 37 °C. Protein expression was then 

induced by adding IPTG to a final concentration of 1 mM, and growth was continued 

for 5 h. Cells were harvested by centrifugation at 4000g for 10 min at 4 °C, washed 

with TE buffer (10 mM Tris–HCl, 1 mM EDTA pH 8.0), and frozen-stored at –80 °C. 

For lysis, 2 g of the cell pellet (wet weight) obtained from 1 L culture was suspended 

in 20 mL of the lysis buffer (20 mM Tris–HCl, 100 mM NaCl, 1 mM PMSF, pH 8.0, 

containing 10 μL of 1 mg/mL DNaseI), and sonicated at 4 °C with 10 cycles, each 

cycle consisting of 30 s on and 60 s off times. The lysate was treated with 

deoxycholic acid (4 mg per gram weight of E. coli), stirred for 30 min at room 

temperature, and centrifuged at 10,000 rpm for 15 min at 4 °C. The pellet was 

resuspended in ~ 9 volumes of a buffer consisting of 20 mM Tris, 100 mM NaCl, 10 

mM EDTA, 0.5% Triton X-100, at pH 8.0, stirred at room temperature for 5 min and 

centrifuged at 10,000 rpm for 15 min at 4 °C. The step was repeated. Inclusion bodies 
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were then washed with ~ 10 volumes of 20 mM Tris–HCl containing 100 mM NaCl at 

pH 8.0 three times to remove the Triton X-100. In the effort to remove the unwanted 

materials as far as possible, a final wash was given with ~10 volumes of 20 mM Tris–

HCl containing 2.5 M GdnHCl at pH 8.0. Washed inclusion bodies are now ~ 95% 

pure.  

 

3.3.4 Finding optimal pH for refolding 

To measure the optimal pH for refolding, the inclusion bodies were first 

unfolded in buffer A (50 mM Tris–HCl, 0.15 M NaCl, 5 mM EDTA, 5 mM DTT, 6.0 

M GdnHCl, pH 8.0), incubated for 2 h at room temperature, and spun at 20,000g for 

15 min. The supernatant was then diluted 10-fold by adding buffer B (refolding 

buffer: 0.5 M NaCl, 0.25 M arginine, 0.5 M urea, 1 mM EDTA, and 1 mM DTT in 50 

mM Tris–HCl for the 7–10.5 range of pH values, and in 50 mM sodium acetate for 

the 4.0–6.5 range of pH values). In all of these refolding trials, the final protein 

concentration was ~ 100 μg/mL. The refolded proteins samples were incubated for 2 h 

at 4 °C. The refolding efficacy was determined spectrophotometrically by turbidity 

measurement at 450 nm. By observing a dramatic decrease in turbidity at pH > 8.5, 

we decided to refold the protein at pH 8.8. It should be noted that attempts to refold 

the protein at lower pH values showed little success. However, in the steps followed 

for purification of the refolded protein, pH 8.0 was employed (see below). The 

multitude of refolding conditions checked by the turbidity measurement also 

suggested the inclusion of 400 mM arginine and 2 mM DTT in the refolding buffer. 

The buffer B mentioned above then would contain 0.4 M arginine, 2 mM DTT, and 

0.1% glycerol. 
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3.3.5 Preparative refolding and purification of 
WD40

Apaf-1 

Inclusion bodies containing ~34 mg protein were solubilized in 2.5 mL of the 

unfolding buffer (buffer A as described above). Following 4 h of incubation at room 

temperature, the solution was centrifuged at 20,000g for 15 min at 4 °C. For refolding, 

the supernatant was diluted 10-fold by slow addition of the refolding buffer (buffer B: 

50 mM Tris, 0.5 M NaCl, 0.5 Murea, 0.4 M arginine, 2 mM DTT, 0.1% glycerol, pH 

8.8), and equilibrated overnight at 4 °C. The solution appeared a little turbid the 

following morning, but was clear when centrifuged at 20,000g for 15 min at 4 °C. For 

purification of the refolded protein, two approaches were employed. In one, the 

supernatant obtained from the protein solution refolded at pH 8.8 was loaded onto a 

Ni–NTA column equilibrated in 20 mM Tris, 0.5 M NaCl, 0.5 M urea, 1 mM            

β- mercaptoethanol, pH 8.0, washed thoroughly with the same buffer, and eluted with 

20 mM Tris containing 0.25 M imidazole at pH 8.0. Here, although the refolding was 

carried out at pH 8.8 outside the column, pH 8.0 was chosen to meet with the 

condition for Ni–NTA chromatography. Eluted fractions were pooled and dialyzed 

against 20 mM Tris containing 50 mM NaCl, pH 8.0. In the other  procedure, the 

refolding was carried out at pH 8.8, and the supernatant obtained was simply 

chromatographed using a 200 mL  (100 X 1.6 cm) Sephadex G100 column 

equilibrated in 20 mM Tris  containing 50 mM NaCl, pH 8.0. Here again, we chose 

pH 8.0 for gel filtration to avert undesirable exposure of the protein to the actual 

refolding pH. As discussed later, the gel filtration method produces not only higher 

purity protein, but is also more reliable and reproducible. The eluted fractions were 

pooled and concentrated by centrifugal filters (Amicon). Signs of aggregation 

however, appear whenever the protein concentration exceeds ~ 500 μg/mL.  
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3.3.6 Western blot 

  A mixture of 50 μg each of horse heart cytochrome c and 
WD40

Apaf-1 in 0.5X 

PBS was incubated at 4 °C overnight with constant shaking. To the mixture, 1 μg of 

anti-cytochrome c monoclonal antibody (Novagen) was added and incubated for 3–4 

h at  4 °C. Then 100 μL of 50% protein A agarose beads were added and incubated for 

3 h at 4 °C with shaking. The beads were centrifuged at 2000 rpm for 1 min and the 

pellet was washed three times with 0.5x PBS taking 0.5 mL for each wash. To the 

washed beads, 60 μL of 2X sample-loading dye was added, boiled for 5 min to 

dissociate the immuno complex, and the beads were collected by centrifugation. The 

protein-containing supernatant was separated by 12% SDS-PAGE, and transferred 

onto a PVDF membrane. One set of membranes was probed with anti-His and the 

other with anti cytochrome c mouse monoclonal antibody. The membranes were 

incubated with corresponding 2° antibodies (anti-mouse IgG-conjugated with alkaline 

phosphatase) and developed with BCIP-NBT solution. 

 

3.3.7 Mass spectrometry 

  The sample for mass spectrometric measurement was prepared by in-gel 

tryptic digestion. Briefly, the coomassie-stained SDS/PAGE band containing pure 

WD40
Apaf-1 was excised from the gel, destained with a 1:1 (v/v) solution of ACN and 

2 μg/μL NH4HCO3, and dried with ACN. The protein still in the gel piece was 

reduced with DTT in 25 mM L
–1 

NH4HCO3 for 1 h at 50 °C, and alkylated for 45 min 

at room temperature using 55 mM L
–1

 iodoacetamide in 25 mM L
–1

 NH4HCO3. The 

gel piece was then dehydrated with ACN, rehydrated with a minimal volume of        

50 mM L
–1

 NH4HCO3 containing trypsin (10 ng μL
–1

), and incubated at 37 °C for     

16 h. The peptides were extracted twice with 50% (v/v) acetonitrile containing 1% 

(v/v) TFA. The peptide mixture was concentrated under vacuum. The tryptic peptides 

were dissolved in 2 μL of 50% (v/v) ACN containing 1% (v/v) TFA, and mixed with 
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2 μL of 1% cyano-4- hydroxycinnamic acid (HCCA) dissolved in 50% ACN and 1% 

TFA. About 1 μL of this solution was applied on MALDI target plates. Spectra were 

taken using a MALDI TOF/TOF Autoflex spectrometer (Bruker Daltonics) in 

reflectron mode. MS/MS of selected peptides were performed by LIFT (a device 

integrated in the mass spectrometer for raising the potential energy of the ions). The 

spectra were calibrated by Pepmix (Bruker Daltonics). 

 

3.3.8 CD and fluorescence measurement 

 Spectra of the purified protein in native and GdnHCl-unfolded states were 

taken at 22 °C. The buffer was 20 mM Tris, 10 mM NaCl, pH 7, and the final protein 

concentration in the samples was ~3 (±1) μM. To unfold the protein, the desired 

concentration of GdnHCl was incorporated in the buffer. For fluorescence, a photon 

counting instrument (FluoroMax-3, Jobin-Yvon) was used (excitation: 280 nm,       

1.5 nm slit). CD spectra were taken in a JASCO J715 spectropolarimeter with the 

protein solution contained in 2 mm path length cylindrical cell. Sixteen scans were 

averaged. 

 

3.3.9 Determination of equilibrium constant for the binding of 
WD40

Apaf-1 to         

cytochrome c  

These experiments involved equilibrium titration of reduced cytochrome c by 

WD40
Apaf-1. A set of samples containing 0.8 μM cytochrome c and variable 

concentration of 
WD40

Apaf-1 in the 0– 1.4 μM range was prepared in 20 mM Tris,    

10 mM NaCl, 1 mM DTT, pH 7. This procedure for titration where separate samples 

are used for each increment of the titrant avoids dilution effects. Samples were 

incubated for ~ 4 h at 22 °C before recording baseline-corrected optical absorption 

spectra in the 500–390 nm wavelength region using a Cary 100 (Varian) 

spectrophotometer. Absorbance at 415 nm, which is the Soret maximum for DTT-
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reduced cytochrome c, was used for binding analysis. The concentration of free 

WD40
Apaf-1 in the titration mixture is given by 

)1(
A

A]c[
]1Apaf[ free

WD40 cyt

 

in which, A=Ax Ao and A = A Ao, where Ao, Ax, and A  are 415-nm absorbance 

of solutions containing cytochrome c alone, cytochrome c in the presence of x 

concentration of 
WD40

Apaf-1, and cytochrome c in the presence of saturating 

concentration of 
WD40

Apaf-1, respectively. The pKa value for cytochrome c-
WD40

Apaf-

1 interaction is extracted from the x-intercept of the plot of log [ A/(A Ax)] vs log 

[
WD40

Apaf-1]free according to the equation 

)2(]1Apaflog[ K log
AA

A
 log free

WD40
ass

x

 

3.4 Results and discussion 

3.4.1 A 43-residue insert in the 
WD40

Apaf-1  

The 2.5 kb gene sequence used to create the expression construct of 
WD40

Apaf-

1 has been amplified from pcDNA 3-Apaf- 1XL (Figure. 1a). The Apaf-1 protein has 

been found in multiple isoforms [3–5,9,19], and the occurrence of full-length isoforms 

in tumor cell lines is believed to arise from alternative splicing of the gene that can 

generate an 11-residue insert between the CARD and ATPase domains or a 43-residue 

insert almost in the middle of the WD40 domain, or both [9]. The Apaf-1XL isoform 

carries both inserts [4], and thus has 1248 amino acids instead of 1194 for the 

canonical Apaf-1 first identified in HeLa cells [8]. Hence, the construct generated in 

this study codes for the entire WD40 domain (amino acid residues 424–1248) with the 

additional 43 residues inserted between residues 811 and 812. 
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 With reference to the 12 WD40 repeats in the WD40 domain of the originally 

described Apaf-1 from HeLa cells [8], the 
WD40

Apaf-1 studied here contains the last 

three amino acids of a WD40 repeat followed by another WD40 repeat (Figure 1b), 

thus accounting for the additional 43 residues in the WD40 domain of Apaf-1XL [4].  

 
M         1         2                 

2.5 kb

1 98 811 1194

12481

CARD CED-4 homolog WD40

43 amino acid insert11 amino acid insert

Apaf-1 (or Apaf-1S)

Apaf-1XL

a

b

M         1         2                 

2.5 kb

M         1         2                 

2.5 kb

1 98 811 1194

12481

CARD CED-4 homolog WD40

43 amino acid insert11 amino acid insert

Apaf-1 (or Apaf-1S)

Apaf-1XL

1 98 811 1194

12481

CARD CED-4 homolog WD40

43 amino acid insert11 amino acid insert

Apaf-1 (or Apaf-1S)

Apaf-1XL

a

b

Figure 1. (a) 1% Agarose gel electrophoresis of PCR amplified 
WD40

Apaf-1: 1000 bp DNA ladder 

(lane M), and PCR product (lanes 1 and 2). (b) Schematic of the Apaf-1 domains. The amino acid 

inserts in the Apaf-1XL isoform are also shown. The 43 amino acids insert in the WD40 domain of the 

latter introduces an additional WD-40 repeat. In the present work, the expression construct for the 

WD40 domain of Apaf-1XL (called 
WD40

Apaf-1 in the text) is generated.  
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Since the additional WD40 repeat has been demonstrated essential for 

cytochrome c binding function of Apaf-1 [9], obtaining the recombinant WD40 

domain containing all 13 WD40 repeats provides an opportunity to investigate 

whether the CARD and ATPase domains are determinants of the cytochrome c 

binding efficacy of Apaf-1. 

 

3.4.2 Refolding and purification of 
WD40

Apaf-1 from the inclusion body fraction  

            A recombinant protein, the size of 
WD40

Apaf-1 (825 residues) is normally not 

expected to be localized in the E. coli soluble fraction. We nonetheless tested several 

conditions of temperature, growth time, and IPTG concentration under which 

WD40
Apaf-1 could possibly be found in the soluble fraction, but the protein is 

invariably localized in the cytoplasmic inclusion body fraction. Therefore, to 

maximize the protein content in the inclusion bodies, we grew cells at 37 °C and 

induced protein production by using 1 mM final concentration of IPTG.  

 The details of buffer systems and the protein refolding procedure from the 

inclusion body fraction are described under Materials and methods. In search for 

optimal protein folding conditions, we refolded the protein at various final pH values 

and in the presence of variable concentration of DTT in the refolding buffer, and 

measured the turbidity of the refolded protein solutions. From the observation of a 

sharp decrease in turbidity for pH > 7.5 (Figure. 2a), we set the refolding pH to 8.8. A 

higher pH value (>9) was not chosen with the view that the structural and energetic 

stability of the protein may deteriorate. But the pH midpoint of 8.4, determined from 

the calculated transition (the solid line through the data points), raises curiosity with 

regard to the involvement of the specific residue(s). The value of 8.4 distinctively 

stands out for the pKa of the cysteine side chain, and since there are at least 24 

cysteines in 
WD40

Apaf-1, it would appear that protonation of the cysteine side chains  
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may be somehow associated with the observed turbidity or the yield of the refolded 

protein. If the DTT-associated turbidity at pH 7.5 is due to the reduction of the 

fraction of the dissociated cysteine side chains at that pH, then it would appear that  

 

 

may be somehow associated with the observed turbidity or the yield of the refolded 

protein. 

In further study of the turbidity problem, we included DTT in the refolding 

buffer. For refolding at pH 7.5, the turbidity increased with   increments of DTT up to 

~ 4 mM and remained constant thereafter, but DTT had little effect on the turbidity 

when refolding was carried out at pH 9 (Figure. 2b). DTT ensures complete reduction 

of dissociated cysteine side chains at pH 9 also, and yet no turbidity appears and the 

protein folds correctly (see below). These observations suggest that disulfide 

formation is not associated with folding, although no information on the structure and 
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Figure  2. Effects of pH and DTT on protein solubilization in the refolded protein solution monitored 

by light scattering at 450 nm. The buffers used for solubilization of inclusion bodies and subsequent 

refolding are described in the text. (a) Turbidity dramatically decreases when the protein is refolded to 

a final pH>7.5 (see text). Error bars were generated from three sets of independent measurements. The 

solid line through the data represents a pH-titration fit with a midpoint of 8.35. (b) Presence of DTT in 

the refolding buffer enhances turbidity at pH 7.5 but shows no effect at pH 9. The solid lines in this 

panel have been drawn by inspection only. 



Recombinant 
WD40

Apaf-1 

68 

 

Figure  3. Silver-stained SDS–PAGE analysis of the 

Ni–NTA resin affinity chromatographic elution of 

WD40
Apaf-1 initially refolded from GdnHCl-

solubilized inclusion bodies. Lane labels are: M, 

molecular weight markers; 1, 2, and 3, different 

elution fractions containing low molecular weight 

contaminants. 
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the content of disulfides in 
WD40

Apaf-1 is available at the present.  

 Another set of experiments (results not shown) also appeared to point to the 

absence of disulfides. We have generated expression construct for 
WD40

Apaf-1 with a 

GST (glutathione S-transferase) tag. After refolding the fused protein from the 

inclusion bodies at pH 7.5, the refolded protein solution was dialyzed against a buffer 

containing the GSH–GSSG redox couple that is known to facilitate generation of 

disulfides. The dialyzed protein was assayed for GST activity by using the synthetic 

substrate analog CDNB (1-chloro-2,4-dinitrobenzene). No GST activity was detected 

under any condition of redox potential generated by variable GSH: GSSH ratio. One 

of the reasons for the absence of GST activity is misfolding of the whole or parts of 

the fused protein, for which we do not have any direct experimental proof. If correct 

folding is assumed, then the lack of GST activity would mean that disulfides are 

redundant or absent in 
WD40

Apaf-1.        

   With this information, we chose to refold the protein using 

buffer B containing 0.4 M arginine and 1 mM DTT at pH 8.8. In the Ni–NTA column 

purification, the eluted protein fraction contained three additional proteins clearly 

visible in the silver-stained SDS/PAGE gel 

(Figure. 3). Imidazole gradient elution also 

did not eliminate these proteins from the 

fraction containing 
WD40

Apaf-1. 



                                                                                                                          Chapter 3 

69 

 

Figure  4. (a) Sephadex G100 gel filtration 

of the refolded protein solution. The 

GdnHCl solubilized protein was refolded 

by 10-fold dilution with buffer B (50 mM 

Tris, 0.5 M NaCl, 0.5 M urea, 0.4 M 

arginine, 2 mM DTT, 0.1% glycerol, pH 

8.8), and the refolded protein solution was 

chromatographed using 20 mM Tris, 50 

mM NaCl, pH 8 as the eluting buffer. 

(b) Coomassie-stained SDS/PAGE of 

proteins at various stages of isolation. Lane 

labels: M, molecular weight markers; 1, 

whole cell lysate; 2, supernatant from the 

cell lysate; 3, precipitated material from the 

cell lysate; 4, Triton X-100-washed 

inclusion bodies; 5, supernatant after 

washing the inclusion bodies in 2.5 M 

GdnHCl; 6, pelleted inclusion bodies 

washed in 2.5 M GdnHCl; 7, inclusion 

bodies solubilized in 6 M GdnHCl (buffer 

A); 8, the soluble proteins in the refolded 

protein solution; 9, the insoluble proteins in 

the refolded protein solution; 10, the 

Sephadex G100-purified 
WD40

Apaf-1. 

(c) Silver-stained SDS/PAGE analysis of a 

repeat experiment. Lane labels are: M, 

marker proteins; 1, solubilized inclusion 

bodies; 2, supernatant from the refolded 

protein solution; 3–7, various fractions 

across the major peak in the gel filtration 

profile (Figure. 4a). 
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Table 1

Protein content and fractional purity at various stages of solubilization and
purification of WD40Apaf-1.

Stage/sample                                    Amount of proteina % purityb

(mg)

Cell lysate 226 10–15

Insoluble pellet from the cell lysate 70 Not estimated
Washed inclusion bodies 34 30–40

GdnHCl-solubilized inclusion bodies 25 Not estimated
GdnHCl-unfolded solution→refolded 20 60

WD40Apaf-1 eluted from Sephadex 3–7 ~100

G100 column

a Starting with 4 gm of wet weight cells harvested from 2 L of culture.
b The figures in this column represent estimates only, and therefore may have

large errors.

Fortunately, the contaminating proteins are smaller enough (45–70 kDa) than 

WD40
Apaf-1 (Figure. 3), so we chromatographed the refolded protein solution on a 

Sephadex G100 column for  which the equilibrating and running buffer was simply 20 

mM Tris containing 50 mM NaCl, pH 8.0. The results shown in Figure. 4 clearly 

indicate virtually complete purification of 
WD40

Apaf-1 (Figure. 4c). Another major 

advantage of the gel filtration procedure at pH 8.0 is that the 
WD40

Apaf-1 solution 

obtained is devoid of anything other than 20 mM Tris and 50 mM NaCl. The eluted 

protein fraction can thus be used for structural and functional studies without any 

further processing. We should add a note of caution here that 
WD40

Apaf-1 is prone to 

aggregation in the buffer system  (20 mM Tris, 50 mM NaCl, pH 8) used for gel 

filtration as well as for later studies. We suspect this is part of the reason for the loss 

of some protein in the column matrix (Figure. 4b and Table 1). 
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To avoid the aggregation problem, we recommend processing and handling of less 

than ~5 μM protein (~ 500 μg/mL). Also, concentrating the protein solution should be 

avoided. Hence, the gel filtration elute was directly aliquotted and stored at –20 °C. 

The recovery and fractional purity of 
WD40

Apaf-1 at various stages of purification are 

given in Table 1. 

 

3.4.3 Mass spectrometric identification and basic conformational characterization  

Figure 5 shows the mass spectrum for tryptic peptides of the purified protein. 

That the protein is theWD40 domain of human Apaf-1was established by peptide 

mass fingerprint search in primary sequence database (NCBI) using the Mascot search 

engine (Matrix Science). In the search, 61 tryptic peptide mass values were tested  

 

 

 

 

 

 

 

   

 

 

 

 

Figure  5. Mass spectrum of tryptic peptides of 
WD40

Apaf-1. Spectra were recorded in a MALDI 

TOF/TOF in reflectron mode. MS/MS of selected peptides were determined by LIFT. The protein 

identity was established by a mass fingerprint search in primary sequence database (NCBI) using the 

Mascot search engine. 
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constraining the mass tolerance to 0.5 Da, and 20 peptide mass values matched with 

sequence coverage of 13%. Of the calculated 860 amino acid residues in our 

expressed
 WD40

Apaf-1, 35 are extrinsic to the protein. These residues are: 

MRGSHHHHHHGMASMTGGQQMGRDLYDDDDKDRWI; the six consecutive 

histidines form the tag and the remaining residues are due to the pRSETa vector. The 

calculated molecular mass of the cloned protein is 97.9 kDa, and the pI value is 5.84.  

The folded conformation of the protein was checked by fluorescence and CD 

spectra taken with ~3 μM proteins in 20 mM Tris, 10 mM NaCl, pH 7 at 25 °C. The 

tryptophan-excited fluorescence spectra of 
WD40

Apaf-1 produced in Figure. 6a show 

that when the native protein is unfolded by ~4.5 M GdnHCl included in the buffer, 

there is nearly 3-fold enhancement of fluorescence intensity accompanied by a red 

shift of the emission maximum from ~325 to ~340 nm, suggesting quenched native-

state fluorescence due to tertiary packing and a large solvent exposure of the 

fluorophores in the unfolded state. In an earlier study with the WD40-deleted Apaf-1  

 

 

 

 

 

 

 

 

 

 

Figure  6. (a) Fluorescence emission spectra of the native (N) and 4.5 M GdnHCl unfolded 
WD40

Apaf-

1 (U) in 20 mM Tris, 10 mM NaCl, pH 7. The peak wavelengths are 325 and 340 nm, respectively, (b) 

The far-UV CD spectrum of the purified 
WD40

Apaf-1. 
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isoform from HepG2 tumor cell line, we found that the tryptophan fluorescence is 

substantially quenched when the protein is unfolded, which together with the present 

results appears to suggest domain-independent folding-unfolding of Apaf-1. 

The far-UV CD spectrum of
 WD40

Apaf-1(Figure. 6b) indicates substantial 

content of secondary structure, suggesting that the protein we have purified is likely to 

be folded and functionally active. The content of secondary structure does not provide 

a full proof for correct folding of the protein, nor does it guarantee functional activity 

of the protein. However, demonstration of functional activity provides adequate proof 

for correct folding of the protein. The test for the functional activity of 
WD40

Apaf-1 

presented below indeed suggests that the protein is correctly folded. 

 

3.4.4 Binding of cytochrome c to
 WD40

Apaf-1  

 Central to the functioning of Apaf-1 is its ability to bind to cytochrome c. The 

finding of WD40 repeats in the C-terminal domain of Apaf-1 [9] immediately led to 

the belief that it is the WD40 domain of Apaf-1 that interacts with cytochrome c 

[20,21]. WD40 repeats are generally known to be involved in protein–protein 

interactions [16,17], and given that cytochrome c is highly basic (19 lysines in the 

total of 104), it could be reasonably expected that a number of Asp–Lys interactions 

are involved in the binding of 
WD40

Apaf-1 and cytochrome c. The interaction of 

cytochrome c and 
WD40

Apaf-1 can of course be verified qualitatively by 

coimmunoprecipitation and immunoblot analyses (data not shown). To determine the 

equilibrium binding affinity, we titrated 0.8 μM cytochrome c with 
WD40

Apaf-1 in the 

0–1.4 μM range. The buffer was 20 mM Tris containing 10 mM NaCl and 1 mM DTT 

at pH 7, and the titration was followed by the Soret optical absorption spectrum of the 

DTT-reduced cytochrome c (Figure. 7a). As described earlier [19,22], for quantitative 

in vitro binding analyses involving cytochrome c we rely on the spectrophotometric  
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Figure 7. (a) Absorption spectra of 0.8 M cytochrome c in the presence of different concentrations of 

WD40
Apaf-1 in 20 mM Tris, 10 mM NaCl, 1 mM DTT, pH 7. (b) The final plot for analysis of binding 

data, as described under Materials and methods. The equilibrium association constant, Kass=2.56 M
-1

, 

is calculated from the x-intercept of the straight line (pKass). The error bars were determined from three 

independent experiments. The binding affinity, Kdiss=1/Kass=390 nM. The slope of the line 

(n=2.85±0.05) indicates a 3:1 binding stoichiometry for the interaction of cytochrome c with 
WD40

Apaf-

1. A discussion of the binding stoichiometry is presented in the text.  
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method because emission quenching due to the heme group of cytochrome c 

introduces large artifacts in the fluorometrically obtained titration results. Figure 7b 

shows the binding analysis where the x-intercept of the linear fit of the data yields the 

association constant, Kass = 2.56 μM
–1

 (binding affinity, Kdiss = 1/Kass = 390 nM). The 

data can be analyzed equally well by a nonlinear fit for single-site binding (inset, 

Figure. 7b), in which case the binding affinity is 122 nM. As discussed below, the 

linear analysis is more meaningful for extraction of binding stoichiometry.  

Thus, we should consider the linear analysis and take Kdiss = 390 nM, which is 

at least four-orders of magnitude larger than the value of 0.01 nM reported in an 

earlier study of the interaction of full length Apaf-1 with cytochrome c under low 

ionic strength  conditions [23]. We believe, 0.01 nM is overly low (much stronger 

binding), even for the full-length Apaf-1. In a revisit to the problem, Purring-Koch 

and McLendon estimated 25 nM for the Kdiss value under physiological conditions 

[18]. A contextual question is: what factor(s) could produce a binding affinity 

difference between the full-length Apaf-1 and 
WD40

Apaf-1, if any considerable 

difference exists? There is a thought that the cytochrome c-binding region in the 

WD40 domain of functionally active Apaf-1 isoforms remains unavailable for binding 

until a conformational change possibly driven by ATP hydrolysis in the CED-4 

domain unmasks the binding site [9]. Since protein function is also known to be 

governed by motional dynamics, major difference in the flexibility of the full-length 

Apaf-1 and 
WD40

Apaf-1 can affect cytochrome c binding parameters 

 It is interesting that the slope of the straight line in Figure. 7b is 2.8, 

indicating a 3:1 or at least 2:1 stoichiometry for the binding of cytochrome c to 

WD40
Apaf-1. For the interaction of zinc substituted cytochrome c with baculovirally 

expressed full-length Apaf-1, a 2:1 binding stoichiometry was found [18]. Our results 

raise the possibility that each 
WD40

Apaf-1 molecule may have provision for even three 

cytochrome c molecules under the conditions of ionic strength and pH employed here. 
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The value of 390 nM for the binding affinity does not reflect a rather tight binding. 

Such a complex could dissociate with a half time of seconds. As discussed elsewhere 

in the context of protein–protein interaction [24], weaker affinity often reflects broad 

binding specificity and floppy binding surfaces, suggesting that the binding epitope on 

Apaf-1 is dynamically flexible. The nature and the identity of the Apaf-1 surface 

involved in cytochrome c binding are unknown. Studies using mutant cytochrome c 

implicated not only lysines but also other residues of cytochrome c that are important 

for Apaf-1 binding [25]. Indeed, the cytochrome c epitope for Apaf-1 binding is 

suggested to be large and extensive [25, 26], suggesting that the Apaf-1 epitope may 

contain other residues in addition to Asp. The atomic details of the binding epitopes 

for both proteins are unknown, and we hope to address these in future work. 

 

3.5 Summary and conclusion  

In E. coli expression, the recombinant WD40 domain of human Apaf-1 

(
WD40

Apaf-1) is invariably localized in the inclusion body fraction. The protein, 

refolded at pH 8.8 by diluting the GdnHCl-solubilized inclusion bodies, can be 

purified to a very high homogeneity by Sephadex G100 gel filtration in 20 mM Tris, 

50 mM NaCl, pH 8. The protein obtained thus can be used directly for structural and 

functional studies. Since the protein is prone to aggregation, concentrations exceeding 

~5 μM should be avoided during gel filtration and all subsequent uses. The protein 

thus purified displays fluorescence and far-UV CD spectra typical of folded proteins. 

The binding of cytochrome c to 
WD40

Apaf-1 is not rather tight. The value of 390 nm 

for the binding affinity is suggestive of a possibly floppy binding surface on Apaf-1. 

The binding stoichiometry suggests binding of 2 or 3 molecules of cytochrome c per 

molecule of 
WD40

Apaf-1. 
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Interaction of horse cytochrome c with recombinant human Bcl-xL  

 

4.1 Abstract 

The Bcl-2 family of proteins orchestrates the release of cytochrome c from 

mitochondria by several preferential and selective interactions with the latter, and the 

released cytochrome c interacts with Apaf-1 to produce the apoptosome. Although 

evidences for these interactions have come primarily from immunochemical data, 

quantitative in vitro studies involving pure proteins have been scarcely reported. In an 

attempt to investigate if any pro-survival protein from the Bcl-2 family could intercept 

cytochrome c after its translocation from mitochondria, the work presented in this 

Chapter reports on the interaction of cytochrome c with bacterially expressed human 

Bcl-xL at pH 7, studied by optical absorption of cytochrome c as a function of titrating 

concentrations of Bcl-xL. The association constants, Kass, for Bcl-xL-cytochrome c 

interaction at 22ºC, pH 7, is 8.4( 4) 10
6
 M

-1
 (binding affinity, Kdiss=1/Kass 120 nM), 

decreases at high ionic strength. The rates for binding of Bcl-xL to cytochrome c, 

studied by stopped-flow kinetics at pH 7, show that the bimolecular rate constant for 

binding, kbi= 0.24 10
6
 M

-1
 s

-1
. Values of the thermodynamic and kinetic parameters 

for Bcl-xL-cytochrome c interaction are very similar to those known for regulatory 

protein-protein interactions in apoptosis. 

 

4.2 Introduction 

As discussed earlier in the introductory chapter, cytochrome c translocated 

from mitochondria assists in the assembly of an apoptosome required for activation of 

caspase-9 and subsequent activation of other caspases [1-3]. The rapid release of 

cytochrome c from mitochondria is believed to arise from effects of pro-apoptotic 
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proteins of the Bcl-2 family, including Bax, Bak, and Bad, which form pores on the 

outer mitochondrial membrane to facilitate release of cytochrome c [4-9]. 

Alternatively, these proteins may function to cause a loss of mitochondrial membrane 

potential that can lead to membrane permeabilization [10-14]. 

The pro-survival members of the Bcl-2 family proteins, including Bcl-xL, Bcl-

2, and Bcl-w, counter the release of cytochrome c from mitochondria by less 

understood mechanisms. Numerous studies have established that Bcl-xL participates 

in a number of protein-protein interactions to exert its pro-survival effect. In the 

intrinsic apoptotic pathway, Bcl-xL blocks cytochrome c release by preventing Bax 

from disrupting the integrity of the outer mitochondrial membrane [15, 16], and in the 

extrinsic apoptotic pathway initiated by death ligands, Bcl-xL can prevent death by 

blocking Bid redistribution downstream of caspase-8 [17]. In hypoxia/reoxygenation-

induced apoptosis, Bcl-xL has been found to interfere with the assembly of death-

inducing signal complex (DISC), block the translocation of both Bax and Bid to 

mitochondria, and inhibit the activation of caspase-8 [18]. 

 Thus, Bcl-xL appears to prevent cell death through diverse protein-

protein interactions, seemingly in a case specific manner. However, there is no known 

mechanism by which cytochrome c translocated to cytosol can be intercepted, such 

that the apoptosome is not assembled. There have been reports that Bcl-xL can block 

the formation of the apoptosome by associating itself with Apaf-1 and caspase-9 to 

produce an antiapoptotic ternary complex [19, 20]. In another earlier 

immunoprecipitation study, cytochrome c was found to interact specifically with Bcl-

xL as a cellular response to ionizing radiation and genotoxic stress [21]. The present 

study is basically aimed at providing quantitative data on the interaction between the 

two proteins. To characterize the affinity of this interaction so that Bcl-xL could 

possibly be implicated for arresting cell death by inhibiting the cytosolic cytochrome 

c, we have investigated the interaction between bacterially over expressed full-length 
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human Bcl-xL and horse cytochrome c using coimmunoprecipitation and classical 

biochemical methods. Cytochrome c displays very high binding affinity for Bcl-xL, 

which closely matches the reported affinities of BH3 peptides/domains for Bcl-xL. 

The bimolecular binding rate of Bcl-xL to cytochrome c is also within the range set by 

dimerization of Bcl-2 family proteins, and by BH3-Bcl-2 protein interactions. 

  

4.3 Materials and methods 

4.3.1 Production and purification of Bcl-xL 

A pET-16b (Novagen) vector coding for full length human Bcl-xL with N-

terminal His6 tag was kindly provided by Dr. Apurva Sarin, and the plasmid was 

transformed into E. coli BL21(DE3) cells. The cells were grown in LB media to a 

A600 of 0.5. Protein expression was induced with 0.8 mM IPTG at 30ºC and 180 rpm. 

Cells were harvested at 10000 rpm for 10 min. The cell pellet, washed with PBS, was 

resuspended in 1:5 W/V buffer A (50 mM Tris, pH 8.0, 0.2 M NaCl, 0.2 mM PMSF, 

5 mM β-mercaptoethanol, 5 mM imidazole, and 1% glycerol), and stirred for 15 min 

at 4 ºC. The cells were disrupted by pulsed sonication, and the lysate was spun at 

15000 rpm for 30 min. The soluble fraction was loaded onto a Ni-NTA-His bind 

column (Novagen) equilibrated with buffer A. The column was washed with 45 mM 

imidazole in buffer A until the A280 reached 0.001, and the protein was eluted with 

200 mM imidazole in the same buffer. The protein fractions were pooled, 

concentrated, and loaded onto a Sephadex G-75 (Amersham) gel filtration column 

preequilibrated with buffer B (50 mM Tris, pH 8.0, 50 mM NaCl, 1 mM DTT, 2 mM 

EDTA, and 0.2 mM PMSF) at 4 ºC. Of the two major peaks, the one corresponding to 

the monomeric protein was collected and loaded onto an anion-exchange DEAE-

cellulose column (Whatman) equilibrated with buffer B. The column was washed 

with 10-volumes of buffer B, and the protein was eluted with a 50-400 mM NaCl 

gradient applied linearly. The protein-containing fractions were pooled and dialyzed 
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extensively against 1X PBS at 4ºC. Protein purity was determined to be >99% by 

SDS/PAGE silver staining. The protein concentration was determined 

spectrophotometrically using 280= 41940 M
-1

 cm
-1

 in 6 M guanidine hydrochloride. 

 

4.3.2 Determination of equilibrium constant for the binding of Bcl-xL to       

         cytochrome c 

Titration experiments were carried out holding cytochrome c constant at one 

of the concentrations in the 1-4 M range. A set of samples containing a fixed 

concentration of cytochrome c and variable concentration of Bcl-xL (0-8 M) was 

prepared in a pH 7 buffer composed of 50 mM phosphate, 4 mM DTT, and a given 

concentration of NaCl. This procedure of equilibrium titration annulled dilution 

effects. Samples were incubated for ~4 hours at 22 C before recording baseline-

corrected optical absorption spectra in the 600-400 nm wavelength region using a 

Cary 100 (Varian) spectrophotometer. 

 Absorbance at 415 nm, which is the Soret maximum for DTT-reduced 

cytochrome c, was used for binding analysis. The concentration of free Bcl-xL in the 

titration mixture is given by 

)1(
A

A]c[
][

cyt
xBcl freeL

 

in which, A=Ax Ao and A = A Ao, where Ao, Ax, and A  are 415-nm absorbances 

of solutions containing cytochrome c alone, cytochrome c in the presence of x 

concentration of Bcl-xL, and cytochrome c in the presence of infinite or saturating  

concentration of Bcl-xL, respectively. The association constant, Kass, was extracted 

from the equation 

 

)2(]log[ K log
AA

A
 log ass

x

freeLxBcl
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The x-intercept of the plot of log [ A/(A Ax)] vs log [Bcl-xL] gives the value of pKa 

for cytochrome c-Bcl-xL interaction. 

 

4.3.3 Equilibrium binding of the Bad BH3 domain to cytochrome c 

In this set of experiment, 475 nM cytochrome c was titrated out by a 

fluorescein-labeled Bad BH3 peptide (Calbiochem). The titration was followed by 

both Soret optical absorbance due to cytochrome c as described above, and 535-nm 

fluorescence emission due to the BH3 peptide (excitation: 485 nm). Absorbance data 

were analyzed using equations 1 and 2. The binding parameters from the fluorescence 

data were extracted from the equation 

)3(
101

c
)x(y

)Kx(n diss

 

where, n is the number of peptides bound to cytochrome c, Kdiss is apparent 

dissociation constant, and c is the total change in fluorescence normalized to unity. In 

the concentration range of the peptide (0-7 M) used for the titration experiment, 

there was no inner filter effect on the fluorescence emission, since the optical 

absorbance of the peptide at the excitation wavelength was less than 0.32 in this range 

of concentrations. 

  

4.3.4 Stopped-flow kinetics of interaction of Bcl-xL with cytochrome c 

All solutions for kinetic experiments were prepared in 50 mM phosphate, 4 

mM DTT, and 50 mM NaCl, pH 7. In a two-syringe mixing procedure, a solution of 

24 M cytochrome c was mixed with Bcl-xL solutions of variable concentration in the 

2-12 M range. The mixing ratio was 1:7. These experiments were done in a Bio-

Logic SFM 400 instrument. The temperature was regulated at 22 C using an external  
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Figure 1. Silver-stained SDS electrophoresis of different fractions from the peak 

corresponding to DEAE column-eluted Bcl-xL (0.23 M NaCl) shows >99% purity of the 

protein. Lane 1 shows the marker proteins.  

 

circulating water bath. The traces were analyzed using a single-exponential function: 

y(t)=A +A exp(-kt), where A is the amplitude, A  denotes the baseline signal at long 

times, and k is the observed rate constant. The bimolecular binding rate was 

calculated from the slope of the plot of the observed rate constant as a function of Bcl-

xL concentration. 

 

4.4 Results 

The nickel column-eluted Bcl-xL was gel-filtered on a Sephadex G75 column 

and the monomer fraction isolated was chromatographed on a DEAE anion-exchange 

column. As confirmed by silver-stained SDS/PAGE, more than 99% pure protein was 

obtained (Figure 1).  

 

 

 

 

 

 

 

 

To study equilibrium binding, the initial titration experiments employed the 

use of the intrinsic fluorescence of Bcl-xL. Full-length Bcl-xL is highly fluorescent due 

to the content of six tryptophan residues, but cytochrome c does not fluoresce due to 

intramolecular excitation energy transfer from its lone tryptophan (W59) to the heme. 

Therefore, the fluorescence of Bcl-xL can, in principle, be used to monitor its titration 
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with cytochrome c. However, the concentration of cytochrome c in the solution (>1.5 

M) needed to achieve a complete titration titrate was found to quench the intrinsic 

fluorescence of Bcl-xL. The quenching of Bcl-xL fluorescence due to cytochrome c in 

the bulk solution obscures the actual change in fluorescence due to the interaction of 

the two proteins. A control experiment where a lysozyme solution was titrated with 

cytochrome c showed exactly the same behavior, suggesting that fluorescence is not 

preferred to probe the Bcl-xL-cytochrome c interaction.   

 Next, optical absorption of a fixed concentration of cytochrome c in the Soret 

heme region was measured as a function of variable concentration of Bcl-xL. Figure 

2a shows that the absorbance due to cytochrome c increases with increments of Bcl-

xL; for the 3 M solution of cytochrome c, the change in absorbance across the 

complete titration is 33 milliOD. The difference spectra generated by subtracting the 

spectrum of cytochrome c alone from spectra in the presence of Bcl-xL (Figure 2a, 

inset) show that Bcl-xL binding causes the absorption peak to shift from 415 to 413.2 

nm. These observations suggested that heme optical absorption of cytochrome c could 

be used as a reliable marker to follow its interaction with Bcl-xL.    

 Figure 2b shows the plot used for binding analysis as described under 

Materials and Methods. The x-intercept of the linear fit of the data yields the 

association constant, Kass=8.4( 4) 10
6
 M

-1
, indicating tight affinity of cytochrome c 

for Bcl-xL. The slope of the plot (n=0.6) indicates a 1:1 interaction. The Gibbs free 

energy for Bcl-xL-cytochrome c interaction ( G = RT ln Kass) calculated by using 

this value of Kass is ~9.3 kcal mol
-1

 at 22 C. 
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Figure 2. (a) Absorption spectra of cytochrome 

c in the presence of different concentrations of 

Bcl-xL, pH 7, 22 C, 3.5 mM DTT, 100 mM 

NaCl. The inset shows difference absorption 

spectra obtained by subtracting the spectrum of 

cytochrome c alone from the spectra of 

cytochrome c in the presence of different 

concentrations of Bcl-xL. (b) The final plot for 

analysis of binding data, as described under 

Materials and Methods (eq 1 and 2). The 

equilibrium association constant, Kass (8.4( 4) 

M
-1

, is calculated from the x-intercept of the 

straight line (pKass). The slope of the line 

(n=0.6) indicates a 1:1 binding interaction. (c) 

The variation of Kass as a function of NaCl 

concentration in 50 mM phosphate buffer, pH 

7, 4 mM DTT, 22 C. Mixtures of Bcl-xL and 

cytochrome c were incubated for 2-8 hours. 

Optical absorption spectra were analyzed as 

described under Methods. 

 

Cytochrome c is lysine-rich, and hence highly basic. It is therefore desirable to 

address as to how its interaction with Bcl-xL varies with ionic strength and pH. Fig. 2c 

shows that Kass is maximum at ~80 mM 

NaCl, and declines by nearly 12-fold in 

the presence of 600 mM NaCl, suggesting 

that the physiological ionic strength 

supports 

 

the tightest interaction between the two 
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proteins. The dependence of Kass on pH could not be studied in detail due to alkaline 

isomerization of cytochrome c in basic medium (pH >8), and heme spin change in 

acid solutions (pH<5). In the accessible range of pH, Kass was found to change little.  

The kinetics of protein-protein interactions are of special significance since 

rates of such interactions often play important regulatory roles. To determine the rate 

of binding of Bcl-xL to cytochrome c, we performed stopped-flow experiments where 

the time dependence of the change in 415-nm absorbance due to cytochrome c was 

monitored after mixing the two protein solutions. The representative traces labeled 1, 

2, and 3 in Fig. 3a show the time dependence of the change in absorbance after 

mixing 3 M cytochrome c with 6, 4, and 2 M Bcl-xL, respectively. The solid lines 

through the data are single-exponential fits, showing clearly that the rate of interaction 

changes with the concentration of Bcl-xL. The dependence of the observed rate on the 

concentration of Bcl-xL is shown in Fig. 3b, the slope of the linear fit of which yields 

the bimolecular association rate constant, kbi=0.24 10
6
 M

-1
 s

-1
.  

 Incorporation of a control experiment is necessary to show that cytochrome c 

does not interact with other proteins indiscriminately. As a negative control, the 

interaction of Bcl-xL with myoglobin (the latter was chosen because it resembles 

cytochrome c in containing a heme group and a fairly sizable number of positively 

charged amino acids) was checked, but no binding was detected. As a positive 

control, the interaction of cytochrome c with Bad BH3 was looked into. Since the 

BH3 domain is involved in a number of interactions amongst the Bcl-2 family 

proteins and Bcl-xL is found to interact with cytochrome c; one naively expects 

binding of the BH3 peptide to cytochrome c. The optical absorbance of cytochrome c 

( max 415 nm) was used to assess this interaction. Advantage of the fluorescence 

emission of the fluorescein-labeled Bad BH3 peptide ( max 496 nm) was also taken to 

monitor the titration of 475 nM cytochrome c with increments of the peptide up to 7 
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Figure 3. Kinetics of binding of Bcl-xL to cytochrome c in 50 mM phosphate buffer, pH 7, 4 mM 

DTT, 22 C. The concentration of cytochrome c was held constant at 3 M. (a) Representative kinetic 

traces: labels 1 to 3 correspond to 6, 4, and 2 M Bcl-xL, respectively. The solid lines through the data 

represent single-exponential fits. (b) The rate obtained is proportional to the concentration of Bcl-xL. 

The slope of the linear fit through the data yields the bimolecular rate constant for binding, kbi=0.24 

M
-1

 s
-1

. The error bars represent standard deviations of the rate constants measured with different 

preparations of Bcl-xL. 

 

M. In this range of concentration of the peptide, no inner filter effect in the 

fluorescence of the peptide was detected. The analysis of the titration monitored by  
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the absorbance of cytochrome c (equations 1,2) yields Kass=4.1( 1) 10
6
 M

-1
, 

indicating rather tight affinity of the BH3 peptide for cytochrome c (Figure 4a), and 

the slope of 0.91 suggests 1:1 interaction. Values of Kass and n extracted from the 

peptide fluorescence-monitored data (equation 3 and Figure 4b) are 1.2( 0.2) 10
6
 M

-1
 

and 1.3( 0.1), respectively, fairly consistent with the values obtained from the optical 

absorbance data.   

 In another control experiment, 

the equilibrium binding of Bid with 

cytochrome c was studied. The 

working rationale was the same as 

mentioned above in the context of 

interaction of Bad BH3 peptide with 

cytochrome c. Since the Bid protein 

binds both pro- and antiapoptotic 

proteins,    

  

 

 

 

 

   

 

    

 

 

 

 

Figure 4. (a) Analysis of horse cytochrome 

c and Bad BH3 peptide binding (equation 

1,2) monitored by the optical absorbance of 

cytochrome c, pH 7, 22 C, 3.5 mM DTT, 

100 mM NaCl. Values of Kass and n are 

4.1( 1) M
-1

 and 0.91, respectively. (b) The 

same binding monitored by fluorescence of 

the fluorescein-labeled Bad BH3 peptide 

(equation 3). Values of Kass and n extracted 

from this analysis are 1.2( 0.2) M
-1

 and 

1.3, respectively. 
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including Bcl-xL, one expects its interaction with cytochrome c as well. Indeed, by 

titrating 300 nM cytochrome c with increments of Bid, we obtained 

Kass=4.05( 2.25) 10
6
 M

-1
 for this interaction (Table 1). These results suggest that 

in addition to Bcl-xL certain pro- and antiapoptotic Bcl-2 proteins may bind to the 

cytosolic pool of cytochrome c in apoptosed cells. 

 

4.5 Discussion 

4.5.1 Binding of Bcl-xL to cytochrome c 

The major finding of this study is a tight 1:1 binding of Bcl-xL and cytochrome c, and it 

is of interest as to how this affinity compares with those for known protein-protein or 

protein-peptide interactions involved in survival and death. The apparent binding affinities 

or dissociation constants (Kdiss=1/Kass) for the interaction of Bcl-xL with other members of 

the Bcl-2 family have been reported in the 2-6 M range at pH 7 (22). In more recent 

studies, the apparent Kdiss values for the interactions of BH3 peptides from pro-apoptotic 

Bcl-2 family proteins with Bcl-xL Cx (truncated at the C-tail by x residues) have been 

found to fall in the 1-90 nM range [23], suggesting tighter binding, while the affinity of 

BH3 peptides from anti-apoptotic Bcl-2 family proteins with other survival or killer 

proteins is relatively low, into micromolar range [24]. Thus the binding of Bcl-xL with 

cytochrome c (Kdiss~120 nM at pH 7) is indeed tight, and is fairly comparable to its affinity 

for BH3 domains from the anti-survival proteins of the Bcl-2 family. Even the 

bimolecular/second order rate constants for the binding of Bcl-xL to cytochrome c (kbi=0.24 

M
-1

 s
-1

, Figure 3b) and Bcl-xL to other Bcl-2 family proteins (kbi in the 0.27-0.34 M
-1

 s
-1

 

range [22]) are nearly identical, implying that these interprotein interactions closely match 

in terms of binding free energy and the activation energy barrier. 
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4.5.2 Cytochrome c-Bad BH3 and cytochrome c-Bid interactions 

Another interesting finding is individual binding interactions of cytochrome c with Bad 

BH3 and Bcl-xL. The idea that such interactions could exist emanated as a corollary of the 

BH3-mediated interprotein interactions amongst the Bcl-2 family of proteins, and the high-

affinity binding of Bcl-xL with cytochrome c observed in this study. The binding affinity 

(Kdiss=1/Kass) of Bad BH3 for cytochrome c, averaged from optical absorption and 

fluorescence data (Figure 4), is 538( 295) nm, which is numerically significantly higher 

than the value of 21.5 nm reported for the Bad BH3 Bcl-xL interaction [25, 26]. The 

numerical value for the binding affinity of Bid for cytochrome c (373( 126) nM), on the 

other hand, is rather smaller than the reported value of 1.9 M for Bcl-xL-Bid interaction at 

neutral pH [22]. This suggests that while the affinity of Bad BH3 for cytochrome c is 

considerably lower, the affinity of Bid for cytochrome c is higher, both  

 

Table 1. Kass values for interactions amongst horse cytochrome c, human His6-

tagged Bcl-xL, and Bad BH3 peptide 

           -------------------------------------------------------------------------------------- 

            Binding interactions  Kass ( M
-1

) ref 

           -------------------------------------------------------------------------------------- 

Bcl-xL cytochrome c  8.4 ( 4) this work 

Bcl-xL Bad BH3  46.5  31 

Bad BH3 cytochrome c 2.65 ( 1.45) this work 

           --------------------------------------------------------------------------------------                 

compared with the affinity of cytochrome c for Bcl-xL (Table 1). Nonetheless, it 

does appear that the cytosolic pool of cytochrome c is capable of interacting with both pro- 

and antiapoptotic proteins with varying degrees of affinity. 
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4.5.3 Possible structural factors for Bcl-xL and cytochrome c interaction 

From parametric similarity of interactions between Bcl-xL and cytochrome c, and Bcl-

xL and other Bcl-2 family proteins, one may naively assume that Bcl-xL deploys the same 

surface to bind cytochrome c as it does for binding with other Bcl-2 family members or the 

BH3 sequences derived from them. The availability of NMR and X-ray structures of Bcl-xL 

[27, 28] augments deduction of the structural basis of these interprotein interactions. 

Muchmore et al. have proposed that an elongated hydrophobic cleft, the constituent 

residues of which are highly conserved in the Bcl-2 family of proteins, is the site of 

interaction of Bcl-xL with death-promoting proteins [28]. Structures of BH3 peptide-bound 

Bcl-xL show that the alignment of the BH3 helix along the hydrophobic cleft of Bcl-xL is 

stabilized by apolar interactions at the base and polar contacts along the sides of the cleft 

[29]. Cytochrome c is a highly charged protein with 19 lysine residues most of which are 

surface exposed. It is likely that the polar residues along the side of the same Bcl-xL cleft 

supports charged interactions with cytochrome c. The decrease of the binding affinity for 

the Bcl-xL-cytochrome c interaction at high NaCl concentration (Figure 2c) lends support 

to this view. Strategic high-resolution surface mapping experiments are necessary to test 

this conjecture.  

 

4.5.4 How relevant is the Bcl-xL-cytochrome c interaction for upstream regulation of 

apoptosis? 

From the results of this study together with earlier immunochemical results 

demonstrating that Bcl-xL interacts with cytochrome c as a part of the cellular response to 

ionizing radiation and other genotoxic agents [21], it might seem that this interaction is 

operative in vivo as well. If the interaction indeed exists under cellular conditions, then a 

regulatory role can be established on the basis of the current understanding of upstream 

interprotein interactions involving cytochrome c. Once translocated to cytosol in response  
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to an apoptotic stimulus [1, 10, 15], cytochrome c binds Apaf-1 in the presence of dATP or 

dADP [10]. The binary complex in turn interacts with procaspase-9, and subsequently 

cleaves the CED-3-like prodomain of the zymogen form of caspase-9 [30]. The ternary cyt-

Apaf-1-caspase-9 complex recruits procaspase-3 and possibly procaspase-7 in quick 

succession to form a functional apoptosome [2]. Thus, the initial ternary complex formed 

of cytochrome c, Apaf-1, and caspase-9 (the cyt-Apaf-1-caspase-9 complex) appears to be 

the hallmark of the initiation of the death cascade [31]. The quantitative and conclusive in 

vitro data presented here leads one to wonder if Bcl-xL competes with Apaf-1 in order to 

block the formation of the initial Apaf-1-cytochrome c complex, thereby inhibiting caspase 

activation. 

Unfortunately, there is no conclusive evidence for this regulatory response in vivo. If a 

regulatory role of Bcl-xL cytochrome c interaction is granted, the effectiveness of the 

regulation must be considered in the light of possible affinities of cytochrome c for other 

Bcl-2 family proteins. For example, some data here indicate variable affinity interactions of 

cytochrome c with Bid and with Bad BH3. In this perspective, the extent to which Bcl-xL 

can arrest cytochrome c to exert a regulatory role would depend on the balance of 

thermodynamics of various interactions involving the pro- and antisurvival proteins, 

provided these interactions operate in vivo. Clearly, more evidence must be obtained that 

the Bcl-xL cytochrome c interaction is indeed relevant for regulation of apoptosis in vivo.   
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Amyloid Fibrillation of Human Apaf-1 CARD 

 

 

5.1 Abstract 

The idea of establishing amyloid-like fibrillation tendency of pro- and anti-

survival proteins of human apoptotic pathways is relevant for delineating the 

conditions that lead to aberrant differentiation, development, and tissue homeostasis. 

As the first step in this direction, we report here that the Caspase Recruitment Domain 

(CARD) of recombinant human Apoptotic Protease Activating Factor-1 (Apaf-1) can 

be induced to undergo amyloid-like fibrillation. The study was initiated with a set of 

biophysical investigations that served as the explorer of the possibility and in vitro 

conditions for fibril growth. By scanning the pH-induced conformational transitions, 

protein stability, and stopped-flow folding-unfolding kinetics, we have detected a 

molten globule (MG) transition of CARD at pH < 4. In a bid to reduce the surface-

accessible hydrophobic patches in the MG state, the CARD monomer undergoes self-

association to produce soluble oligomers that serve as precursor aggregates (PA) for 

protofibril formation. The monomer-to-oligomer self-association process is akin to the 

well known homophilic CARD/CARD interaction by which CARD of the same or 

different apoptotic proteins associate in order to transduce and regulate the apoptotic 

signal. The fibrillation reaction of Apaf-1 CARD was carried out at pH 2.1 and 60°C, 

because reduction of exposed hydrophobic surfaces in the MG state is more favored at 

the moderated solution condition. The Gaussian distributions of diameters of fibril 

population suggest values of 2.1 and 2.7 nm for the mean diameter of PA and 

protofibrils or elongated fibrils, respectively. We discuss the consequences of 

fibrillation supposing a finite probability of the process occurring under cellular 

conditions.       
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5.2 Introduction 

 The supramolecular assembly of a sizable number of diverse proteins and 

polypeptides into amyloid and amyloid-like fibrils has attracted attention of many for 

a number of reasons. First, the pathogenesis of a number of human conditions, 

including Alzheimer‘s disease, Parkinson‘s disease, spongiform encephalopathy, 

Huntington‘s disease, senile amyloidosis, and type II diabetes [1-7] is fundamentally 

associated with amyloids. A detailed understanding of the processes leading to 

extracellular amyloid deposition, intracellular neurofibrillary tangles, and the 

development of amyloid toxicity is necessary to devise strategies for therapeutic 

intervention and management of these diseases. Such β-sheet-based structural 

assemblies are also promising for industrial application, and in material science and 

biotechnology [21-26]. Second, the observation that a wide variety of non-disease-

related proteins and polypeptides that presumably do not undergo amyloid-like 

transitions in vivo, but can be induced to do so in test tubes by changing the solution 

conditions [5, 8-13], has added newer dimensions to the multifarious response of 

proteins to solvent conditions. Given the number and variety of proteins from which 

amyloids have been formed, it is now generally accepted that amyloid aggregates are 

a generic structure for all proteins.  

Since the amino acid composition, sequence, and the native-state structure are 

not determinants of amyloidogenecity [2, 14], amyloid fibrillation could originate 

from anywhere in the conformational landscape, entropically as low as the native or 

native-like states to as high as unfolded states in a protein specific manner [2, 15, 16], 

implying that some combination of the initial structure, number of intramolecular 

contacts, chain dynamics, and surface dielectric may be required to promote 

fibrillation, and that these factors may also be related to kinetic mechanism of the 

composite fibrillation reaction. Understanding of such issues needs to be augmented. 
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Atomic models of amyloid fibril structure based on a variety of evidences, each 

limited by the extent amenable to the experiment, have been discussed [17-20]. 

Although there is a consensus that amyloid and amyloid-like fibrils contain β-sheet 

conformations, achieving atom-level resolution of arrangements of β-sheet structures 

has been seriously hindered by the difficulties of handling fibrous supramolecular 

forms that are often insoluble, especially at concentrations required for structural 

work. Thus, the specific structural and chemical features of proteins and the solvent-

dependent reactivity that promote amyloidogenesis are at the focus of current 

research.  

Concerning the etiology of amyloid cytotoxicity at the molecular level, fewer 

studies conducted to date have indicated that the fibrils and the precursor  oligomers 

trigger apoptosis in cells [27-35]. These in vitro studies confined to cultured neurons 

have relied principally on the observation of cell morphology and biochemical 

characteristics of apoptosis in response to treatment with soluble fibrils and PA. The 

evidences provided are compelling that amyloid-induced activation of an apoptotic 

pathway is one of the reasons for neural cell death in neurodegenerative diseases.  

We were contemplating on the general possibility of amyloid-like transition of 

the pro- and anti-survival proteins of mammalian apoptotic pathways, even though at 

present there is no known amyloidosis that results from aggregation of any of these 

proteins, wildtype or otherwise. Should any of these proteins undergo amyloid 

fibrillation, the normal development, tissue differentiation, and homeostasis will be 

critically affected. In this study, we report on the in vitro transformation of the 

recombinant CARD domain of human Apaf-1 (Figure 1) into amyloid protofibrils. 

Apaf-1, a large anti-survival protein (~ 130 kDa), is the key molecule for activation of 

procaspase-9 in mitochondrial pathway of apoptosis in neuronal and somatic cells 

alike [36, 37]. Structurally, the Apaf-1 CARD domain consists of six tightly packed 
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Figure. 1. Ribbon diagram of Apaf-1 

CARD (pdb file: 1C15) with helices. 

.labeled (38). 

 

amphipathic -helices (Figure 1, ref 38). 

The rationale for using the CARD domain 

is the fact that this domain is present as the 

N-terminal prodomain in a sizable set of 

apoptotic proteins, including some 

caspases, and CARD domains are known to 

mediate apoptotic signaling through 

homophilic CARD/CARD interactions [38-

42]. To arrive at the in vitro conditions for 

transformation of the CARD protein to 

fibrils, we carried out a series of 

biophysical experiments as the prelude. The results of pH dependent conformational 

transitions, protein stability, and folding-unfolding kinetics showed that Apaf-1 

CARD undergoes a molten globule-like transition under acidic conditions. This low 

pH-denatured form of CARD then undergoes further conformational transitions to 

produce soluble precursor aggregates (PA) of amyloid-like protofibrils. The 

consequences of CARD fibrillation and possible implications for cell survival are 

discussed.  

    

5.3 Material and methods 

5.3.1 Cloning and generation of the CARD expression construct 

 Total RNA isolated from HeLa cells was used for the cDNA amplification of 

the 300 bp gene fragment of Apaf-1. The 300 bp region of CARD domain of Apaf-1 

was amplified by standard PCR reaction using the, forward and reverse primers 

designed with pGEX4T-1 compatible restriction sites at their 5' ends. The forward 

primer has a BamH1 site, and the reverse a Xho1 site. 
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CARD-F: 5  CGGGATCCATGGATGCAAAAGCTCGAA 3              Tm = 56 °C 

                              BamH1 

CARD-R: 5  CCCTCGAGCTAAGAAGAGACAACAGGAATG 3          Tm = 56 °C 

         Xho1 

 cDNA was synthesized by reverse transcriptase, and the 300 bp CARD 

fragment was amplified by Taq DNA polymerase. Both steps were achieved by the 

use of the ‗one-step RT-PCR kit‘ from ABGene Technologies. The PCR-amplified 

fragment was isolated by Qiagen Gel extraction kit, ligated into TA cloning vector 

pTZ57 R/T (MBI-Fermentas), and transformed into competent DH5  E. coli CaCl2 

treatment. The transformed cells were plated onto LB agar plates with 100 μg/mL 

ampicillin and 1mM IPTG and X-gal. The positive clones were selected by blue-white 

screening and colony PCR. The positively-screened colonies were used for isolation 

of plasmid DNA by standard protocols. The PCR fragment cloned into the TA cloning 

vector was restricted using BamH1 and Xho1, and analyzed on 1% agarose gel. The 

expression vector pGEX4T-1 was also restricted in the same manner. The CARD 

gene fragment was then ligated into the digested pGEX4T-1 by using T4 DNA ligase, 

and transformed into DH5  cells. Cell colonies positive with the recombinant plasmid 

were screened by colony PCR. That the recombinant plasmids contained the 

expression vector carrying the insert was once again checked by restriction digestion. 

The sequence and orientation of CARD fragment was confirmed by sequencing. The 

restriction-positive plasmids were transformed into E. coli BL21 cells for expression 

of the CARD protein. 

 

5.3.2 Protein expression and purification 

 500 ml LB broth with 100 g ml
-1

 ampicillin was inoculated with 25 ml of 

overnight- grown culture (1:20 ratio) that contained the recombinant positive clone. 
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The protein expression was induced at OD600=0.5 with 1 mM IPTG. Cells were grown 

for 5 hrs at 30 C. Cells were pelleted and resuspended in 20 ml PBS and lysed by 

sonication for 3 min with repetitive 30 sec on and off cycles. The lysate was 

centrifuged at 3000 g for 30 min at 4 C. The supernatant was collected and DTT was 

added to a final concentration 1 mM. This was loaded onto 1 mL GSH Sepharose 4B 

column that was preequilibrated with 10 volumes of PBS. The column was washed 

with 20 volumes of PBS. The GST-CARD protein that was bound to the column was 

eluted with 10 volumes of elution buffer (50 mM Tris-HCl, 10 mM reduced 

glutathione, pH 8). The purified GST-CARD protein was dialyzed against 1X PBS to 

remove the glutathione, and digested with recombinant thrombin (Amersham 

Biosciences) by standard protocols. Following digestion, thrombin was removed by 

Benzamidine Sepharose, and the protein mixture was loaded on a GSH-Sephrose 4B 

column. The 10 kDa CARD protein was eluted in the flow through. The eluted 

fractions were pooled and loaded on to a 1.6 X 100 cm (diameter and height, 

respectively) Sephadex G75 column preequilibrated with 50 mM Tris.Hcl, pH 7.5. 

Fractions each of 1.0 ml size were collected at a flow rate of 20 ml/h. The fractions 

were pooled and concentrated by ultrafiltration. 

 For western blot analysis of expressed CARD protein, the thrombin digested 

GST-CARD was transferred onto a PVDF membrane. The membrane was probed 

with anti-Apaf-1 rabbit polyclonal IgG and then with ALP conjugated anti-rabbit 2° 

antibody. The blot was developed with BCIP-NBT solution.       

 

5.3.3 Equilibrium measurement of CARD stability towards pH, NaCl, and GdnHCl 

  For these titrations, separate samples of identical protein concentration (5-7 

M) were employed. Protein solutions held at different values of pH or NaCl 

concentration were incubated for ~6 hours before taking fluorescence spectra. For 
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GdnHCl unfolding, samples containing different concentrations of the denaturant 

were prepared by mixing two stock protein solutions, one containing 4 M GdnHCl 

and the other without. Buffers for various pH ranges were: 50 mM glycine (pH <3), 

50 mM sodium acetate (pH 3-5), 17 mM each of HEPES-PIPES-Tris (pH 6-9), and 25 

mM each of Glycine-CAPS (pH 9-11). All experiments were done at 22 C using a 

Fluoromax-4 (Horiba Jobin Yvon) instrument. 

 

5.3.4 Stopped-flow kinetics of CARD folding and unfolding 

 These experiments involved two-syringe mixing, and invariably employed 8-

fold dilution of a 10 M protein solution with the relevant buffer. For refolding, the 

protein initially unfolded in 5.4 M GdnHCl and equilibrated for ~1 hour was mixed 

with the refolding buffer containing variable amount of GdnHCl. Unfolding was 

initiated by diluting the native protein solution with the unfolding buffer containing 

desired concentrations of GdnHCl. The buffer systems were same as given above. 

Kinetics were recorded at 22 C in a Bio-Logic SFM4 mixing module using a 0.8 mm 

square flow cell (mixing dead time, ~ 2 ms). Typically, 8-10 shots were averaged for 

noise reduction. 

 

5.3.5 Fibrillation kinetics 

  CARD solutions (~15 M) containing ~50 M  thioflavin (4-(3,6-

dimethylbenzothiazol-2-yl)-N,N-dimethyl-aniline, ThT) were prepared in 50 mM 

glycine-HCl buffer, pH 2.1, and incubated at 60 °C in a heating block. Samples 

incubated up to different time extent were cooled and analyzed by 482-nm ThT 

fluorescence, excited at 432 nm. 
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Figure 2. (a) Agarose gel electrophoresis showing one step RT –PCR amplification of   300bp Apaf-1 

CARD from HeLa cells total RNA. Lane labels are: M, 100 bp DNA ladder; 1, amplified 300 bp 

CARD fragment. (b) Colony PCR analysis for recombinant pGEX4T-1 CARD. Lane labels are: 

M,100 bp DNA ladder; Lanes 1-5 300 bp amplification CARD in positive clones. 

5.3.6 Atomic force microscopy 

  For microscopy, fibrillation was allowed in the absence of thioflavin. Films of 

samples incubated up to variable extent of time were deposited on freshly cleaved 

mica plates, and allowed to dry under nitrogen for ~15 minutes. Films were then 

washed thoroughly by gently flowing deionized water over the mica plate, and dried 

under nitrogen for ~1 hr. Imaging in the semi-contact mode was performed in a NT-

MDT Solver microscope using a 3-micron scanner head. Images were processed using 

the NOVA software supplied by the microscope manufacturer.      

 

5.4 Results 

5.4.1 The Apaf-1 CARD expression system and the recombinant protein 

 Initially we generated two gene constructs for E. coli expression of human 

Apaf-1 CARD, one with a N-terminal His6 tag (pET28a vector) and the other with 

GST fused at the N-terminus (pGEX4T-1 vector), but the latter was chosen for the 

production of the recombinant protein because of the ease and convenience of 

purifying GST-fused small proteins.  
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Figure 3. (a) SDS-PAGE  analysis of Affinity purification of Apaf-1 CARD by GSH-Sepharose 4B 

column. Lane labels are: M, molecular weight markers; 1, whole cell lysate; 2, insoluble pellet 

fraction; 3, Cleared lysate loaded onto the column; 4, column flow through fraction; 5, wash fraction; 

6, eluted GST-CARD. (b) SDS-PAGE analysis of thrombin digestion and purification of Apaf-1 

CARD. Lane labels are: M, molecular weight markers; 1, GST-CARD purified from GSH Sepharose 4 

B column; 2, the thrombin-digested GST-CARD mixture; 3, the digest after removal of thrombin by 

Benzamidine Sepharose; 4, homogeneous and pure CARD obtained after passing the thrombin-

stripped digest through a GSH-Sepharose 4B column. The CARD protein elutes in the flow through 

fractions. (c) Western blot analysis of thrombin digested GST-CARD. The upper ~35 kDa band is  

undigested GST-CARD and lower 10 kDa band is  Apaf-1CARD. 
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 This expression vector was used in earlier studies of NMR solution structure 

of Apaf-1 CARD [38], although mutagenesis-based cloning and expression in pET-3d 

vector has also been reported [43]. As Figure 3 shows, the recovered CARD (~6 mg 

per liter of E. coli culture) is homogeneous and highly pure. The purified CARD was 

monomeric which was confirmed by Sephadex G-75 gel filtration chromatography 

(Figure 4). The western blot of thrombin digested GST-CARD shows the detected 10 

kDa CARD protein by the polyclonal anti-Apaf-1 rabbit IgG. 

 

5.4.2 Different pH forms of CARD 

The rationale for examining CARD conformational changes as a function of 

pH was that partly denatured proteins at acidic and alkaline pH can often reveal 

structural and functional regulation of proteins. A contextual example is low-pH 

dimerization of apoptotic Bcl-2 family of proteins which possibly leads to ion channel 

formation in synthetic membranes [44]. For Apaf-1 CARD, Figure 5a shows the 

general trend of fluorescence decrease with increasing pH. The primary structure of 

CARD has no tryptophan and the observed fluorescence with the λmax of 309 nm, due 

likely to tyrosine, is weak. The absence of any shift in the fluorescence maximum 

across the pH range may be due to very similar polarity of the environment of 

tyrosines under native and denaturing conditions. Absence of fluorescence band shift 

across the folding-unfolding transition is seen for cytochrome c also. A closer 

examination of the pH dependence of the 309-nm fluorescence (figure 5b) shows a 

pronounced dip at ~pH 4 on either side of which the fluorescence signal increases. In 

the 5-8 range of pH, the fluorescence remains unchanged, but decreases gradually for 

pH>8. The data thus indicate three pH transitions: an alkaline transition with a pH 

midpoint near 10 attributable to tyrosyl side-chain ionization, a weakly acidic 

transition with a midpoint around pH 4.5 due likely to ionization of Glu or Asp side- 
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Figure 5.Fluorescence monitored pH depen- 

-dence of CARD conformational transitions. 

For all these experiments, the protein 

concentration was ~6 M.  

(a) Fluorescence spectra as a function of pH 

generally conveys increased quenching with 

pH increments. (b) The plot of 309-nm 

fluorescence with pH, however, shows three 

prominent transitions: an alkaline transition, a 

weekly acidic transition, and a more acidic 

transition. The interpretations and assignment 

of each of the transitions to specific 

conformational changes of CARD are 

described in the text. Due to the complexity of 

analysis of the three linked transitions, the data 

have not been fitted to a function. (c) pH 

effects on ANS binding to CARD. The protein 

and ANS concentrations in the solution at 

different pH were 7 and 15 M, respectively. 

The open circles show the 492-nm fluorescence 

of control samples from which the protein was 

excluded. 

 

 

chain -COOH, and a molten 

globule-like transition when strongly acidic 

conditions are approached. While the 

molten globule-like transition involves a 

global denaturation transition of CARD, the 

other two transitions could simply be associated with side-chain ionization-linked 

conformational perturbation. As a simple test for the extent of structure perturbation 
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in each of these transitions, we measured the ANS fluorescence of CARD solutions 

containing ANS (6 M protein and 12 M ANS) as a function of pH. As Figure 5c 

shows, ANS is fluorescence-silent at pH>4, but is very highly fluorescent at pH 

values less than 4. The ANS fluorescence indicates a major transition in the 2-4 range 

of pH, closely reproducing the molten globule-like transition considered above 

(Figure 5b). Indeed, ANS binds to solvent exposed clusters of hydrophobic groups, 

and its strong binding is a particularly convenient test for the molten globule state 

[45]. But then, the ANS fluorescence decreases when the pH value falls below 2 

(Figure 5c), indicating self-association or oligomerization of acid-denatured CARD in 

a manner that conceals the exposed hydrophobic surfaces. The CARD monomers 

possibly oligomerize by hydrophobic interactions. 

 

To understand the CARD conformational changes further, we extended the pH 

dependent fluorescence experiment by including NaCl concentration as another 

variable (Figure 6a). Clearly, all three transitions seen in Figure 5b  the alkaline, the 

acidic, and the molten globule-like transition  are reproduced in the presence of any 

concentration of NaCl used in the 0-1 M range (Figure 6a). Further, NaCl sets the 

fluorescence in a pH dependent manner (Figure 6b). At intermediate pH values, the 

fluorescence increases with NaCl, but decreases relatively more at acidic and alkaline 

values most likely due to electrostatic screening of protein charges by Cl
−
 and Na

+
 

ions, respectively. Thus, at pH near 2, the acid-denatured state is transformed to a 

molten globule state. To summarize this section, CARD at acid pH (<4) undergoes a 

major denaturational transition accompanied by a substantial exposure of otherwise 

buried hydrophobic surfaces. Under strongly acidic conditions (<pH 2), the denatured 

monomers interact with each other possibly by hydrophobic interactions to produce 

soluble oligomers or aggregates. We have called them precursors aggregates (PA). 
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Figure 6. CARD fluorescence as a function of pH at different concentrations of NaCl. (a) All three 

pH-induced conformational transitions of CARD are seen in NaCl independent manner, although some 

details of the transitions, including the sharpness and fluorescence amplitudes, are affected (see 

Results). (b) The effect of NaCl on the fluorescence amplitude depends on the pH of the medium. The 

substantial decrease of fluorescence at acidic and alkaline pH is likely due to electrostatic screening of 

protein charges by Cl
−
 and Na

+
 ions, respectively.  
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5.4.3 Equilibrium and kinetic aspects of folding of Apaf-1 CARD at acid and 

neutral pH  

To learn more about the influence of pH on the stability and structure, we 

examined the GdnHCl-induced folding behavior of the protein by equilibrium and 

stopped-flow kinetic methods. Figure 7a shows the equilibrium unfolding transition at 

pH values 6 and 3.1. At pH 6, the initial increase of fluorescence in the pretransition 

region is followed by a relatively sharp drop in the unfolding transition region. The 

structural details associated with these changes is subject to scrutiny. For the present 

though, a fit of the data to the two-state N  U model [46], where N and U are 

native and unfolded states, respectively, by assuming a second-order polynomial 

dependence of the pretransition fluorescence with GdnHCl yields the protein stability, 

G°=12.5±0.5 kcal mol
-1

, and the transition midpoint, Cm≈2.4±0.1 M. In an earlier 

study of CARD unfolding in the presence of urea, ~6 kcal mol
-1

 was reported for the 

value of G° [47]. Generally, the G° value determined by urea unfolding is lower 

than that extracted from GdnHCl unfolding. Part of the discrepancy also arises from 

the large increase in the fluorescence in the pretransition baseline (Figure 7a) which 

the earlier authors did not notice in their study by the use of urea [47]. At pH 3.1, a 

clear unfolding transition of CARD is not detected. The change in the fluorescence 

stretches out for GdnHCl>1.5 M, indicating lack of compactness and well defined 

structural elements typical of an acid-denatured state in the absence of added anions 

[45]. The monotony in fluorescence change might simply reflect expansion of the 

chain. To show that the unfolded state in the presence of 4 M GdnHCl does not 

contain any considerable structure, the protein was titrated in the 1-7.5 range of pH 

holding the denaturant concentration constant at 4 M (Figure 7b).Within the error 

limit, the fluorescence hardly changes in the pH range 2-7.5, suggesting that 

unfolding is complete at 4 M GdnHCl. 
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 Figure 7c shows two representative kinetic traces for refolding of CARD, one at 

pH 6 and the other at pH 3.1, both initially unfolded in 5.4 M GdnHCl at the 

respective pH and refolded in the presence of 1 M GdnHCl for pH 6, and 0.7 M 

GdnHCl for pH 3.1. Both traces are best fit by two exponentials, and the residuals are 

shown in Figure 7d. At pH 6, the two kinetic phases have the same sign for 

amplitudes and are associated with refolding. At pH 3.1, only the slow rising phase is 

 

Figure 7. pH-dependent stability and folding kinetics of Apaf-1 CARD. (a) GdnHCl-induced 

equilibrium unfolding at pH 6 (●) and pH 3.1 (■).At pH 6, the global unfolding transition is preceded 

by a pretransition zone characterized by a substantial increase in fluorescence. Since the details of 

CARD structural changes occurring in the pretransition region is unclear at the moment, the data were 

modeled with a two-state N U tansition by assuming that the pretransition changes are due to solvent 

dependent baseline effect having a second-order polynomial dependence for fluorescence changes 

with GdnHCl. The fit of the data yields G°=12.5±0.5 kcal mol
-1

 and Cm≈2.4±0.1 M (see text). At pH 

3.1, no pronounced global transition is apparent, suggesting the absence of well-defined tertiary 

structure. (b) pH titration of the 4 M GdnHCl-unfolded protein. (c) Representative kinetic traces for 

refolding of CARD in the presence of 1 M GdnHCl (pH 6) or 0.7 M GdnHCl (pH 3.1). For both 

experiments the protein was initially unfolded in 5.4 M GdnHCl at the respective pH. The refolding at 

pH 6 is described by two rising exponentials, kfast=60 s
-1

 and kslow=1.8 s
-1

 with fractional observed 

amplitudes of 0.7 and 0.3, respectively. At pH 3.1, there is a fast decaying phase (kfast=262 s
-1

) 

followed by a slow rising phase (kslow=2 s
-1

), suggesting the possible formation of an aggregate or 

misfolded intermediate at early times of refolding. (d) Residuals of the 2-exponential fits. (e) GdnHCl 

dependence of the apparent rates for the major (upper chevron) and the minor phase (lower chevron) at 

pH 6. In each chevron, the data forming the left (darker symbols) and right (lighter symbols) arms 

represent refolding and unfolding, respectively. The rate rollover in the folding arm of each chevron is 

classically taken as one of the indicators for the presence of folding intermediates. (f) At pH 3.1, the 

GdnHCl dependence of the apparent rate for the fast kinetic phase (■) shows an unfolding event the 

rate of which rolls over at GdnHCl > 1 M. This phase may arise from protein aggregation or 

misfolding. The slow phase (lower chevron) also barely shows protein refolding at this pH, suggesting 

absence of well-defined tertiary structure and packing. 
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indicative of refolding. The initial phase which is faster than the slow phase by at least 

two orders of magnitude and during which the fluorescence decay is associated with 

an unfolding event (Figure 7c). The GdnHCl distributions of the apparent rate 

constants (kobs) for both kinetic phases of refolding and unfolding at pH 6 are shown 

in Figure 7e. Except for the unfolding by the slow kinetic phase, the rates clearly roll 

over as strongly native-like or strongly unfolding conditions are approached. 

Classically, multiple chevrons indicate existence of interconverting ensembles of 

unfolded conformations with ensemble-specific refolding rates producing parallel 

folding routes, and chevron rollover is thought to arise from accumulation of kinetic 

intermediates [48]. For Apaf-1 CARD, the two distinct chevrons with limb rollovers 

then suggest the occurrence of two ensembles of unfolded conformations, one folds 

faster than the other. The folding routes for both fast-folding (UF) and slow-folding 

(US) ensembles involve kinetic intermediates; but how many intermediates are 

involved in the folding of UF and US cannot be determined with the data at hand. 

Available results allow the description of Apaf-1 CARD folding by the following 

basic model  

 

 

 

 

 

 

 

where IFi and ISi represent intermediates. But for the kinetic intermediates invoked 

here, this model is consistent with the one proposed earlier based on the kinetic study 

of Apaf-1 CARD folding [47]. That work employed urea as the denaturant unlike 
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GdnHCl used here, and observed only one chevron with no rate rollover in the limbs. 

Part of the discrepancy in the results may arise from the use of two different chemical 

denaturants. The present study provides a direct evidence for distinct unfolded state 

ensembles based on the finding of two distinct chevrons. 

 

 Figure 7f shows the rate-denaturant distribution for CARD folding-unfolding 

at pH 3.1. At all concentrations of GdnHCl, the observable fast phase in the stopped-

flow kinetics is due to unfolding. So is the case with the slow phase when the GdnHCl 

concentration is higher than ~0.3 M. Importantly, the GdnHCl dependences of both 

rates are associated with considerable positive slope or kinetic m-value (given by 

mu
‡
=2.3RT log ku/ [GdnHCl], where ku is the apparent rate constant of unfolding), 

indicating that CARD at pH 3.1 is still substantially structured with a defined core. 

Also, as it happens at pH 6, the unfolding rates at pH 3.1 roll over under strongly 

unfolding conditions, suggesting the occurrence of two ensembles of unfolded 

conformations and an unknown number of kinetic intermediates as depicted in folding 

model given above. It thus appears that the structure and topology of CARD at pH 3.1 

resemble that of the pre-molten globule state characterized by fluctuating structural 

elements [45]. 

 

5.4.4 Kinetics of protofibril formation for Apaf-1 CARD 

 The indication provided by ANS fluorescence results (Figure 5c) that acid-

denatured and molten globule-like CARD can form soluble oligomers or PA at pH 

near 2 led us to examine whether the precursors have the propensity to grow into 

protofibrils. Since the dye ThT is specifically used to probe amyloid fibrils [49, 50], 

we incubated a 15 M CARD solution containing 50 M ThT at 60°C held at pH 2.1 

in Gly-HCl buffer, and periodically measured the time dependence of the dye 
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Figure 8. Fibrillation kinetics monitored by ThT 

fluorescence. The sample contained 15 M 

CARD and 50 M ThT was held at pH 2.1 and 

60°C. The arrow indicates the end of the lag phase 

(~9 hours). The fit of the data after the lag phase 

yields k=0.04 hr
-1

. 

 

fluorescence up to 100 hours. As Figure 8 shows, following a lag time of ~9 hours, 

the fluorescence increases in a single-exponential phase with an apparent rate constant 

of 0.04 per hour, suggesting the 

formation of amyloid fibrils [51]. 

Generally, the presence of the lag phase 

and the fibrillation rate both depend on 

the protein concentration as well as the 

incubation temperature and buffer 

conditions used. This should hold for 

the formation of CARD fibrils also, 

although we have not explored 

conditions that would reduce the lag 

time or increase the rate of fibril 

formation. 

 

 

 

5.4.5 Images and dimensions of Apaf-1 CARD fibrils 

 The formation of fibrils was confirmed by direct images of CARD samples 

held at pH 2.1 and incubated at 60°C for varying length of time (Figure 9). By using 

~10 M protein, we see signs of elementary combination of PA within ~15 minutes 

(Figure 9a, panel 1). The growth into protofibrils requires several hours shown here at 

the end of 8 hours (panel 2), and longer fibrillar structures begin to appear by ~14 

hours of incubation (panel 3). At ~100 M protein, the fibrillation kinetics was very 

rapid (Figure 9b). The rich lattice of amyloid fibrils observed after 1 hour of 

incubation (panel 1) becomes denser after ~3 hours (panel 2), but appears  diffused  
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Figure  9. AFM images of Apaf-1 CARD aggregates. (a) A 10 M protein solution incubated at 60°C, 

pH 2.1, shows first signs of combination of the PA within ~15 min (panel 1). The growth and 

elongation of protofibrils are shown in panels 2 and 3 imaged at the end of 8 and 14 hours, 

respectively, of incubation. Yellow, blue, green, and white arrows indicate PA, nascent protofibrils, 

and elongated protofibrils, respectively. (b) At ~100 M protein concentration, fast and rich growth of 

fibrils is observed. Imgaes shown in panels 1, 2, 3, and 4 were recorded with samples incubated for 1, 

3, 9, and 20 hours, respectively. An enlarged view of a small area is shown below each panel. 
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Figure 10. Distribution of population 

diameters. The solid lines are three-

parameter Gaussian fits to the measured data 

according to equation 1. (a) PA with a mean 

diameter, do= 2.1 nm. (b) The protofibrils 

and elongated protofibrils do values of 2.7 

and 2.63 nm, respectively. 

 

 

 To achieve a dimensional distinction of PA, protofibrils, and large fibrils, we 

determined the Gaussian distribution of diameter d for each population. The diameters  

respectively, were arranged into groups of 0.25 nm increments, and the % population 

falling in each diameter group was determined (Figure 10). The solid lines through the 

data are 3-parameter Gaussian fits according to 

2
o

o 50)()(
b

dd
.xpedPdP

 

where, P(do) is the amplitude corresponding to the mean diameter do, and b is the Full 

Width at Half Maximum (FWHM). The value of do for PA is 2.1 nm as against 2.7 

and 2.63 nm for protofibril and elongated protofibrils, respectively. This dimensional 

difference between the initial PA and the fibrils should arise from differences in the 

content of presumably -sheet. The 

FWHM values (1.5, 1.6, and 1.25 nm 

for the distributions corresponding to 

PA, protofibrils, and elongated 

protofibrils, respectively) indicate the 

population inhomogeneity, being 

largest for protofibrils and smallest 

for large fibrils. 
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The differences in the inhomogeneity may partly arise from the fact that structurally 

PA and fully grown fibrils are characterized by -helical and -sheet content, whereas 

the protofibrils at the initial formation stages contain both in proportion different from 

one set of population to another (large FWHM). 

 

 

5.5 Discussion 

 Examinations of the pH-induced conformational transitions and folding 

stability of recombinant human Apaf-1 CARD have shown that the acid-denatured 

protein self-associates to form soluble precursor aggregates which can combine and 

undergo structural transitions to form amyloid protofibrils. 

. 

5.5.1 Soluble oligomers and protofibrils of Apaf-1 CARD.  

 Many pro- and anti-survival proteins of the apoptotic machinery are known to 

homodimerize, heterodimerize, and even homo-oligomerize to exert their survival and 

death effects [52-60]. Some are constitutively oligomeric due to ready accessibility of 

the interacting surfaces, and others are prevented from oligomerization by 

sequestration of the interacting surfaces until functional activation occurs. The former 

class is exemplified by the pro-survival protein Bcl-xL, for which a large fraction of 

the cellular population homodimerizes by homophilic interaction of the C-terminal 

hydrophobic tails [44, 60-62], and the latter is represented by quiescent Apaf-1 known 

to exist in the monomeric form [36, 63]. It appears that the structural surface of 

CARD of Apaf-1 required for homophilic interaction with the CARD of procaspase-9 

[38] is partially buried in the inactive state of Apaf-1 due to intramolecular 

interactions, an observation based on the crystal structure of the WD40-deleted Apaf-

1 [64]. When activated by binding with cytochrome c and dATP [63], Apaf-1 forms a 

wheel-shaped homoheptamer complex or apoptosome having a seven-fold symmetry 
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[65, 66]. Although atomic details and packing interactions in the apoptosome are not 

known, the CARD can now interact with the CARD of procaspase-9. Thus, homo-

heptameization of Apaf-1 seems to be crucial for sensitizing the CARD for binding 

interactions. 

 But, Apaf-1 CARD alone in neutral-pH solutions exists in the monomeric state 

(Figures 5-7), consistent with the earlier report that no dimerization occurs even at 

concentrations as high as 1 mM [38]. On the other hand, isolated Apaf-1 CARD forms 

a complex with isolated caspase-9 CARD in which the former deploys sets of acidic 

and hydrophobic residues in a manner that creates a contiguous binding surface, 

suggesting that intermolecular associations of Apaf-1 CARD require both electrostatic 

and hydrophobic interactions [38]. Should Apaf-1 CARD alone undergo homo- 

oligomerization, the operative forces of interaction must be hydrophobic in nature, 

because the surface charge complementarity is not available. The existence of Apaf-1 

CARD in the monomeric form in the neutral-pH region then suggests that the 

hydrophobic interactions afforded by the native protein surface are insufficient for 

dimerization to occur. The situation is quite interesting under acidic conditions (~pH 

3-4) where CARD undergoes a MG-like transition. Relative to the native state, the 

molecular surface in the MG state is more hydrophobic as evidenced by binding of 

small nonpolar molecules like ANS (Figure 5b, c). The increased surface 

hydrophobicity should favor CARD-CARD self association, but electrostatic 

repulsion due to excess positive charge and large-scale fluctuations of the structural 

elements in the MG-like state [45] are the principal opposing forces. A dramatic 

increase in surface hydrophobicity can occur under strongly acidic conditions (<pH 

2.5) where the already weakened structural elements of the CARD MG break down 

causing exposure of buried nonpolar residues. We believe, the preponderance of 

hydrophobic surfaces in the acid-denatured proteins is now so overwhelmingly 

favorable toward CARD oligomerization that electrostatic repulsions are subdued, and 
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a monomer  oligomer equilibrium is readily established. The oligomerization 

event can be thought of as a transition to an alternative non-native global free-energy 

minimum [67]. We should also note that protein oligomerization by hydrophobic 

interactions at low pH very likely buries some positive charges in the protein-protein 

apolar interface, and because charge burial in the low dielectric apolar environment is 

energetically expensive, the CARD oligomers are unlikely to be very highly stable. 

 These soluble oligomers are precursor aggregates (PA) which grow in size to 

form elongated protofibrils (PA protofibril). We have not investigated the 

mechanism and the events associated with the PA protofibril condensation in this 

work, but the CARD fibrillation pathway may be depicted as: MG  PA  

protofibril  elongated protofibril. The inference that the MG-like conformation 

facilitates PA formation is consistent with the survey-based observation that the 

amyloidogenic conformation shares many structural and dynamical properties with 

the pre-molten globule state [2].  

 

5.5.2 Relevance to in vivo fibrillation of Apaf-1 

 Although we obtained amyloid fibrils from acid-denatured CARD at an 

elevated temperature, the question is: what relevance this has for in vivo situations, 

given that none of the pro- and anti-survival proteins is known to undergo fibrillation? 

This study rests on a limited empirical search for a in vitro condition that facilitate 

fibrillation. The low pH and high temperature encourage, respectively, higher surface 

hydrophobicity for the monomers and stronger hydrophobic interactions between 

them. Such conditions are certainly not physiological, but one cannot exclude yet 

unknown intrinsic cellular factors, accidental biochemical insults, or pathological 

conditions that could promote formation of soluble oligomers of Apaf-1 required for 

protofibril growth. As mentioned earlier, fibril growth may require some combination 
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of the initial molecular structure, packing density, bonding, intramolecular dynamics, 

and surface dielectric. Since the underlying physico-chemical principles for fibril 

growth are not fully understood, the conditions that might promote fibrillation in vivo 

need to be empirically found. Facing the two counteracting scenarios −the absence of 

specific evidence for amyloidosis of apoptotic proteins on one hand, and the finding 

that CARD could undergo fibrillation, albeit under nonphysiological conditions, on 

the other− one could at the most say that there is a very low or a restricted likelihood 

of Apaf-1 fibrillation in vivo. Even this likelihood could narrow down for a protein 

the size of Apaf-1 given that amyloidogenic proteins and peptides are generally 

smaller in size. The CARD is a small domain of Apaf-1, and it independently might 

not form fibrillar aggregates under physiological conditions. Nonetheless, a 

discounted possibility of Apaf-1 fibrillation still exists. 

It is often hard to foresee the cellular or physiological relevance of a 

phenomenon tested under non-physiological conditions. For example, the MG states 

are best stabilized under extreme pH conditions in the presence of counter ions [45], 

and indeed the significance of the MG state was elusive in the seminal days, except 

for the recognition that it represented the third thermodynamic state of proteins [45]. 

It is now clear that a class of intrinsically disordered proteins that resemble MG and 

lack tertiary folds [68] are involved in cell signaling and regulatory function by 

protein–DNA and protein–protein interactions [69, 70]. 

In the same spirit, fibrillation of apoptotic proteins might find relevance to cell 

survival. In the absence of specific evidence at the moment, we simply say that there 

is a finite likelihood of Apaf-1 fibrillation in vivo.       

 

5.5.3 Amyloid fibrils and cell survival 

 Although cytotoxicity of amyloid fibrils and progression of degenerative 

disorders such as Alzheimer‘s and Creutzfeldt-Jacob diseases, due to insoluble fibrils 
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of amyloid-  protein (A ) and prion protein (PrP), respectively [31-35, 71, 72], is 

well established, the molecular mechanism by which the amyloid fibrils and their 

precursors kill cells is less understood. It is however recognized that activation of an 

apoptotic pathway is one of the major causes of amyloid fibril-induced cell death [27-

30]. Credible evidences for this recognition are provided by observation of 

morphological and biochemical characteristics of apoptosis in healthy neurons and 

cultured cells treated with fibrils of A  [27, 29], and with fibrils produced 

differentially from PrP [30-35]. But whether it is the extent of fibrillation or the fibril 

dimension or the inherent property of the precursor amyloid protein that forces cells 

to undergo apoptosis is unsettled. For example, insulin fibrils are non-toxic to neurons 

[30], but precursor oligomers of hen lysozyme fibrils decrease the viability of 

neuroblastoma SH-SY5Y cells by presumably apoptotic activation of caspases [73].  

 

But the issue of cytotoxicity of prefibrillar aggregates of pro- and anti-survival 

apoptotic proteins, assuming that one or more of them could possibly undergo in vivo 

fibrillation, is redundant. Cytotoxicity is irrelevant here because prefibrillar 

aggregates of any of these proteins as such would be very detrimental to cell survival. 

Since Apaf-1 is the key anti-survival protein of the mitochondrial pathway of 

apoptosis in neuronal and non-neuronal cells alike, amyloid fibrillation of this protein 

will arrest normal development of organs in adults and lack of embryonic 

differentiation leading to death, just the way Apaf-1-null mice die due to a 

pronounced enlargement of the periventricular proliferative zone during late 

embryonic development [74]. To find out if this is one of the manners by which cell 

survival could be challenged, the in vivo fibrillation tendency of apoptotic proteins 

needs to be determined. 
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