
ABSTRACT 

BOSE, KAKOLI. Folding, Stability and Active Site Conformation of Procaspase-3 

 (Under the direction of Dr. A. Clay Clark) 

 

We have examined the folding, assembly and active site conformation of a 

catalytically inactive mutant of procaspase-3 (procaspase-3(C163S)), a homodimeric 

protein that belongs to the caspase family of proteases. The caspase family, and 

especially caspase-3, is integral to apoptosis. We show that an uncleavable mutant (D3A) 

of procaspase-3 is catalytically active with Km similar to that of its mature counterpart. 

We developed limited proteolysis assays using trypsin and V8 proteases, which allow the 

examination of amino acids in three of five active site loops. In addition, we examined 

the response of the two tryptophanyl residues in the active site to several quenching 

agents over the pH range of 3 to 9. Overall, the data suggest that the major 

conformational change that occurs upon maturation results in formation of the loop 

bundle between loops L4, L2 and L2’. The pKa’s of both catalytic groups decrease as a 

result of the loop movements. However, loop L3, which comprises the bulk of the 

substrate-binding pocket, does not appear to be unraveled and solvent exposed, even at 

lower pH. In order to understand the active site formation in the context of folding, we 

looked into the equilibrium unfolding of procaspase-3(C163S). The equilibrium 

unfolding of procaspase-3(C163S) is described by a four-state equilibrium model in 

which the native dimer undergoes an isomeration to a dimeric intermediate, and the 

dimeric intermediate dissociates to a monomeric intermediate, which then unfolds. 

Therefore, dimerization is a folding event and it contributes significantly to the protein 



stability (18.8 kcal/mol of 25.8 kcal/mol). Equilibrium unfolding experiments of 

procaspase-3(C163S) at different pH shows maximum stability at pH 7.2, and a transition 

from four-state model to a three-state monomer and finally to a two-state monomer 

model with decrease in pH. This is representative of conformational change and dimer 

dissociation at lower pH (between pH 5 and 4). The pro-less variant of procaspase-

3(C163S) folds reversibly only in 1:1 protein to pro-peptide ratio suggesting it might act 

as an intramolecular chaperone (IMC).  
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INTRODUCTION: BACKGROUND AND SIGNIFICANCE 

 

Apoptosis and caspases 

 Apoptosis, a Greek term meaning “dropping of leaves from trees” 1, is an 

evolutionary conserved, tightly regulated process of cell suicide. In normal tissues, 

apoptosis provides a delicate balance between cell proliferation and cell death and 

therefore is important in maintaining homeostasis. However, in abnormal tissues, 

unregulated apoptosis is symptomatic of numerous diseases, including cancer, 

autoimmune disease, atherosclerosis and neurodegenerative disorders 2. Apoptosis was 

defined based on readily visible morphological changes that occur in cells. These include 

cytoplasmic shrinkage, blebs on the plasma membrane, and appearance of intracellular 

inclusions or “apoptotic bodies.” The morphological changes are in turn, accompanied by 

identifiable biochemical changes within the cell that facilitate phagocytosis by 

neighboring tissue. These include mitochondrial damage, nuclear membrane breakdown, 

chromatin condensation and DNA fragmentation 3.  

 There has been huge progress in the last decade in identifying the key components of 

the intracellular suicidal program 3. The core of the program has been found in all 

eumetazoans. Thus, apoptosis is conserved throughout evolution from worm to human. 

The three major components that have been identified are the Bcl-2 family of proteins, 

the caspase family of endoproteases, and Apaf-1, which relays signals from the Bcl-2 

protein family to caspases. In general, there are two activation cascades that lead to 

procaspase (zymogen of caspase) processing, and thus apoptosis: the death receptor-

ligated pathway and the mitochondrial-initiated pathway. Both mechanisms utilize a 

 1



scaffold-mediated activation of a subset of procaspases, the upstream activator caspases. 

The common theme in these two pathways is that dimerization of the upstream 

procaspase, mediated by the scaffold, is sufficient for caspase activation because the 

procaspase dimer has low levels of activity and can autoprocess. This has been referred to 

as the closed proximity effect 4.  

Biochemical studies have demonstrated that three proteins are necessary and 

sufficient to activate caspase-3, the executioner caspase through the mitochondrial 

pathway 5; 6. These include cytochrome-c, Apaf-1, and procaspase-9. Apaf-1 contains 

three domains, including an amino terminal caspase recognition domain, a nucleotide 

binding domain and an oligomerization domain. The amino-terminal 85 residues 

constitute a domain that is homologous to the pro-domains of caspase-1, -2, and –9. The 

domain functions in caspase recruitment, and thus is referred to as a CARD, caspase 

recruitment domain. The CARD-CARD interactions are highly specific. In the presence 

of ATP and upon release of cytochrome-c from the mitochondria, Apaf-1 and 

cytochrome-c form a multimeric complex. Procaspase-9 is then recruited to the complex, 

called the apoptosome, and becomes activated through proteolysis. Active site mutants of 

procaspase-9 are not processed indicating that procaspase activation occurs through 

autoprocessing. Activated caspase-9 is released from the apoptosome and cleaves the 

downstream procaspases (-3, -6 and –7). The second mechanism of procaspase 

processing occurs by activation of the cell surface death receptors, a family of 

transmembrane proteins belonging to the tumor necrosis factor receptor superfamily. The 

mammalian death receptor is a member of this family. When the Fas receptor binds its 

ligand, the activation is translated into intracellular events that lead to caspase activation. 
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These events include ligand-induced receptor trimerization, recruitment of intracellular 

receptor-associated proteins, and recruitment of caspases 3. The cytoplasmic region of 

Fas contains a death domain (DD), which recruits a DD-containing adapter protein, 

FADD (Fas associated adapter protein with a death domain). FADD contains two distinct 

domains, a DD and a homologous death-effector domain (DED), which is critical for 

recruiting the upstream procaspase-8 and –10. Following recruitment, the procaspase 

autoprocesses. Activated caspase-8 or –10 cleaves the downstream procaspase-3. While 

procaspase-1 is not an upstream activator caspase, its activation occurs by a similar 

mechanism. Procaspase-1 contains a CARD in its pro-domain and binds the adapter 

protein RICK (RIP-like interacting CLARP kinase). Like other adapters, RICK also 

contains two domains, an N-terminal serine/throenine kinase, and a C-terminal CARD. 

The significance of the kinase is currently unknown, but the CARD-CARD interaction 

leads to procaspase-1 autoprocessing. Caspases can also be activated by other proteases 

such as granzyme B, which is introduced into cells by cytotoxic lymphocytes and triggers 

apoptosis by cleavage and activation of caspases such as caspase-3 (Figure 1). 

 Caspases are cysteinyl aspartate specific proteases that have unusual requirement for 

aspartate at the P1 position of the substrate 7. Currently, 14 caspases have been identified 

8.  Based on genetic and biochemical work, caspases are categorized under three 

subfamilies 9; 10; 11. The proteins in subclass I (caspases-1, -4, -5) function primarily in the 

inflammatory response, whereas proteins in the subclasses II (caspases-3, -7, -2) and III 

(caspases-6, -8, -9) function primarily in apoptosis. An alternative classification is based 

on the function of the caspase in the cascade, either activator or executioner. In this 

classification, the activator caspases (-2, -8, -9, -10) almost exclusively contain long pro- 
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Figure 1. Pathways of caspase activation and initiation 
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domains (>100 amino-acids), whereas, the executioner caspases (-3, -6, -7) contain short 

pro-domains (25-30 amino acids). The long pro-domains are responsible for protein-

protein interaction whereas, the functions of short pro-domains are currently unknown. 

Each caspase monomer is made up of a large subunit (~17 kDa) and a small subunit (~12 

kDa) with a small linker region in between. The pro-domains vary in size depending on 

the class it belongs to. The organization of the subunits for procaspase-3 and its pro-less 

variant (procaspase-3 without the pro-domain) is shown in Figure 2. The phylogenetic 

relationship among the mammalian caspases is shown in Figure 3. 

 

Caspase structure 

Caspases exist in normal cells as inactive zymogens and are activated by proteolytic 

processing. All caspases have similar folds and share 30-50% amino acid sequence 

identity 12. Crystal structures of several caspases 13; 14; 15; 16; 17; 18; 19 demonstrate the 

structural homology within the family (Figure 4). The mature, enzymatically active 

caspases are tetramers with Mr of approximately 60 kDa and consist of two copies of 

each of two non-identical subunits, described as dimers of heterodimers. The subunits are 

arranged in αβ-βα configurations, where α represents the large subunit, β represents the 

small subunit, and αβ represents one heterodimeric unit. Interestingly, the two subunits in 

the αβ heterodimer form a single domain, which consists of a six-stranded β-sheet core 

flanked by α-helices.  
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Figure 2. Cartoon demonstrating the structure of procaspase-3 and its pro-less variant. A. 

Procaspase-3 structure showing the sequence of the pro-domain (28 amino acids), large 

subunit (17 kDa), and small subunit (12 kDa).  B. The figure shows organization of the 

pro-less variant of procaspase-3. D9, D28 and D175 are the cleavage sites that are cleaved 

during zymogen processing. QAC163RG is the active site, C163 being the active site 

cysteine residue 22.  

 

 

 

 

 

 6



 

 

 

 

 

 

 

 
 
 
 

 

 

 

Figure 3. Schematic diagram of the mammalian caspases. Except caspase-11 (mouse), -

12 (mouse), and –13 (bovine), all listed caspases are of human origin. Their phylogenetic 

relationship (left) appears to correlate with their function in apoptosis or inflammation. 

The initiator and activator caspases are labeled in purple and red respectively. The 

position of the first activation cleavage (between the large and the small subunits) is 

highlighted with a large arrow while additional sites of cleavage are represented by 

medium and small arrows. In contrast to the other protease zymogens, removal of the 

pro-domain of a caspase is unnecessary for its catalytic activity. The four surface loops 

(L1-L4) that shape the catalytic groove are indicated. The catalytic residue Cys is shown 

as a red line at the beginning of loop L2. This diagram is scaled according to the lengths 

of caspases and the location of functional segments 23. 
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Figure 4. A.  Mature caspase-3 (inhibitor bound) structure (PDB id: 1CP3) and B. 

Procaspase-7 structure (PDB id: 1GQF) generated with PyMOL (Delano Scientific, CA). 

For both A and B, L1 (residues 52-64), L2 (residues 163-175), L2’ (residues 176’-192’), 

L3 (residues 198-213) and L4 (residues 246-263) represent the five active site loops as 

described in the text. The prime indicates residues from the second heterodimer. The two 

tryptophan residues (W206 and W214), the cleavage site aspartate residue (D175) and the 

two catalytic residues (H121 and C163) are highlighted in the inset (caspase-3 

numbering). For clarity only one active site is labeled for the two proteins. 
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Caspase-3- the executioner 

Caspase-3 (CPP32, apopain, Yama) is the primary executioner during apoptosis 20; 21 

and it has been generally accepted that caspase-3 is the primary death effector protease  

 in humans. Like other caspases it exists as an inactive precursor procaspase-3 that is 

activated by cleavage in the intersubunit linker at D175 and then slowly at D9 and D28 to 

remove the pro-domain (Figure 5). The cleavage at D175 is sufficient to allow for full 

activity 24. Although a lot of information is available on caspase-3, very little is known 

about the procaspase.  

Caspase-3 contains an active-site pentapeptide QACRG. There is an absolute 

requirement for an Asp in the P1 position. However, the residues that form the P2–P4 

binding pocket are not well conserved, suggesting that they may determine the substrate 

specificities of the different caspases.  The amino acids Cys-163 and His-121 are 

involved in catalysis. During substrate/inhibitor binding, rearrangement of the active site 

loops allows the Cys-163 to reorient and form the oxyanion hole. Residues Cys-163, His-

121 and Gly-122 interact with the substrate/inhibitor to form a tetrahedral intermediate 

(Figure 6). The substrate-binding groove is shaped by four surrounding loops, L1-L4 23. 

L1 constitutes one side of the groove, whereas, L4 represents the other side. Loop L3 and 

the following β hairpin, collectively referred to as L3, are located at the base of the 

groove. L2, which harbors the catalytic residue C163, is positioned at one end of the 

groove with the side chain of C163 pointing along the groove, poised for binding and 

catalysis. L1 and L3 are conserved in length and composition among caspases while L2 

and L4 are highly divergent. These four loops determine the sequence specificity of the 

substrates. All caspases have similar conformation at the substrate-binding groove. The  

 9
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A.                                               B. 
 
 

 

 

Figure 5. A. Schematic diagram showing arrangement of the two procaspase-3 

monomers to form the heterotetramer. The pro-domain and the three processing sites D9, 

D28 and D175 are labeled. The red circle represents the active site. The gray blocks are 

large and the green blocks represent the small subunits. The blue region is the dimer-

dimer interface. B. Processed caspase-3 structure.  
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Figure 6. Hydrogen bonds and salt bridges in the CPP32-Ac-DEVD-FMK complex. T

inhibitor is covalently linked to the active site Cys 163 via a thioether bond. The inhib

is shown by thick lines. Hydrogen bonds are represe
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conformational similarity at the active site is extended to the surrounding structural 

lements. Most notably, the loops L4 and L2 from one catalytic subunit are stabilized by 

e N-terminus (loop L2’) of the small subunit of the other catalytic subunit forming a  

structure called “loop bundle.”  

 Until recently, procaspase-3 was thought to be a monomer and was frequently drawn 

as a monomer in literature reviews 25. Work from our laboratory has shown that the 

protein is dimeric under the protein concentrations found in vivo 22. These results as well 

as previous studies 25 suggest the model shown in Figure 7 for maturation of procaspase-

3. Before processing, two molecules of procaspase-3 form a dimer by association (A), 

generating a structure similar to that of caspase-3 heterotetramer. The dimeric 

procaspase-3 is cleaved at D175 to form the maturation intermediate (B). The pro-domain 

is then cleaved rapidly at D9 (C), then more slowly at D28, generating the mature 

heterotetramer (D).  

While, there are many aspects known about the pathway shown in Figure 7, there 

remain several unanswered questions. Three of these important questions are the 

following. (1) Although, the pathway suggests that dimerization is an early event in 

maturation of the short pro-domain caspases, it is important to understand procaspase-3 

dimerization in the context of folding, that is, whether the dimer forms from two native 

monomers or whether dimerization occurs during folding. (2) What is the function of the 

hort pro-domain in folding and maturation of procaspase-3? (3) Why does not the 

dimeric procaspase-3 autoprocess?  Also, it is interesting to see how folding and active 

site formation is possibly linked. Previous studies have shown that caspase-1 monomer is 

not active 26, whereas, in caspase-9 only one active site is active due to movements of  

e

th

s
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A.

B.

A.

B.
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D.

C.

D.

 

 

 

 

 

Figure 7. Model for procaspase assembly and maturation. Before processing, two 

molecules of procaspase form a dimer by association (Structure A), generating a structure 

similar to that of caspase heterotetramer. The dimeric procaspase is cleaved at Asp 175 

(caspase-3 numbering) to form the maturation intermediate (Stucture B). The pro-domain 

is then cleaved rapidly at Asp9 (Structure C), then more slowly at Asp28 to give the 

mature heterotetramer (Structure D).  
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residues in the dimer interface. This suggests a coupling between dimerization and active 

site formation. 

In order to find answers to these questions, the folding and assembly of procaspase-3 

was examined via urea denaturation studies using spectroscopic probes at different pH. In 

addition, the studies were performed over a broad pH range. In the broader context, these 

studies are also important in looking into the folding pathway of large multi-domain 

proteins. The role of the pro-domain was explored spectroscopically by adding the pro-

domain (in different amounts) to the pro-less variant of procaspase-3. The lower activity 

of procaspase-3 with respect to its mature counterpart and its active site conformation 

were studied using several biochemical and biophysical techniques and comparing the 

results with the recently published structure of homologous procaspase-7 27; 28.    

 

I. Characterization of active site conformation of  procaspase-3 

Although there is a large pool of procaspase-3 in the cell (~100 nM) 29, it is unclear 

hy the protein is inactive. Moreover, procaspase-3 is known to auto-activate when 

xpressed in E. coli cells 19 or in vitro 22. While it remains unclear why procaspase-3 does 

 

; 

 has 

aspase structure as it undergoes maturation 23. 

Procaspase-7 is thought to represent the executioner sub-group of caspases, and indeed, 

w

e

not auto-process in eukaryotic cells, the activation in E. coli is thought to be due to

artificially high protein concentrations in those systems. 

The structures of several mature caspases, with inhibitors bound, have been solved 13

14; 15; 16; 17; 18; 19, but until recently, structural information of the procaspases was not 

available. The structure of procaspase-7, described by Chai et al. 27 and Riedl et al. 28

allowed a detailed comparison of the c
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caspases-3 and -7 share a 55% amino acid sequence identity. The structures of mature 

caspase-3 and of procaspase-7 are summarized in Figure 4 and show that the two proteins 

are very similar.  

The differences between the two forms of the proteins are observed primarily in four 

surface loops (L1-L4) that comprise the active sites. Three of the loops (L2-L4) undergo 

conformational changes after zymogen processing. In particular, loop L3, which forms 

the bulk of the substrate-binding pocket, is found to be unraveled and extends away from 

the active site. In the mature caspase, this loop moves over 10 Å toward the body of the 

protein and forms the base of the catalytic groove. Loop L4, which forms one side of the 

active site, rotates 60° and forms interactions with loop L2. The active-site cysteinyl 

residue C163 (caspase-3 numbering), which is present at the base of loop L2, is rotated 

away from solvent, and in the zymogen, loop L2 extends into the intersubunit linker.   

Following cleavage at D175 to generate apo-caspase-7, loops L3 and L4 move to 

positions similar to those found in the holo-enzyme 18. However, the intersubunit linker, 

now called loop L2’, remains in the “closed” conformation, that is, L2’ is folded back 

into the central cavity, as observed in the procaspase. The binding of substrate/inhibitor 

induces the conformational change to the fully productive state. Loop L2 reorients so that 

it interacts with loop L4. This movement changes the orientation of the catalytic cysteine 

by 90°, positioning the side chain for attack of the substrate, and allows the backbone 

 and G122 to form the oxyanion hole. In addition, loop L2’ flips 180° to 

bundle. Numerous hydrogen bonds and van der Waals interactions in the loop bundle 

amides of C163

interact with loops L2 and L4 of the second active site, forming the so-called loop-

stabilize the active site conformation. 
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The structures suggest mechanisms for the procaspase dormancy. For example, Rie

et al. 28 showed that the C-terminal segment of the intersubunit linker, in particular K186-

V189 (caspase-3 n

dl 

umbering), occupies the central cavity of the procaspase dimer 

inte  

 

 

and

nd 

 

179-181

y 

” in the intersubunit linker (D179-D181 affects 

rface. The isopropyl side chain of V189 in the “blocking segment” 28 of one monomer

prevents the insertion of the “elbow loop” region of loop L3 in the opposite monomer. 

Insertion of the elbow loop (S198-S205) in the active caspase stabilizes the active site 

conformation via stacking interactions between Y197, R164, and P201. As a result of 

positioning the blocking segment in the central cavity, the amino acids in the elbow loop

are shifted into the binding pocket. The overall result is that loop L3 is unraveled, and the

S1, S2, and S4 subsites are not well formed 28. The flipping of loop L2’ upon 

substrate/inhibitor binding removes the blocking segment from the central cavity. Thus, 

the covalent connectivity between the subunits prevents formation of the loop bundle, 

 the blocking segment prevents formation of the substrate-binding pocket.  

The pH-effect that occurs early in apoptosis is due, in part, to pH-induced 

conformational changes in caspases that increase their rate of activation. Recently, 

Nicholson and coworkers 30, showed that in E.coli cell extracts the rate of autocatalytic 

processing of procaspase-3 increased as the pH decreased from 7 to 5.5. These results 

suggest that there is a pH-induced effect on procaspase structure and maturation. 

Moreover, this was the first study that showed that procaspase-3 is active. Nicholson a

coworkers further showed that a tripeptide 179DDD181 was important in the pH-dependent

mechanism-a mutation of D N abrogates the pH-dependent autoactivation and 

produces a procaspase-3 protein that rapidly autoactivates at higher pH. Therefore, the

show that   a tri-aspartate “safety-catch
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pro

y 

 scaffolds. 

 in the 

old 

caspase dormancy in a pH-dependent manner 30. It was suggested that the loop 

containing the tri-peptide adopts a pH-sensitive conformation that renders the IETD175 

cleavage site inaccessible. 

Removal of the ionic interactions afforded by the safety-catch results in a marked 

increase in rates of autoactivation, presumably by exposing D175. Nicholson and 

coworkers used an active site probe that required catalytic turnover to covalently modif

the active site cysteine to show that procaspase-3 is catalytically competent 30. That 

procaspase-3 has enzymatic activity is in keeping with results for other procaspases 

(procaspases-1,-8, -9, for example) 26; 31; 32, which clearly show that the procaspases 

contain enzymatic activity when the proforms are recruited into the oligomeric

However, the results of Nicholson and coworkers 30 appear to contrast with the recent 

structures of procaspase-7, which demonstrate that peptide substrates cannot be bound 

properly due to the incomplete or ill formed S1, S2, and S4 subsites. 

In order to solve the puzzle and also to understand the active site formation

context of folding, we looked into the active site conformation of procaspase-3 and 

compared it with caspase-3 using several biochemical and biophysical probes. 

 

II. Folding and stability of procaspase-3 

 The clear understanding of a biological concept requires insights from physical 

chemistry. While it has been observed that biological activity of a protein is dependent on 

its ability to fold into the correct three-dimensional structure, predicting the correct f

of a protein based solely on its primary sequence, the so-called “protein folding 
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problem,” has been elusive. The problem will become critical in the post-genomic a

gaining precise information on intricate biological functions of proteins. 

 As first shown by Anfin

ge for 

sen 33 and later pointed out by Baker 34, the simplest case of 

bio  a 

t 

gle-

in the onset of 

pro

ology 

hymotrypsin-like serine proteinases 38. While models of contact order 34 and 

 small proteins with well-characterized two-

 

gical 

molecules. A complete understanding of folding and assembly will fully reflect the 

logical self-organization is the spontaneous self-assembly of protein molecules into

unique three-dimensional structure that carries out biological function. While grea

interest in this area over the past few decades has resulted in a plethora of 

experimentation 35, most of the experimental systems have been confined to small sin

domain proteins 36. For most of those proteins, partially ordered non-native 

conformations, that is, folding intermediates, are not typically observed. The folding 

could be well modeled as a two-state transition between a denatured state and the ordered 

native state. While these models provide a framework for solutions to the folding 

problem, they cannot account for the complexities of folding of multi-domain or multi-

subunit proteins. One challenge that underlies protein folding studies 

teomics is to correlate the functional features found in protein families with the 

evolutionary conservation of sequence identity 37 as well as conserved structural top

34. For example, picornaviral 3C cysteine proteinases have a fold similar to 

c

conservatism 37 have been developed using

state folding transitions, eventually these or other models must be extended to larger

multi-domain or multi-subunit proteins. Domains are considered as the basic units of 

protein folding, evolution, and function. Decomposing each protein into modular 

domains is thus a basic prerequisite for accurate functional classification of biolo
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balance between local and global interactions, including global interactions between 

subunits. Moreover, protein folding also has practical applications in the understanding of 

ses, 

f misfolded 

normal prion 

 when 

ins 

lized 

iseases. 

ssembly 

rotein-

le 

different pathologies and the development of novel therapeutics to prevent diseases 

associated with protein misfolding and aggregation. An increasing family of 

neurodegenerative disorders such as Alzheimer's, Parkinson's and Huntington's disea

prion encephalopathies and cystic fibrosis is associated with aggregation o

polypeptide chains which are toxic to the cell. Transmissible spongiform 

encephalopathies or prion-related disorders, occurs due to misfolding of the 

protein. Aggregation and deposition are a result of malfunction in protein folding, 

assembly, and transport, caused by protein mutation and/or changes in the cell 

environment 39. The mechanism of protein deposition and aggregation is triggered

the hydrophobic and positively charged regions of the misfolded proteins are exposed. 

The cells aim to regulate these misfolded and malfunctioning aggregation-prone prote

by degradation mechanisms, such as, proteosomes, and/or by storing them in specia

compartments, for example, Russell bodies and aggresomes. Study of the folding and 

stability of these proteins will help develop therapeutic strategies for these d

Because of these and other considerations, we have examined the folding and a

of procaspase-3.  

 

III. Role of the short pro-domain in procaspase-3 

 Although, it is well known that the long pro-domain caspases are involved in p

protein interactions through their CARD (caspase recruitment domain) domains, the ro

of the pro-domains in short pro-domain caspases (~ 28 amino acids) are unknown. 
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Interestingly, after removal of the CARD domain from the long pro-domain caspases 

caspase-1, the number of remaining amino acids is similar to the pro-domains of caspase-

3, -6 and –7, although the sequence identity is quite low. It is possible that the caspas

pro-domains are bifunctional. One is to promote CARD-CARD interaction w

CARD-containing proteins, the other, that involved the remaining 28 amino acids, is still 

undefined. It might be possible that the short pro-domain acts as a vestigial linker 

between the CARD domain and the amino terminus of the large subunit. S

downstream caspases are activated by the upstream caspases, the CARD may have been 

lost through evolution, whereas, the vestigial linker comprising 28 amino acids is 

retained. Another possibility is that it attenuates procaspase activity. Salvesen a

coworkers 10 

like 

e 

ith other 

ince the 

nd 

rd 

se 

ertases is synthesized as a zymogen in which the pro-peptide functions 

s an intramolecular chaperone (IMC) essential for proper activation and secretion of the 

 is a precursor containing a 166 

m

as well as our work 22 have shown that the pro-peptide does not affect the 

activity of the mature caspase and therefore it is not an attenuator of its activity. The thi

possibility is that the pro-domain acts as an intramolecular chaperone (IMC).  

 In several classes of proteases, serine, aspartyl, cysteine, and metalloprotease, the 

proteins are synthesized as pro-peptide dependent zymogens 40. The pro-regions of tho

systems have two distinct functions, assisting folding or inhibiting the activity of the 

protease domain. For example, subtilisin, a serine protease homologous with eukaryotic 

pro-hormone conv

a

protease in vivo. Moreover, alpha-lytic protease 41; 42

a ino-acid pro region transiently required for the correct folding of the protease domain. 

By omitting the pro region in an in vitro refolding reaction, an inactive, but folding 

competent state having an expanded radius yet native-like secondary structure was 
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trapped. This state is stable for weeks at physiological pH in the absence of denaturant, 

but rapidly folds to the active, native state on addition of the pro region as a separate 

polypeptide chain. Anfinsen demonstrated that all the information necessary for folding

of a protein into an active conformation resides in the amino acid sequence of that prote

43. On the other hand, pro-aminopeptidase processing protease (PA protease) is a 

thermolysin-like metalloprotease, the N-terminal pro-peptide of which acts as an 

intramolecular chaperone to assist the folding of PA protease and shows inhibitory 

activity toward its cognate mature enzyme. Moreover, the N-terminal pro-peptide 

strongly inhibits the autoprocessing of the C-terminal pro-peptide by forming a com

with the folded intermediate pro-PA protease containing the C-terminal pro-peptide

 Based on Anfinsen's observation, the native state of a protein is generally believed to

be the global free energy minimum. However, there is increasing evidence that kinetically 

selected states play a role in the biological function of some proteins. For exam

 

in 

plex 

.  

 

ple, the 

s 

 

 

ing 

pro-

serpin plasminogen activator inhibitor 1 folds into an active structure and then convert

slowly to a more stable, but low activity "latent" conformation 44. Thus, the folding of 

plasminogen activator inhibitor 1 is apparently under kinetic control. When alpha-lytic

protease 45; 46 and subtilisin are folded in the absence of their pro-peptides, they fold into 

partially structured molten globule intermediates. These stable but inactive intermediates 

can convert into active conformations upon addition of their pro-peptides and suggest that

pro-peptides promote folding of their proteases by direct stabilization of the rate-limit

folding transition state. Based on these evidences, we looked into the equilibrium folding 

and unfolding of the pro-less variant of procaspase-3 in presence and absence of the 

peptide.  
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MATERIALS AND METHODS   

 

Plasmid Construction 

The procaspase-3 gene was amplified by PCR from pET21b-CPP32 47, kindly 

provided by Dr. Emad Alnemri, using the primers HC3P32F 

(GTCGCGGATCATATGGAGAACACTG) and HC3P12R 

(GTGGTGGTGGTGCTCGAGGTG). This introduced an NdeI site at the 5' end of t

gene and an XhoI site at the 3' end of the gene. The amplified gene product was ins

into pET21b that had been digested with NdeI and XhoI. This strategy removed 14 amino

acids at the amino terminus of procaspase-3 that arise from the vector in pET21b-CPP

he 

erted 

 

32. 

The resulting plasmid, pHC332, produces procaspase-3 with the correct amino terminus. 

The active site cysteine (Cys163) was mutated to serine using Quick-Change site-directed 

mutagenesis kit (Stratagene), with the primers HCP3CS1 (5'-

CATTATTCAGGCCTCCCGCGGTACAGAACTGGACTGTGG-3') and HCP3CS2 (5'-

CAGTTCTGTACCGCGGGAGGCCTGAATAATGAAAAGTTTGG-3'), and plasmid

pET21b-CPP32. This strategy also introduced a unique SacII site (underlined) 

downstre

 

 (5'-GCGAATCACATATGTCTGGAATATCCC-3') and HC3P12R (5'-

am of the C163S mutation (shown in boldface type). Plasmids were first 

screened by digestion with SacII, and positive clones were sequenced to confirm the 

mutation. The mutated gene was cloned into pET21b, as described above, to produce the 

plasmid pHC33201.  

Plasmid pHC32901 was constructed by subcloning the DNA for the procaspase-3 

large and small subunits from pHC33201. The primers for PCR amplification were 

HC3P17F
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GTGGTGGTGGTGCTCGAGGTG-3'), generating NdeI and XhoI sites at the 5' and 3' 

nds, respectively. The ~750 bp fragment was inserted into pET21b digested with NdeI 

 proteins [pro-caspase-3(C163S) and pro-less variant] have 

carb r.   

e site directed mutagenesis 

pase-3(D9A,D28A,D175A) 

or 

e

and XhoI. The resulting

oxyl termini consisting of the sequence Leu-Glu-His6 that arise from the vecto

Procaspase-3 mutants were created using the Quick-Chang

kit (Stratagene) and the primers described below. The procas

mutant was made by a three-step process from plasmid pHC332 22, harboring the gene f

wild-type human procaspase-3. First, D175 was mutated to alanine using primer 1 (5’-

GTGGCATTGAGACAGCTAGCGGTGTTGATGATG-3’) and primer 2 (5’-

CATCATCAACACCGCTAGCTGTCTCAATGCCAC-3’).  In the background of 

D175A, D28 was mutated to alanine using primer 3 (5’-

GGAAGCGAATCAATGGCCAGTGGAATATCCCTG-3’) and primer 4 (5’-

CAGGGATATTCCACTGGCCATTGATTCGCTTCC-3’).  I

D28A/D175A, D9 was mutated to alanine using primer 5 (5’-

GAAAACTCAGTGGCTAGC

n the background of 

AAATCCATTAAAAATTTGG-3’) and primer 6 (5’-

CCAAATTTTTAATGGATTTGCTAGCCACTGAGTTTTC-3’). The primers

incorporated the following restriction sites for screening mutants. Primers 1 and 2:

primers 3 and 4: BalI (MscI); primers 5 and 6: NheI. The mutations are shown in bold

and the restriction sites are underlined. All plasmids were sequenced (both strands) to 

confirm the mutations

 

 NheI; 

, 

. The resulting plasmid is called pHC33209, and we refer to this 

mu  

m  

tant as procaspase-3(D3A). All constructs were sequenced (both strands) in order to

confirm the correct sequence. The plasmids for procaspase-3(C163A,W206Y) and 

procaspase-3(C163A,W214V) were kindly provided by Dr. Guy Salvesen (Burnha
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Table I: List of buffers used for protein purification, activity measurements and 

fluorescence studies. 

 

BUFFERS COMPOSITION 

Buffer A 50 mM Tris-HCl, pH 7.9, 100 µg/ml PMSF, 50 µg/ml TLCK, 100 
µg/ml TPCK 

Buffer B 20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 100 µg/ml PM

50 mM Tris-HCl, pH 7.9, 250 mM NaCl, 1 mM EDTA, 1 m

50 mM KH PO /K HPO , pH 7.5, 1
EGTA 

50 mM KH PO /K HPO , pH 7.9, 250 mM KCl, 1 mM E
mM EGTA 

50 mM KH PO /K HPO , pH 7.5, 25 mM KCl, 1 mM DTT, 1
EDTA, 1 mM EG

TLCK, 50 µg/ml TPCK, 100 µg/ml PMSF 

mM DTT 

2 4 2 4

 

SF, 50 
µg/ml TLCK, 100 µg/ml TPCK 

Buffer C M 
EGTA 

Buffer D 2 4 2 4  mM DTT, 1 mM EDTA, 1 mM 

Buffer E 2 4 2 4 DTA, 1 

Buffer F 2 4 2 4  mM 
TA 

Buffer G 50 mM Tris-HCl, pH 7.9, 50 mM NaCl, 5 mM imidazole, 50 µg/ml 

Buffer H 20 mM Pipes, 100 mM NaCl, 0.1% CHAPS, 10% sucrose, and 10 

Phosphate Buffer 50 mM KH PO /K HPO , pH 7.2, 1 mM DTT 

Citrate Buffer  30 mM sodium citrate/citric acid, pH 4 to pH 6.5, 1 mM DTT 

Tris Buffer 30 mM Tris-HCl, pH 7 to pH 9, 1 mM DTT 
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Institute). 

 

Protein Purification 

ents, 

163S) and the pro-less variant were purified as C-terminal-(His)6-

tagged proteins from E. coli BL21(DE3) harboring the plasmid pHC33201 or pHC32901, 

respectively. The protocols for purification of ilar. Cells were 

grow ach fla

0.003% antifoam-C at 3

expr  induced  

cells ested 

bacte s were r

on ic rench

debr ifugati

was washed once with

The resulting supernatant was combined with the first. The proteins were fractionated 

between 30% and 80% ammonium sulfate, centrifuged at 22000g for 15 min, 

resuspended in buffer B (Table I) containing 5 mM imidazole, and dialyzed against the 

me buffer (2 × 80 volumes). The samples were then batch-bound for 2 min to His-bind 

resin (5 ml) equilibrated in buffer B (Table I) containing 5 mM imidazole, and the resin 

was loaded onto a column (2 cm diameter). The resin was washed and the protein was 

eluted using step gradients of imidazole (20, 40, 100, 150, 250, and 500 mM imidazole in 

buffer B, 50 ml per step). The fractions were analyzed by SDS-PAGE (4-20% gradient 

All steps were performed at 4 °C unless otherwise noted. In separate experim

human procaspase-3(C

 both proteins were sim

n in Fernb sks containing 1 L of LB media with 50 µg/ml ampicillin and 

0 °C. When the cultures reached an A600 of ~1.2, protein 

ession was  by the addition of IPTG to a final concentration of 0.1 mM. The

 were harv after ~16 h by centrifugation at 10000g for 15 min (GS-3 rotor). The 

rial pellet esuspended in buffer A (~10 ml/L of culture) (Table I) and lysed 

e using a F  pressure cell (16 000 psi). The supernatant was separated from cell 

is by centr on at 28000g for 30 min (SA-600 rotor). The pellet from this step 

 buffer A (5 ml/L of culture) (Table I) and centrifuged for 30 min. 

sa
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gels). For procaspase-3(C163S), the fractions containing the protein (150-250 mM 

idazole) were pooled, concentrated (YM10 membrane), and dialyzed first against 

 then against buffer D (Table I). For the pro-less variant, the 

frac  

 

in 

Cl (pro-

48

 

ed 

nction 

3, 

im

buffer C (Table I) and

tions from the His-bind resin containing the protein (100-250 mM imidazole) were

pooled, concentrated (YM10 membrane), and dialyzed first against buffer E (Table I) and

then buffer F (Table I), respectively (2 × 80 volumes for both buffers). In each case, the 

sample was applied to a DEAE-Sepharose column (4 cm × 18 cm) that had been 

equilibrated with buffer D (Table I). The proteins were eluted at a flow rate of 4 ml/m

with a linear gradient of 0-400 mM KCl (procaspase-3(C163S)) or 25-250 mM K

less variant). Each fraction was tested using a mini-Bradford assay , and the positive 

fractions were analyzed by SDS-PAGE (4-20% gradient gels). The fractions (75-125 mM 

KCl) containing procaspase-3(C163S) or the pro-less variant (100-150 mM KCl) were 

pooled, concentrated, and dialyzed overnight against buffer D (Table I) or buffer F (Table

I), respectively. The proteins were stored at -80 °C. The protein purity was greater than 

95% as assessed by SDS-PAGE.  

The concentrations of procaspase-3(C163S) and the pro-less variant were determin

using ε280 = 26 500 M-1 cm-1 and ε280 = 25 300 M-1 cm-1, respectively. The exti

coefficients were determined by the method of Edelhoch 49 and are in good agreement 

with that determined previously for procaspase-3 10. The concentrations shown here are 

those of the monomers.  

For active-site conformation experiments, proteins (procaspase-3(C163S), caspase-

procaspase-3(D3A), procaspase-3(C163A, W206Y), procaspase-3(C163A, W214V)),  

were purified as above with certain modifications. Cells were grown in LB media at 37 
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oC. After induction with 0.4 mM IPTG at A600 ~1.2, the temperature was lowered to

oC. The cells were harvested after 4 h (procaspase-3(D3A) and caspase-3) or 18 h (all

other proteins) of induction. Following lysis, the supernatant was separated from ce

debris by centrifugation at 28,000g (SA-600 rotor) for 30 minutes at 4 °C. The 

supernatant was batch-bound for 30 min to His-bind resin (15 ml) that had been pre-

equilibrated in buffer G (Table I).  The resin was washed four times with four volumes of

buffer G (Table I), then four times with four volumes of buffer G (Table I) contain

mM imidazole. After each wash, the resin was centrifuged for two minutes at 500g (SA-

600 rotor), and the supernatant was removed. The protein was eluted with buffer G (two 

times of two volumes each) (Table I) containing 500 mM imidazole, and the fractions 

were analyzed by SDS-PAGE. The proteins were further purified by DEAE-sepharose 

chromatography 22.  

The activities of mature caspase-3 and of procaspase-3(D3A) were determined as 

described 32 using the fluorescent substrate Ac-DEVD-AFC. Assays were performed in 

buffer H (Table I) at 25 ºC. The tot

 25 

 

ll 

 

ing 80 

al reaction volume was 200 µl, and the final 

con

ed 

centration of the enzymes was either 1 nM (caspase-3) or 10 nM (procaspase-

3(D3A)). Samples were excited at 400 nm, and the fluorescence emission was monitor

at 505 nm.  

 

Peptide synthesis 

The pro-domains of procaspase-3 and procaspase-1 were synthesized from University 

of North Carolina at Chapel Hill peptide synthesis laboratory. 
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Reagents 

Ampicillin, antifoam-C, bovine serum albumin, carbonic anhydrase, CHAPS, 

cytochrome c, DEAE-Sepharose, dansyl chloride, DMF, DMSO, EDTA, EGTA, 

glycerol, IPTG, kanamycin, nickel sulfate, PMSF, potassium phosphate (KH2PO

K2HPO4), citric acid, sodium citrate (dihydrate), dithiothreitol (DTT), Trizma base, 

bovine serum albumin, microcentrifuge tubes, PIPES, potassium iodide, acrylamide 

Sephacryl-S15, Sephacryl-S100, sodium bicarbonate, TLCK, TPCK and di-isopropyl 

fluorophosphate (DFP) were obtained from Sigma Chemicals (St. Louis, MO). Ultrapure

ammonium sulfate, guanidine hydrochloride and imidazole, were from ICN. Tryptone 

and yeast extract were from Difco. His-bind resin was from Novagen. Potassium chlori

and sucrose were from Mallinckrodt. Acetonitrile and HEPES were from Acros. Ultra-

pure urea was pu

4 and 

 

de 

sed from Nacalai Tesque Inc. (Kyoto, Japan). Sodium chloride and 

gly rom 

arin), 

hyl 

tock solutions 

tions (10 M) were prepared as described previously 50 in phosphate 

buf

 I). All solutions were 

prepared fresh for each experiment and were filtered (0.22 µm pore size) prior to use. The 

rcha

cine were from Fisher. α-cyano-4-hydroxycinnamic acid and sinapinic acid were f

Aldrich. V8 protease and trypsin were from Roche Biochemicals. Cesium chloride was 

from Harshaw. Ac-DEVD-AFC (acetyl-DEVD-7-amino-4-trifluoromethyl coum

Ac-DEVD-CHO ((acetyl-DEVD-aldehyde) and Z-VAD-FMK (Z-VAD-fluoromet

ketone) were purchased from Calbiochem. Ziptip pipette tips were from Millipore. 

 

S

 Urea stock solu

fer (Table I). For urea denaturation studies at different pH, urea stock solutions (10 M) 

were prepared in citrate buffer (Table I) and Tris buffer (Table

 28



urea concentration of each stock solution was calculated by weight (A) and by refractive 

ind

5 

 the 

urea in the beaker to give a desired molarity of buffer. Water was then added up to a 

pending on the specific gravity of the solution (for example, for 25 ml 

ex (B) 50, and solutions were used only if the two values were within ±1%.  

 

A. Calculation of molarity of urea by weight measurement 

It is practical to express density data in terms of specific gravity, i.e. as density 

relative to the density of water at the same temperature. Although both density and 

specific gravity are temperature-dependent, the variation in specific gravity is 

considerably less. 

 The following empirical equation describes determination of urea concentration at 2

°C. 

d/d0 = 1 + 0.2658W +  0.0330W2 

where, W is the weight fraction denaturant in the solution, d is the density of the solution 

and d0 is the density of water. Therefore, d/d0 is the specific gravity of the solution. d/d0 

has been found to be 1.103 for 10 M urea solution at 25 °C. This helps to determine the 

weight of water to be added. 

 The experiment was done as follows: Urea was weighed out in a beaker of known 

weight. Reagents for buffer were weighed out with a different balance and added to

certain weight de

solution, total weight of the solution will be 25*1.103). 
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B. Calculation of molarity of urea by refractive index measurement 

 The molarity of urea can be expressed in terms of refractive index of urea solution 

y the empirical equation as described below: 

5.56(∆N)3 

whe is is 

ffer 

eter. 

 unfolding experiments were performed as described previously 50; 51. 

Briefly, stock protein solutions were prepared in phosphate buffer to be ten times the 

 indicated in the figure legends. For renaturation 

 

 

 

rescence emission over time for a 

mple incubated in 4 M urea-containing phosphate buffer (Table I). The results from this 

experiment (data not shown) demonstrate that the sample equilibrated within 45 minutes 

at 25 °C as there was no further change in signal after this time. When the protein was 

b

M (urea) = 117.66(∆N) + 29.753(∆N)2 + 18

re, ∆N is the difference in refractive index between urea solution and buffer. Th

therefore the measure of the refractive index of urea. The refractive indices of the bu

solution as well as the urea solution in the buffer were measured in a refractom

 

Equilibrium unfolding studies 

 All equilibrium

final concentration used in the experiment. Phosphate buffer (Table I), urea from the 10 

M stock solution, and stock protein solutions were mixed in 2 ml siliconized 

microcentrifuge tubes to give final urea concentrations between 0 M and 8 M and the 

final protein concentrations as

experiments, the protein was incubated in 6 M urea-containing phosphate buffer (Table

I). After incubation for 1 hour at 25 °C, the protein was added to phosphate buffer (Table

I) and urea such that the final urea and protein concentrations were as indicated in the

figure legends. All samples were mixed by vortexing. In order to determine that the 

samples had reached equilibrium, we monitored the fluo

sa
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refolded by dilution from 8 M to 0.8 M urea, we observed several kinetic phases, 

alth ug

exp ximately 24 hours at 25 °C prior to 

data collection. T  to equilibrate. 

mission at 320 nm. All measurements were corrected for background signal. Circular 

red with a Jasco J600A spectropolarimeter using a 

ts 

at 

ts from 

ns 

 

o h folding was complete within several hours. For the equilibrium unfolding 

eriments, the samples were incubated for appro

his incubation time was sufficient to allow all samples

 Fluorescence emission at each denaturant concentration was measured using a PTI C-

61 spectrofluorometer (Photon Technology International). Time-based measurements 

were acquired at excitation wavelengths of 280 nm and 295 nm with fluorescence 

e

dichroism at 228 nm was measu

cuvette of 1 cm path length. The data were averaged for 30 seconds. Both instrumen

were equipped with thermostatted cell holders, and the temperature was held constant 

25 °C using a circulating water bath.  

  

Equilibrium unfolding studies at different pH 

  Procaspase-3(C163S) was dialyzed in citrate buffer (Table I) for experimen

pH 4 to pH 6.5 and Tris buffer (Table I) from pH 7 to pH 9. Protein stock solutions at 

different concentrations as well as solutions for unfolding and renaturation experiments 

in citrate and Tris buffer were prepared as described before. Fluorescence emission sca

were acquired for protein solutions at different urea concentrations at 280 and 295 nm

with emissions between 305-400 nm. Circular dichroism experiments were performed at 

228 nm as described previously. 
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Equilibrium unfolding studies of the pro-less variant with different concentratio

the pro-domain 

 All equilibrium unfolding experiments were performed as described previously 50; 5

Briefly, stock protein solutions were prepared in phosphate buffer (Table I) to be ten 

ns of 

1. 

m

d 

he 

ble 

folding experiments. After incubation for 1 hour 

 25 °C, the protein was added to phosphate buffer and urea such that the final urea and 

gure legends. All samples were mixed by 

a 

                                                                                

 

ti es the final concentration used in the experiment. Phosphate buffer (Table I), urea 

from the 10 M stock solution, and stock protein solutions were mixed in 2 ml siliconize

microcentrifuge tubes to give final urea concentrations between 0 M and 8 M and t

final protein concentrations as indicated in the figure legends. For renaturation 

experiments, the protein was incubated in 6 M urea-containing phosphate buffer (Ta

I). Peptide solutions (pro-domains of procaspase-1 or procaspase-3) were added at 

different concentrations (0 µM, 0.1 µM, 0.5 µM, 1 µM, 2 µM and 2.5 µM) before 

incubation for both renaturation and un

at

protein concentrations were as indicated in the fi

vortexing. For the equilibrium unfolding experiments, the samples were incubated for 

approximately 24 hours at 25 °C prior to data collection. This incubation time was 

sufficient to allow all samples to equilibrate. 

 Fluorescence emission scans were acquired at excitation of 280 nm with fluorescence 

emissions between 300-400 nm. Relative fluorescence at 320 nm was plotted versus ure

concentration. All measurements were corrected for background signal. 
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Active Site Titration of procaspase-3(D3A) 

Working solutions of tetrapeptide inhibitor Z-VAD-FMK were prepared in buffer H 

 

s of 

oC. 

 

 µl 

entrations 

f 

0.5, 1 

eaction 

d 

 

ne fifteenth of their concentration (w/w) of 

rozen at  -20 °C 

olyacrylamide gradient gels. In separate experiments, the reversible tetrapeptide 

aspase-3 inhibitor, Ac-DEVD-CHO (thrice the concentration of the protein) was 

(Table I) at 37 oC. Procaspase-3(D3A) stock solution (60 nM) was prepared in assay

buffer and incubated for 15 mins at 37 oC for activation 32. 20 µl of working solution

Z-VAD-FMK were added to 30 µl of enzyme solution and incubated for 30 min at 37 

Stock solution of the fluorometric substrate Ac-DEVD-AFC (69 µM) was prepared in

assay buffer. Reaction mixtures were prepared with inhibitor-enzyme solution and 130

of substrate solution. The total reaction volume was 180 µl, and the final conc

of the enzyme and substrate were 10 nM and 50 µM respectively. Working solutions o

the inhibitor were prepared such that the enzymes to inhibitor ratio were 0, 0.25, 

and 2. Several fluorescence time-based scans (100 seconds) were taken with the r

mixture having different inhibitor to enzyme ratio.  Fluorescence emission was measure

at 505 nm after excitation at 400 nm. Plot of the slopes of the initial velocity (v0) versus

ratio of the inhibitor to enzyme concentration was plotted.  

 

Limited Proteolysis with Trypsin 

Proteins (all 15 µM) were digested with o

trypsin in a buffer of 20 mM Tris-HCl, pH 7.2, 0.5 mM DTT at 25 °C. After trypsin was 

added, aliquots were withdrawn at prescribed time intervals, and reactions were inhibited 

by TLCK (thrice the concentration of trypsin (w/w)). The samples were f

until analyzed. Samples were analyzed by SDS-PAGE using either 4-25% or 10-25% 

p

c
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included. Protein fragment identification was done by MALDI-TOF mass spectrometry 

and

   

Kinetic analysis of the fragments was done using the ImageQuant software 

n of species relative to the full-length protein at time 

zero was plotted, and the data were fit to a double exponential equation for bands 1-4 and 

d 

 ±0.1 

 peptide sequencing as described below. 

 

Limited Proteolysis with V8 Protease 

 Proteins (all 15 µM) were digested with one fifteenth of their concentration (w/w) of 

V8 protease in a buffer of 20 mM Tris-HCl, 0.5 mM DTT (for experiments at pH 7.8 and 

7.2) or a buffer of 10 mM citrate, 0.5 mM DTT (for experiments at pH 6, 5 and 4), at 25 

°C. After the addition of protease, aliquots were withdrawn at prescribed time intervals, 

and the reactions were inhibited with DFP (thrice the concentration of V8 (w/w)).  

Samples were frozen at  -20 °C until analyzed. Samples were analyzed by SDS-PAGE 

using either 4-25% or 10-25% polyacrylamide gradient gels. In separate experiments, the 

irreversible tetrapeptide caspase-3 inhibitor Z-VAD-FMK (thrice the concentration of the 

protein) was included. Protein fragment identification was done by MALDI-TOF mass 

spectrometry and peptide sequencing, as described below.   

(Molecular Dynamics). The fractio

to a single exponential equation for 16 kDa, 8 kDa and 4 kDa bands.  

 

MALDI-TOF Mass Spectrometry 

Experiments were performed with a Bruker Proflex III instrument that is equipped 

with a nitrogen laser (λ = 337 nm, 3 ns pulse width), deflection capabilities, delaye

extraction and an extended flight tube. The mass accuracy for analyte molecules is
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% with external calibration. Matrices used for these experiments were saturated solutions

of sinapinic acid (3,5-dimethoxy-4-hydroxyc

 

innamic acid) or α-cyano-4-

ydroxycinnamic acid in acetonitrile, water and TFA (50:50:0.1 (v/v)). Calibration was 

 (17 kDa) and bovine serum albumin (66.5 kDa). 

Sam

Qu

ared from the 

stocks, and the quenching agent was added to the final concentrations as shown in the 

d incubated for 5 min following each addition of 

que

h

done with ubiquitin (8 kDa), myoglobin

ples from the limited proteolysis experiments were crystallized on a target plate with 

matrix solution (1:1). Desalting of the peptides was done with Ziptip pipette tips. 

Experiments were performed at 22-26 attenuation and 50 shots. Each experiment was 

repeated at least 5 times and the average data were collected.  

 

Peptide Sequencing 

The gels for trypsin and V8 protease digestions were transferred to PVDF membrane 

as described 52, and the first five amino-terminal amino acids were determined by Edman 

degradation (University of Nebraska, Protein Structure Core Facility). 

 

enching of Tryptophan Fluorescence Emission 

Stock protein solutions were dialyzed against a buffer of 50 mM potassium 

phosphate, pH 7.2, 1 mM DTT. Stock solutions of acrylamide, KI or CsCl (quenchers) 

were prepared in the same buffers. Protein solutions (1 µM) were prep

figures. The samples were stirred an

ncher, and the experiments were performed at 25 °C. Samples were excited at 295 

nm, and the fluorescence emission was examined from 300-400 nm. Fluorescence 

emission at 345 nm was used for data analysis. All data were corrected for background 
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signal. For pH-dependent quenching studies, the following buffers were used: 50 mM 

sodium citrate (pH 3-6.5), 50 mM potassium phosphate (pH 6.5-7.2), or 5

(pH 7.2-9). All buffers contained 1 mM DTT. 

 

Data Analysis 

 The fluorescence and circular dichroism studies were modeled using the four s

equilibrium model shown in equation 1.  

 

0 mM Tris-HCl 

tate 

 

 
   

ded monomeric 

state (U), and K1, K2, K3 are the equilibrium constants for the three steps, respectively. If 

peptide chains as PT, as shown in 

equ

2) 

 
                 

In this model, the protein is assumed to be either in the native homodimeric state (N2), a 

non-native dimeric state (I2), a non-native monomeric state (I), an unfol

 

we consider the total molar concentration of the poly

ation 2,  

                            PT = 2[N2] + 2[I2] + [I] + [U]                                                     (Eq. 

 

then the mole fraction of each species can be defined as shown in equations 3-6. 

 

T

2N2
=f                                                          (EqN P2

. 3) 

 

     N ⇄ I   ⇄  2I  ⇄  2U         (Eq. 1) 
 K1  K2  K3

2   2
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I P2
=f

T

2I2

 

                                                          (Eq. 4) 

                                             
T

I P
I

=f                                                             (Eq. 5) 

                              

TP
U                                  U =f                                                            (Eq. 6)                               

he sum of all fractions is equal to unity as shown in equation 7. 

      

 

T

 

1UIIN 22
=+++ ffff                                                          ( )

 

The equilibrium constants K1, K2 and K3 are related to the mole fraction of each species 

and to PT, as shown in equations 8-10. 

 

Eq. 7  

2

2If

N
1 f
=K                                                                (Eq. 8) 

 

2I

TI
2

P2
f
f

=K
2

                                                             (Eq. 9) 

 

I

U
3 f
f

=K                                                                (Eq. 10) 
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Equating equations 8, 9, 10, substituting in terms of fU, and rearranging yields equation 

1. 1

01U
3

U
2

32
2

321

=−+++ ff
KKKKKK

P2P2 T
2

UT
2

U ff
                                      (Eq. 11) 

 

By solving the q the frac

equations 12-15. 

 

uadratic equation 11, tion of each species is obtained, as shown in 

)1(P4
)()1(P8)1()1(

1T

2
3211T

2
3

2
3213321

U K
KKKKKKKKKKKK 22

+
+++++−

=f         (Eq. 12) 

 

 

3

Uf
I K
f =                                                                      (Eq. 13) 

 

2

T
2

I
I

P2
2 K

ff =   

 

                                                              (Eq. 14) 

1

I
N

2

2 K
f

f  =                                                           (Eq. 15)            

 

From equations 12-15 and the relationship 
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)(ln eqKRTG −=∆                                                        (Eq. 16) 

 

where R is the gas constant and T is the temperature in Ke

equilibrium constant and the values of ∆G at each urea concentration. We assume the free 

energy change for each step in the reaction to be linearly dependent on denaturant 

concentration as described earlier  (Equations 17-19). 

 

                                              (Eq. 17) 

                                               (Eq. 18) 

 

                                               (Eq. 19) 

 

here , , and are the free energy changes in the absence of 

denaturant corresponding to K1, K2 and K

cooperativity indices associated with each step. The amplitude of the spectroscopic signal 

determined at each urea concentration is assumed to be a linear combination of the 

fractional contribution from each spec

 

lvin, one may calculate the 

53

t][denaturanm1
OH

11
2 −∆=∆ GG

 

t][denaturanm2
OH

22
2 −∆=∆ GG

]denaturant[m3
OH

33
2 −∆=∆ GG

 OH
1

2G∆ OH
2

2G∆ OH
3

2G∆w

3, respectively, and m1, m2 and m3 are the 

ies (equation 20), 

UUIIIINN 2222
ffff YYYYY +++=                                                  (Eq. 20) 
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where, , , , and  are the amplitudes of the signals for the respective species.  

 In order to determine the unknown paramet 1 2

m3, the ten data sets shown in Figures 15 and 16 were fit sim

T. 

The following values were determined from ission (280 nm 

excitation), =0.78 and =-0.16. For circular dichroism =0.85 and 

=0.3. For fluorescence emission (295 nm excitation), =0.08. The 

amplitudes associated with the native form of the protein were assumed to be linearly 

dependent on urea concentration, as shown in equation 21 

 

                                                            (Eq. 21) 

 

where is the amplitude of the signal in the absence of urea for the native species. This 

correction to the pre-transition baselines (equation 21) had little effect on the free energy 

or m-values determined from the fits. For example, when m4 was set to zero, 

varied from 8.3 kcal/mol to 7.5 kcal/mol, and m  varied from 2.8 kcal/m

 and 

igures 15 and 16 as he 

alues rted in the text reflect the pre-transition baseline corrections. Due to the lack 

ber of data points in the post-tra

made to the post-transition baselines, and the values of  were set to zero, in agreement 

 
2NY

2IY IY UY

ers OH2G∆ , OH2G∆ , OH2G∆ , m , m , and 1

I

 the fits. For fluorescence em

2IY

2

u

 at 228 nm

=1.13 and 

3

ltaneously using Igor Pro.  

, 
2IY

IY

2I

2IY IY

IY

For each spectroscopic signal, the values for Y and Y  did not vary with changes in P

]urea[m4NN '
22
+= YY

'
2N

Y

 repo

of a sufficient num

OH2G∆  

ol/M to 2.65 

OH2

well as t

 UY

1

1

kcal/mol/M. The remaining parameters were unchanged. These variations in 1G∆

m1 are within the experimental error. The fits shown in F

v

nsition regions, no corrections were 
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with the rm iz  exper ental data shown in the Figures 15 and 16. The values of PT  no al ed im

  

 For equilibrium studies at different pH, average emission wavelength was determined 

for each fluorescence emission scans 54 using equation 22, 

                                         

were not allowed to vary during the fitting process.

                                     ∑∑
==

>=
i

i
i

ii II
11

)()( λλ                                        (Eq. 2

ere <λ> is the average emission wavelength, and Ii is the fluorescence emission a

wavelength λi.   

 Data were fitted to the four-state model as described ab

<
NN

    2) 

wh t 

ove from pH 8.5 to pH 4.75. 

ata for pH 4.5 and 4.2 were fitted to a three-state monomer55 (as shown in equation 23). 

 

K1      K2 

                                                          N ⇄ I ⇄ U                                              (Eq. 23) 
 

In this model, the protein is assumed to be either in the native monomeric state (N), a 

non-native monomeric intermediate state (I), an unfolded monomeric state (U), and K1 

and K2 are the equilibrium constants for the two steps, respectively.  

                                                             N ⇄ U                                                         (Eq. 24) 

r 

process.  

D

 Data for pH 4 were fitted to a two-state monomer 56 (as shown in equation 24).    

     

                                                                   K                                                          

 

In this model, the protein is assumed to be either in the native monomeric state (N) o

in an unfolded monomeric state (U), and K is the equilibrium constant for the unfolding 
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Global fit of the data with Igor Pro 

Data for equilibrium unfolding studies at different pH were fit globally with Igor Pro.  

t H. They are , m1, 

2, 3. itial guesses for YU’, , YI’

 

for four-state model is shown in Figure 8. 

Data for pH 4.5 and 4.2 were also fit globally with the three-state monomer model 

described above. The global parameters for these two parameters were , m1, 

U’ were held constant. The procedure file for three-state model is shown in Figure 9. 

For data at pH 4, global fit was applie  and m1. None of the parameters 

were held during the fitting process. The procedure file for the fit is shown in Figure 10. 

 

-Volmer equation, 

For quenching by iodide, the percent quenching (∆F/F0)*100 was plotted versus the 

0 SV a[ ] SV[ ]

where, ∆F is the change in fluorescence emission at each concentration of quencher (KI),   

For data between 8.5 and 4.75, six parameters were fit globally such that their values 

would be same for different concentra ions at a particular p  OH
1

2G∆

 were held constant for each pH 2  3 'I2
YOH2G∆ , m OH2G∆ and m In

so that during the fitting process those values would remain constant. The procedure file

OH2G∆

OH2

1

2G∆ and m2. For pH 4.5, YN’ was held constant, while, for pH 4.2, both YN’ as well as 

Y

d to G∆ OH
1

2

Fits to the fluorescence quenching data  

For acrylamide and CsCl quenching, the data were fit to the Stern

accounting for static and dynamic quenching 57.  

concentration of KI, and the data were fit to equation 25: 

 

                     (∆F/F )*100 = (100* K f Q )/(1 + K Q )                                (Eq. 25) 
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 Variable K1= ( 987*
 Variable K2= 7*
 Variable K3=EXP(-((w[4]+w[5]*x)/(0.001987*298))) 

(K1*K2*K3+K1*K2*K3^2)+sqrt((K1*K2*K3+K1*K2*K3^2)^2+8*K1*K2*K3^2*w[6

 Variable Fi=Fu/K3 
 
 Variable Fd=Fb/K1 

 Variable Yu=w[9]+w[10]*x 
 Var
  

  
 
End
 

igure 8. Procedure file for four-state equilibrium unfolding model of procaspase-

, 1,  is , w[3] is m2, w[4] is , w[5] 

is m3, w[6] is PT , w[8] is m4, w[9] is , w[10] is m5, w[11] is , w[12] is 

m6, w[13] is YI’, w[14] is m7. Fd, Fb, Fi and Fd represent fractions of native, dimeric 

intermediate, monomeric intermediate and the unfolded species respectively.  Yb and Yu 

represent amplitude of the native and the unfolded species respectively. All parameters 

have been described earlier. 

 

 

Wave w 

 Variable x 

EXP(-( w[0]+w[1]*x)/(0.001 298))) 
EXP(-((w[2]+w[3]*x)/(0.00198 298))) 

 Variable Fu=(-

]*(1+K1)))/(4*w[6]*(1+K1)) 

Variable Fb=(2*Fi^2*w[6])/K2 

 Variable Yd=w[7]+w[8]*x 

iable y=Yd*Fd+(w[11]+w[12]*x)*Fb+(w[13]+w[14]*x)*Fi+Yu*Fu 

 Return  y 

 
 

 

F
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Wave w 

able x 

1+K1+K1*K2) 

+K1+K1*K2) 
]*x 

]+w[9]*x)*Fi+Yu*Fu 

 

e 9. Procedure file for three-state monomer model of procaspase-3(C163S).  w[4] is 

N’, w[5] is m3, w[6] is YU’, w[7] is m4, w[8] is YI’, w[9] is m5. Fu is the fraction of the 

  
 Vari
  
 Variable K1=EXP(-((w[0]+w[1]*x)/(0.001987*298))) 
 Variable K2=EXP(-((w[2]+w[3]*x)/(0.001987*298))) 
 Variable Fb=1/(
 Variable Fi=K1/(1+K1+K1*K2) 
 Variable Fu=(K1*K2)/(1
 Variable Yb=w[4]+w[5
 Variable Yu=w[6]+w[7]*x 
 Variable y=Yb*Fb+(w[8
  
 Return  y 
  
 End
 
 

Figur

Y

unfolded species. The other parameters are as described earlier. 
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Wave w 
  
 Variable x 
  
 Variable K=EXP(-((w[0]-w[1]*x)/(0.001987*298))) 
 Variable Fu=K/(1+K) 
 Variable Fb=1-Fu 
 Variable Yb=w[2]+w[3]*x 
 Variable Yu=w[4]+w[5]*x 
 Variable y=Yb*Fb+Yu*Fu 
  
 Return  y 
 
 

Figure 10. Procedure file for two-state monomer model of procaspase-3(C163S).  w[2] is 

N’, w[3] is m2, w[4] is YU’ , w[5] is m3. The other parameters have been defined earlier. Y
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F0 is the fluorescence intensity of the protein in absence of quencher, KSV is the Stern-

olmer constant, [Q] is the quencher concentration and fa is the fraction of the initial 

uorescence emission that is accessible to the quencher. 

Stern-Volmer constants (KSV), determined from the fits described by equation 25, 

 pH range of 2.5 to 9, were plotted versus pH. The data were fit to equation 26: 

V

fl

The 

over the

 

([ )( 11 1110* /pKapHnKAK − +∆+= )] ( )[ ])()()( 2222

2

11 10110*0 / pKapHnpKapHn
SV

pKapHn K −−− +∆+
1SVSV

 (Eq. 26) 

where, KSV is the Stern-Volmer constant, A is the value of KSV at the lowest pH, 

nd  represent the changes in the Stern-Volmer constant for each transition, and 

2

 

1SVK∆  

n1  
2SVK∆

1 2

a

n  are the number of protons titrated in each transition, and pKa and pKa  are the 

apparent pK’s of the transitions. 
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Derivation of the modified form of Stern-Volmer Equation  
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where, ‘F0’ and ‘F’ are fluorescence without and with the quencher respectively. ‘a’ and 

’ are two populations of tryptophan that are not equally accessible to the quencher. ‘fa’ 

is fraction of species ‘a’. [Q] is the quencher concentration. ‘Ka’ and ‘Kb’ are quenching 

constants for the two species. 

 

‘b
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Derivation of equation for percent quenching 
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KSV is the Stern Volmer constant. Since, the data were not improved using two tryptophan 

populations, percent quenching was determined using single tryptophan  population. 
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RESULTS   

 

I. Characterization of active site conformation of procaspase-3 

Nicholson and coworkers 30 demonstrated that procaspase-3 is catalytically competent 

by using an active site probe that required catalytic turnover to covalently modify the 

active site cysteinyl residue. While the catalytic parameters were not described, they 

concluded that procaspase-3 contains sufficient activity to carry out autolytic cleavage. 

To examine the catalytic parameters of procaspase-3, our lab generated a mutant in which 

the three aspartate residues that are cleaved during processing were mutated to alanine 

(D9A,D28A,D175A). This mutant, called procaspase-3(D3A), is comparable to the 

D9E,D28E,D175E triple mutant and the D28A,D175A double mutant described by 

Nicholson and coworkers 30, who showed that the mutations prevented autoprocessing. 

The active-site catalytic residues (C163 and H121) were kept intact, thus generating an 

uncleavable procaspase-3 with the active-site cysteine unchanged.  

 The activity of procaspase-3(D3A) was measured by our lab and the results were 

compared with mature caspase-3. The data demonstrate that procaspase-3(D3A) binds the 

tetrapeptide substrate and is catalytically active, although the activity is much lower than 

that of the mature caspase-3. The steady-state parameters, Km and kcat, were calculated 

and the results show that the values of Km are comparable in the two proteins, 2.2 ± 0.5 

µM for caspase-3 and 3.5 ± 0.8 µM for procaspase-3(D3A).  The catalytic efficiency, kcat, 

for procaspase-3(D3A) is about 130 fold lower than that of the mature caspase-3. Overall, 

the specificity constant (kcat/Km) is ~200 fold lower in the procaspase compared to the 

mature caspase-3. It has been shown that both active sites in the caspase-3 heterotetramer 
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are catalytically active 32. We find that this is also true for procaspase-3(D3A) (data not 

own). sh

Limited Trypsin Proteolysis. We examined the conformation of procaspase-3 and of 

cas

). 

 

d 

wed 

 amino acids of these 

frag ge 

pase-3 by limited trypsin proteolysis. A time-course analysis of the procaspase-

3(C163S) digestion with trypsin showed several discrete cleavages (Figure 11, panel A

Also, minor contaminants of ~24 kDa and ~15 kDa were observed in the stock protein

(time zero in Figures 11A and Figure 12A) for procaspase-3(C163S). Our laboratory 

shows that there was no reaction of these bands with a caspase-3 antibody raised against 

the large subunit, demonstrating that the proteins were from E. coli rather than processe

procaspase-3(C163S) (data not shown). 

We analyzed the digests by MALDI-TOF mass spectrometry, and the results sho

protein fragments of 25 kDa, 16 kDa, 9.5 kDa and 4 kDa, consistent with the bands 

observed by SDS-PAGE. Representative figures are shown in Figure 11, panel B (full 

length protein) and panel C (tryptic fragments). The N-terminal five

ments were sequenced, and this allowed an unambiguous assignment of the cleava

sites in the protein. The results show that the protein is cleaved at K57/R64 to generate 

the 25 and 4 kDa fragments. Cleavage of the 25 kDa fragment at R207 generates the 16 

kDa and 9.5 kDa fragments.  

Two of the three residues are found in the active site. Both K57 and R64 reside in 

loop L1, where R64 forms part of the S1 binding pocket. R207 is in loop L3 and makes 

contacts in both the S1 and S3 binding sites. We consider the cleavages at K57 and R64 
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Figure 11. Panel A. Trypsin digestion of procaspase-3(C163S) at pH 7.2. The 32 kDa 

band represents the full-length procaspase-3(C163S), whereas the 25 kDa, 16 kDa, 9.5 

kDa and 4 kDa bands are the cleavage products as described in the text. Known amount 

of BSA was added to the gel for normalization.
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metric analysis of procaspase-3(C163S). 

The ~32 kDa band represents full-length protein (monomer), while the 16 kDa and ~65 

kDa peaks represent doubly ionized and dimeric species respectively.
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Figure 11. Panel B.  MALDI-TOF mass spectro
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Figure 11. Panel C.  MALDI-TOF mass spectrometric analysis of tryptic fragments 

(overnight digestion) of procaspase-3(C163S).  The 4 kDa band is as described in the 

text. 
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to be equivalent. Under these conditions, the cleavages at K57/R64 occur with t½ < 2 

inutes, while the cleavage at R207 occurs with t½ ~ 75 minutes. In the presence of 

hibitor (Figure 11, panel D), only R207 is protected from cleavage by trypsin. 

One interpretation of the results shown in Figure 11A is that R207, on loop L3, is less 

ccessible to trypsin than are K57 and R64 on loop L1. However, it is possible that 

anking residues and local structures may affect cleavage efficiency. Le Bonniec and 

oworkers 58 addressed this issue by examining the specificity of several proteases. They 

oncluded that trypsin was the most efficient but least selective protease when compared 

 factor Xa and to thrombin. Of the five sites on the substrate (P3-P3’, excluding P1), the 

1’ site exhibited the highest selectivity index for trypsin, although the value of 80 was 

gnificantly lower than that of thrombin. Based on the values published by Le Bonniec 

nd coworkers, one can estimate that there is little difference in selectivity between the 

anking sequences of K57 (FHK(57)STG), R64 (TSR(64)SGT) and R207 

WR(207)NSK). The predicted selectivity would differ by at most a factor of three 

etween R207 and K57/R64. This difference is not sufficient to account for the factor of 

40 in t½ . Thus, we suggest that the slower cleavage of R207 by trypsin demonstrates 

e 

subunit (17 kDa) and the small subunit (12 kDa) are cleaved rapidly by the 

protease. In caspase-3, cleavage at K57/R64 in the large subunit gives a doublet at ~12 

kDa and a band of 3.3 kDa (S29-K57). The small subunit is cleaved at R207, giving rise 

to 9.5 kDa (N208-H285) and 3.6 kDa (S176-R207) bands. Note that the 3.6 kDa and 3.3  

m

in

a

fl

c

c

to

P

si

a

fl

(S

b

>

that the residue is less accessible than are K57 and R64. 

The limited trypsin digests of caspase-3 (Figure 11, panel E) also show that both th

large 
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Figure 11. Panel D. Trypsin digestion of procaspase-3(C163S) at pH 7.2 in presence of 

tetrapeptide inhibitor Ac-DEVD-CHO (3 times its concentration). The 32 kDa band 

represents the full-length procaspase-3(C163S), whereas the 25 kDa, 16 kDa, 9.5 kDa 

and 4 kDa bands are the cleavage products as described in the text.  Known amount of 

BSA was added to the gel for normalization. 
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kDa bands are not visible in the gel shown in Figure 11E although they are readily 

bserved by MALDI-TOF (data not shown).  

In the mature caspase-3, the cleavage at R207 was significantly faster (t½ < 2 

inutes) when compared to that of procaspase-3 (t½ ~ 75 minutes), suggesting that the 

site becomes more accessible to the protease upon maturation of the procaspase. The rate 

of cleavage at K57/R64 remained fast in the mature caspase (t½ < 2 minutes). 

Experiments using less trypsin suggest that the cleavages occur about ten fold faster in 

caspase-3 when compared to the procaspase (Figure 11, panel F). As with the procaspase, 

R207 was protected in the presence of inhibitor (Figure 11, panel G).    

Overall, the data suggest that processing of the zymogen results in a more open active site 

conformation in the mature caspase that allows greater access to trypsin. 

Limited Proteolysis with V8 Protease

o

m

. We examined the conformation of procaspase-

3 and of caspase-3 by limited V8 proteolysis, which cleaves C-terminal to glutamate and 

aspartate residues. The time-course analysis of V8 digestion of procaspase-3(C163S) at 

pH 7 is shown in Figure 12, panel A and demonstrates four closely spaced bands between 

~27 and 32 kDa. These fragments are referred to as band 1 through 4, with band 1 being 

the full-length protein. These fragments were further cleaved into fragments of 16 kDa, 

8.5 kDa and 4 kDa. 

As with the trypsin studies described above, we used MALDI-TOF mass 

spectrometry and N-terminal sequencing to unambiguously assign the cleavages to 

residues D9, E25, E98, E106, E173, D190, E248 and D253. Representative figure for 

MALDI-TOF mass spectrometry is shown in Figure 12, panel B. The first cleavage 

occurs at E248 and D253, resulting in two fragments of ~29 kDa and 4 kDa. The larger  
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Figure 11. Panel E.  Trypsin digestion of mature caspase-3 at pH 7.2. The 17 kDa and 

the 12 kDa bands represent the large and small subunits, respectively. The 9.5 kDa band 

represents the cleavage product as described in the text. Known amount of BSA was 

added to the gel for normalization.  
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Figure 11. Panel F. Trypsin digestion of mature caspase-3 at pH 7.2 (1/10th trypsin 

concentration as used for gel described in figure 1E). The 17 kDa band and the doublet at

12 kDa represent the large subunit, small subunit and the cleaved large subunit 

respectively. The 9.5 kDa band repre

 

sents the cleavage product as described in the text. 

Known amount of BSA was added to the gel for normalization. 
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Figure 11. Panel G. Trypsin digestion of mature caspase-3 at pH 7.2 in presence of i

tetrapeptide inhibitor Ac-DEVD-CHO. The 17 kDa band and the doublet at 12 kDa 

represent the large subunit, small subunit and the cleaved large subunit respectiv

9.5 kDa band represents the cleavage product as described in the text. Known amount of

BSA was added to the gel for normalization. 
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Figure 12. Panel A. V8 protease (Endo-Glu C) digests of procaspase-3(C163S) at pH 7. 

Band 1: full-length procaspase-3(C163S), Band 2: cleavage at D248/E253, Band 3: 

cleavage at D9, Band 4: cleavage at E25, 16 kDa, 8 kDa: cleavage at D190, E98, E106, 

4 kDa: cleavage at D248/E253. 
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Figure 12. Panel B. MALDI-TOF mass spectrometric analysis of V8 protease digests 

(overnight) of procaspase-3(C163S). The 16 kDa and 8 kDa peaks represent the 

fragments as described in the text. 
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band is referred to as band 2, and band 2 is further cleaved at D9 and then at E25, both of 

hich are in the pro-domain, to give bands 3 and 4, respectively. Band 4 is then cleaved 

multaneously at positions 98/106 and 173/190, giving rise to a mixture of ~16 kDa and 

8.5 kDa bands. The presence of inhibitor did not result in significant protection of the 

eavage sites (data not shown). 

For mature caspase-3, the results of limited V8 proteolysis are shown in Figure 12, 

anel C. Overall, the same cleavages occur as for the procaspase, with the exceptions 

oted below. Im , no new cleavage s  upon zymogen processing. The 

sults demonstrate three major bands (Figure 12 C). The large subunit (17 kDa) is 

imme e C-terminus, possibly at E173 (removing two residues) or at D169 

emoving six residues) or at E167 (removing eight residues). This produces a doublet 

leaved at E272, which removes the his-tag at the C-terminus, producing a doublet 

onsisting of two fragments of ~12 kDa. The small subunit is cleaved further at 

248/D253, resulting in an ~8 kDa fragment. The 4 kDa fragment is observed only in the 

vernight digests becau ge in two ~2 ments. Both of 

ese fragments are observed by MALDI-TOF. Interestingly, the cleavages at E98 and 

E106 and at D190 are not observed in caspase-3.  

The results of the limited proteolysis studies (trypsin and V8) are shown in Figure 12, 

panel D. The data are mapped onto the structure of mature caspase-3 to show the 

positions of the residues that are cleaved. As shown in this figure, E248 and D253 reside 

in loop L4, whereas E173 and D190 are in loops L2 and L2’, respectively. Residues E98 

and E106 reside on the surface of the protein, away from the active site. In caspase-3 19, 

w

si

~

cl

p

n portantly ites appear

re

tr d at th

(r

c

c

E

o se cleava  at E272 results kDa frag

th
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Figure 12. Panel C. V8 protease digests of mature caspase-3 at pH 7. 17 kDa band 

region shows a doublet for the full-length and trimmed large subunit. Bands at 12 kDa 

show the small subunit and the small subunit with cleaved his-tag. The 8 kDa band is due 

to the cleavage of small subunit at E248/D253.  
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) are 

y V8 protease. The prime indicates 

sidues from the second heterodimer. Note that the inhibitor has been removed and only 

half of the protein is labeled for clarity. 
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Figure 12. Panel D. Trypsin and V8 protease cleavage sites of procaspase-3(C163S

mapped onto the caspase-3 structure. The structure was generated using the program 

PyMOL (Delano Scientific, CA). The cleavages at K57, R64 and R207 are by trypsin and 

E98, E106, E173, D190, E248, D253, E272 are b

re
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consisting of the full-length and trimmed large subunits. The small subunit (12 kDa) is 

106 is observed to interact with R86, which resides on β-strand 2. This strand is the 

utside-most strand in the β-sheet, the edge of which is exposed to solvent. These results 

suggest that the salt bridge between R86 and E106 is not formed in the procaspase. 

Residue D190 is C-terminal to the blocking segment (K186-V189) described above, so it 

is worth noting the changes at this site. Residue D190 is not cleaved in caspase-3, 

suggesting that the exposed L2’ loop in procaspase-3 becomes less accessible for 

cleavage after zymogen processing. In caspase-3, D190 is within 3.3 Å of K137, on helix 

3, whereas the distance is about 7.4 Å between D190 and K137 in procaspase-7. Overall, 

the data are consistent with movements in loop L2’ upon maturation. 

One of the advantages of V8 protease is that it is active over a broad pH range, with 

maximum activities around pH 4.0 and 7.8 59. The activity varies only about 1.5-fold over 

this pH range. This allowed us to examine the cleavage of procaspase-3(C163S) and of 

caspase-3 between pH 8 and 4. These experiments were undertaken for two reasons. 

irst, in the two structural studies 18; 28 the crystals were grown at pH 5.6 or pH 5.8. 

Second, Nicholson and coworkers 30 showed that the rate of autoactivation was pH-

dependent, with a maximum rate obtained at pH~5.5. The results for procaspase-

3(C163S) are shown in Figures 12, panels E-H for pH 8, 6, 5 and 4 respectively. With 

respect to the four closely spaced bands (bands 1-4) of procaspase-3, the rates of the 

cleavages increased with a decrease in pH from 7 to 5. The rates of disappearance of 

bands 1-4 increased about 20-fold from pH 7 to 5. This suggests greater accessibility to 

the protease at E248/D253, D9, and E25. We have shown previously that the pro-domain 

of procaspase-3 binds to the protease domain at site(s) away from the active site,  

E

o

F
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although the binding site(s) has not been identified 22. The data presented here suggest 

that the binding is pH-dependent. That is, the pro-domain may be unbound and more 

solvent-exposed at lower pH, which allows faster cleavage by V8 protease. In addition, 

the data suggest a conformational change in loop L4 (E248/D253) at pH 5 that resul

faster cleavage by the protease. As described below, this correlates with a change in the 

environments of the tryptophanyl residues in the active site. 

Between pH 8 and 5, the cleavage of band 4 to generate the 16 kDa and 8 kDa 

occurred at approximately the same rate. This suggests that the accessibility to V8 

protease of the E98/E106 and E173/D190 sites does not change significantly over this pH 

range.  

ts in 

bands 

 

 

goes 

ere 

data 

A second significant change occurred between pH 5 and 4, where at pH 4 the protein

was more resistant to digestion. Over the time course of the experiment, we observed 

only band 1 and band 2, that is, cleavage at E248/D253. The data show that there was no

cleavage in the pro-domain (D9 or E25), nor were there cleavages at E98/E106 or 

E173/D190. The results suggest that with the exception of loop L4, the protein under

a conformational change between pH 5 and 4 that results in a protection of the remaining 

sites of proteolysis.  

 In our experiments, the proteins were cleaved as described above for pH 7 (Figure 

12A), and the intensities of the bands were quantitated at each time point. The data w

then normalized relative to that of the full-length protein at time zero. Representative 

for pH 7 are shown in Figure 12, panel I for the seven major species, bands 1-4, 16 kDa, 

8 kDa, and 4 kDa fragments. The data for bands 1-4 were fit to a double exponential  
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Figure 12. Panel E. V8 protease (Endo-Glu C) digests of procaspase-3(C163S) at pH 8. 

The bands are as described earlier. 
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igure 12. Panel F. V8 protease (Endo-Glu C) digests of procaspase-3(C163S) at pH 6. 
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The bands are as described earlier. 
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Figure 12. Panel G. V8 protease (Endo-Glu C) digests of procaspase-3(C163S) at pH 5. 

The bands are as described earlier. 
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igure 12. Panel H. V8 protease (Endo-Glu C) digests of procaspase-3(C163S) at pH 4. 

he bands 1 and 2 and 4 kDa bands are as described earlier.  
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igure 12. Panel I. Fraction of species versus time for procaspase-3(C163S) at pH 7. The 

bands are shown as follows: band 1 (●), band 2 (■), band 3 ( ), band 4 (▲), 16 kDa 

band ( ), 8 kDa band ( ), 4 kDa band ( ). Solid lines represent fits of the data as 

described under Materials and Methods. Bands 1-4 were fitted to a double exponential 

equation while the 16 kDa, 8 kDa and 4 kDa bands were fitted to a single exponential 

equation. 
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equation and for 16 kDa, 8 kDa, and 4 kDa fragments to a single exponential equation in 

rder to obtain kobs, the apparent rate of change for each species. These rates were then 

lotted versus pH, and the results are shown in Figure 12, panel J. While this analysis 

llows us to summarize a large amount of data, we consider this to be a qualitative rather 

than a quantitative description of the results. 

In comparison with procaspase-3(C163S), the mature caspase-3 was cleaved faster at 

the E248/D253 sites at pH 4 compared to the cleavage rates at higher pH (Figure 12, 

panel K). For example, cleavage at E248/D253 occurred with t½ ~3 hours at pH 4 versus 

t½ >8 hours at pH 7, so that at pH 4 the 12 kDa small subunit disappeared in the 

overnight samples. This can be compared to the data in Figure 12 C, which show that the 

small subunit persists after overnight digestion. In contrast to the data at pH 7, there was 

less cleavage at E272, which eliminated the ~12 kDa doublet and resulted in the 

appearance of the 4 kDa fragment in the early time points. Overall, the data show that for 

both the procaspase and the mature caspase, cleavage at E248/D253 occurs faster at 

lower pH compared to pH 7. This is consistent with a pH-dependent conformational 

change in loop L4.  

Fluorescence Quenching

o

p

a

. Each monomer of the procaspase-3 dimer contains two 

yptophanyl residues, W206 and W214, both of which are in the active site. According tr

to the structures of procaspase-7, W206, in loop L3, is completely solvent exposed (see 

Figure 4). Upon maturation, loop L3 moves into the active site such that W206 stacks 

onto W214, a movement of about 10 Å. 
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Figure 12. Panel J. Plot of kobs versus pH for the procaspase-3(C163S) fragments. The 

bands are shown as follows: band 1 (●), band 2 (■), band 3 ( ), band 4 (▲), 16 kDa 

band ( ), 8 kDa band ( ), 4 kDa band ( ). The rates of disappearance (kobs) of the 

bands 1-4 and the rates of formation (kobs) of the 16 kDa, 8 kDa and 4 kDa bands from 

the fits were plotted against pH. The points are joined by solid lines. 
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igure 12. Panel K. V8 protease digests of mature caspase-3 at pH 4. The bands are as 
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described in figure 12C. The 4 kDa band is due to the cleavage of the small subunit at 

E248/D253 giving rise to the 8 kDa and 4 kDa fragments. Known amount of BSA was

added to the gel for normalization. 
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We examined the fluorescence emission of two mutants of procaspase-3 in which the 

yptophans were replaced to generate W206Y or W214V. Both mutants were in the 

ontext of an active site mutation, C163A. The results are shown in Figure 13, panel A. 

verall, there was a decrease in fluorescence emission for both mutants, but surprisingly, 

the fluorescence emissions were blue-shifted compared to that of procaspase-3(C163S). 

The wavelength maximum for caspase-3, procaspase-3(C163S), procaspase-

3(C163A,W206Y) and procaspase-3(C163A,W214V) are 342 nm, 340 nm, 337 nm and 

335 nm, respectively. The results are unexpected because the structure of procaspase-7 

predicts that procaspase-3(C163A,W214V) would have a red-shifted fluorescence 

emission compared to the wild-type procaspase if loop L3, containing W206, were 

unraveled and solvent exposed.  

The fluorescence emission of procaspase-3(C163S) and of procaspase-3(D3A) in the 

presence or absence of inhibitor, were similar (data not shown).  If binding of inhibitor 

induced W206, on loop L3, to move 10 Å to stack on W214, then the movement should 

be reflected by a change in fluorescence emission. These results suggest that the 

environments of the tryptophans change little upon inhibitor binding. In Figure 11C we 

noted the protection of R207 from trypsin proteolysis in the presence of inhibitor. The 

results suggested either that loop 3 was inserted into the active site before inhibitor 

binding, and hence R207 was protected, or that the binding of inhibitor facilitated the 

correct conformation of loop L3. These results suggest that the binding of inhibitor does 

ot facilitate movement of loop L3, but rather the loop is inserted into the active site in 

e apo-procaspase. 

tr

c

O

n

th
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Because of these results, we examined the accessibility of the tryptophans to 

quenching by potassium iodide, and the experiments were performed over the pH ran

of 9 to 3. Representative data for procaspase-3(C163S), caspase-3, procaspase-3(C163A,

W206Y) and procaspase-3(C163A, W214V) are shown in Figure 13, panels B, C, D, E 

respectively. The data at each pH were fit to equation 26, as described in Methods, to 

determine the Stern-Volmer quenching constant, KSV. The constants were plo

pH, and the results are shown in (Figure 13F, upper panel) for procaspase-3(C163S), 

caspase-3, procaspase-3(C163A, W206Y) and procaspase-3(C163A, W214V). For all 

proteins at pH>8, values for KSV are ~3-8. Both caspase-3 and procaspase-3 demons

two transitions, although one transition results in the opposite effect for the proteins

example, between pH 9 and 6, KSV

ge 

 

tted versus 

trate 

. For 

 increases to ~13 for procaspase-3, whereas it 

dec  

 All four 

o 

 

. The pKa’s for procaspase-3(C163A,W206Y) and procaspase- 

 
 

reases from ~8 to ~6 for caspase-3. Although the transition is small for caspase-3, it is

reproducible. The transition results in an increased accessibility to iodide in the case of 

procaspase-3 and a decrease in iodide accessibility for the mature caspase-3. In contrast 

to these two proteins, the two tryptophan mutants demonstrate a single transition.

proteins show a cooperative increase in KSV between pH 6 and 3, with the final values 

between ~18 and 25.  

The data shown in Figure 13F were fit to equation 24, as described in Methods, t

determine the apparent pK’s for the transitions. In the case of the tryptophan mutants, a

modified form of equation 3 was used to account for the single transition. For the first 

transition, the pKa’s for procaspase-3(C163S) and mature caspase-3 were 4.1±0.3 and 

4.0±0.2, respectively
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Fig  

Samples were excited at 295 nm and emission was monitored between 305-400 nm. 
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ure 13. Panel A. Fluorescence emission scans of procaspase-3(C163S) (●), mature

caspase-3 (■), procaspase-3(C163A,W206Y) (▲), procaspase-3(C163A,W214V) (♦). 
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equation 25 as described in Materials and Methods. The data were fit to equation 26 of 

Materials and Methods. 
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Figure 13. Panel B. Plot of percent quenching of procaspase-3(C163S) versus [KI]  at 

pH 7.2 ( ), pH 6 ( ), pH 5 ( ), pH 4 (▲). Percent quenching is calculated using 
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Figure 13. Panel C. Plot of percent quenching of mature caspase-3 versus [KI] at pH 7.2 

 

s and 

( ), pH 6 ( ), pH 5 ( ), pH 4 (▲). Percent quenching is calculated using equation 25

as described in Materials and Methods. The data were fit to equation 26 of Material

Methods. 
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Figure 13. Panel D. Plot of percent quenching of procaspase-3(C163A, 206Y) versus 

[KI] at pH 7.2 ( ), pH 6 ( ), pH 5 ( ), pH 4 (▲). Percent quenching is calculated usin

equation 25 as described in Materials and Methods. The data were fit to equation 26 of 

Materials a

g 

nd Methods. 
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escribed in Materials and Methods. 
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Figure 13. Panel E. Plot of percent quenching of procaspase-3(C163A, 214V) versus 

[KI] at pH 7.2 ( ), pH 6

d
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Figure 13. Panel F. Upper panel. Stern-Volmer quenching constants (KSV) by iodide vs. 

H for procaspase-3(C163S) ( ), procaspase-3(C163A,W206Y) (▲), procaspase-

(C163A,W214V) ( ) and mature caspase-3 ( ). Lower panel. Stern-Volm
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ed in Materials and Methods. 

c

3(C163A,W206Y) (▲), procaspase-3(C163A,W214V) ( ) and mature caspase-3 ( ).

Stern-Volmer quenching constants (KSV) by CsCl vs. pH for procaspase-3(C163S) (

Data were fit to equation 26 as describ
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3(C163S,W214V) were 4.8±0.1 and 4.7±0.03, respectively. These results are consistent 

ith the titration of one or more acidic groups that affect the environment of the 

yptophanyl residues in the active sites. It is not clear why the pKa’s are higher for the 

yptophanyl mutants or why these proteins demonstrate a single transition, but the data 

ggest that removal of one tryptophan changes the environment of the second 

yptophan. The second transition for mature caspase-3 has a pKa of 7.2±0.4, whereas 

at for procaspase-3 is 7.7±0.4. The second transition is consistent with the titration of a 

istidyl residue, which again, affects the environment of the tryptophanyl residues in the 

ctive sites. 

The results also are consistent with an increased solvent exposure of the tryptophanyl 

de-chains as the pH is lowered. To examine this, we used acrylamide and cesium 

hloride as quenching agents. The results for acrylamide quenching at pH 7, are shown in 

igure 13, panel G. The data demonstrate that there is little quenching of the fluorescence 

mission by this quenching agent. Moreover, there are no differences among the four 

t for 

6 were 

 

demonstrate that there was no change in KSV for acrylamide over this pH range. In 

addition, we repeated the experiments using cesium chloride as the quenching agent, and 

w

tr

tr

su

tr

th

h

a

si

c

F

e

proteins. For comparison, procaspase-3(C163S) was unfolded in 8 M urea-containing 

buffer, and the data demonstrate an increase in the Stern-Volmer quenching constan

the unfolded protein due to the exposure of the tryptophanyl side chains. 

These results would be expected for native procaspase-3(C163A,W214V) if W20

solvent exposed in the native protein. As with potassium iodide, the experiments with 

acrylamide were performed over the pH range of 7 to 4 for procaspase-3(C163S) (Figure

13, panel H) and at pH 7 and pH 3 for caspase-3 (Figure 13, panel I). The data 
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 the results were the same as for acrylamide (Figure 13F, lower panel). There was no 

change in KSV from pH 7 to 3. Representative figure for procaspase-3(C163S) que

by CsCl at pH 7 and 4 is shown in Figure 13, panel J. These results suggest that the 

conformational change that occurs between pH 6 and 4 likely affects the 

microenvironment of the tryptophanyl residues so that the tryptophans are more

accessible to quenching by iodide. That is, at lower pH, the negative charge(s) around t

tryptophans decreases, resulting in increased quenching by the negatively charged iodide 

ion.  

Overall, t

nching 

 

he 

he results demonstrate that the tryptophans are not exposed to solvent, even 

at t

is 

ggest that one 

Under 

he lower pH. This interpretation is consistent with the results of the limited trypsin 

proteolysis, presented above, in which it was shown that at pH 7.2 R207 in loop L3 

cleaved more slowly than R64, in loop L1, and is protected upon substrate binding. 

While the precise groups that are responsible for the transitions are not known, the 

protonation/deprotonation of the groups affects the environment of the tryptophanyl 

residues in the active site. Protonation of the acidic group may be responsible for the 

increase in KSV for iodide quenching (Figure 13B) and may explain why there is no 

increase in KSV for cesium or acrylamide at lower pH. Overall, the data su

or more salt bridges affect the stability of the active site. 

 

II. Folding and stability of procaspase-3 

 The monomeric procaspase-3 consists of 277 amino acids (Mr=31,577 Da). 

some conditions, such as the high protein concentrations found in heterologous 
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Figure 13. Panel G. Acrylamide quenching of procaspase-3(C163S) ( ), procaspase-

3(C163A,W206Y) (▲), procaspase-3(C163A,W214V) ( ), mature caspase-3 ( ) and 

rocaspase-3(C163S) in 8 M urea-containing buffer ( ), at pH 7. Data were fit to 

ed in the text. 

p

modified Stern-Volmer equation as describ
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Figure 13. Panel H. Acrylamide quenching of procaspase-3(C163S) at pH 7 ( ), pH 6

( ), pH 5 (▲) and pH 4 ( ). Data were fit to modified Stern-Volmer equation as 

described in the text.  
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Figure 13. Panel I. Acrylamide quenching of mature caspase-3 at pH 7 ( ) and pH

( ). Data were fit to m

 3 

odified Stern-Volmer equation as described in the text.  
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Figure 13. Panel J. Cesium chloride quenching of procaspase-3(C163S) at pH 7 ( ) and 

pH 4 (∆).  Data were fit to modified Stern-Volmer equation as described in the text.  
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expression systems, caspase-3 activation is autocatalytic 60; 61; 62.  In order to prevent 

utoproteolysis, we substituted the active site cysteine with a serine residue (C163S) for 

ur equilibrium unfolding studies. The C163S mutation prevents autolysis of the 

rocaspase but is not structurally perturbing 26; 63; 64.  

While there are no aromatic residues in the pro-domain, procaspase-3 has two 

tryptophan residues (W206 and W214), and both reside in the carboxy-terminal region of 

the polypeptide, that is, the region that becomes the small subunit of the mature caspase. 

In addition, there are ten tyrosine residues well distributed in the primary sequence. 

Based on these features, it is convenient to examine folding and unfolding of the tertiary 

structure by monitoring changes in fluorescence emission.  

 As shown in Figure 14, native procaspase-3(C163S) has a fluorescence emission 

maximum at 335 nm when excited at 280 nm (panel A) and 340 nm when excited at 295 

nm (panel B), indicating that the tryptophans are more solvent exposed than the 

remaining aromatic residues. In the mature caspase-3 heterotetramer, the tryptophans are 

in or near the active site. Based on results from limited trypsin proteolysis of procaspase-

3, the conformation of the procaspase-3 dimer appears to be similar to that of the 

heterotetramer. This suggests that in procaspase-3, the two tryptophan residues are in or 

near the active site and explains the red-shift in fluorescence emission (Figure 14, panel 

) compared to the protein excited at 280 nm (Figure 14, panel A). In phosphate buffer 

 14, 

anel B), indicating that the protein was largely unfolded under these solution conditions. 

 addition, the fluorescence intensity does not change dramatically.  The far-UV circular 

a

o

p

 

B

containing 8 M urea, the fluorescence emission maximum is red-shifted to approximately 

348 nm following excitation at either 280 nm (Figure 14, panel A) or 295 nm (Figure

p

In
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dichroism spectrum of procaspase-3(C163S) demonstrates a large β-sheet con

whereas the near-UV CD spectrum demonstrates a well defined packing of the aromatic

tent, 

 

UV CD 

condary and tertiary structure (data 

 

nder 

olding intermediate that is 

side chains 22. In 8 M urea-containing phosphate buffer, both near-UV and far-

spectra show a large signal change due to loss of se

not shown).  

 At intermediate concentrations of urea (~3-5 M), the fluorescence emission spectra 

were blue-shifted compared to those for the native protein. Representative data are shown

in Figure 14 (panels A and B) for protein in 4 M urea-containing phosphate buffer. U

these conditions, the emission maxima were either 337 nm (panel B) or 333 nm (panel 

A). These results suggested the presence of an equilibrium f

populated under these conditions (3-5 M urea).  

 Equilibrium unfolding of procaspase-3(C163S). We examined the equilibrium 

unfolding of procaspase-3(C163S) in phosphate buffer as a function of urea concentration 

(0 to 8 M), and the results are shown in Figure 15. In these experiments, we monitored 

changes in secondary structure by circular dichroism at 228 nm and changes in tertiary 

structure by fluorescence emission at 320 nm, following excitation at 280 nm or 295 nm.     

 The data show little to no change in signal between 0 and ~1.5 M urea, and this is 

followed by a cooperative decrease in signal from ~1.5 M urea to ~3 M urea. A second 

cooperative transition occurs between ~5 M and 7 M urea. While all three spectroscopic 

signals showed similar trends in the unfolding data, the relative signal in the plateau 

region (3-5 M urea) was significantly higher when the samples were excited at 295 nm 
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Figure 14. Fluorescence emission spectra of procaspase-3(C163S). Panel A, excitati

280 nm. Panel B, excitation at 295 nm. Procaspase-3(C163S) (2 µM), was incubated f
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(Figure 15, squares) compared to either the CD (diamonds) or fluorescence emission with 

xcitation at 280 nm (circles). The error bars in Figure 15 represent the standard error 

btained from four different experiments at 1 µM concentration of procaspase-3(C163S) 

erformed on separate days, demonstrating the reproducibility of the experiments. 

In order to examine reversibility, the protein was initially unfolded in phosphate 

uffer containing either 6 M or 8 M urea, and the samples were diluted into phosphate 

uffer so that the final protein concentration was 1 µM, and the final urea concentrations 

re shown in Figure 15 (solid circles). The data demonstrate the folding transitions are 

ompletely reversible.  

Overall, the data shown in Figure 15 demonstrate at a minimum a three-state 

nfolding process in which a well populated folding intermediate is in equilibrium with 

e native and unfolded protein.  

Protein concentration dependence on unfolding

e

o

p

 

b

b

a

c

 

u

th

. Because procaspase-3 is a 

omodimer 22, we examined the effect of protein concentration on the equilibrium 

nfolding process. As shown in Figure 16, panels A-C, there was a shift in the midpoint 

f the second transition as the concentration of procaspase-3(C163S) was increased. 

ircular dichroism measurements at 228 nm (Figure 16, panel C) showed that the first 

ansition was independent of the protein concentration.  

The unusual feature of these data is that the relative amplitude of the plateau was 

 

h

u

o

C

tr

 

dependent on the protein concentration. For example, as shown in Figure 16, panel A, the 

relative amplitude of the plateau decreased with a decrease in protein concentration, 

while the mid-point of the first transition was constant at ~2.4 M urea.  
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Figure 15. Equilibrium unfolding of procaspase-3(C163S). Unfolding was measured by 

CD at 228 nm ( ) and by fluorescence emission at 320 nm with excitation at either 2

nm ( ) or at 295 nm ( ). For all experiments the protein concentration was 1 µM. 

Closed symbols ( ) represent refolded protein to show re
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e standard error from four unfolding curves. For clarity, error bars and refolding data ar

not shown for all three data sets. The data were fit simultaneously (solid lines) as 

described under Materials and Methods using Igor Pro.  



The results shown in Figure 16 suggest the four-state equilibrium model described in 

quation 1 in Materials and Methods. In this model, the dimeric native conformation, N2, 

omerizes to a dimeric intermediate, I2, and the dimeric intermediate dissociates to a 

onomeric intermediate, I, which unfolds to U. The dissociation of I2 to 2I leads to a 

hange in the amplitude of the plateau. 

Based on this model, we have determined the conformational free energy, , 

nd the cooperativity indices, or m-values, for each step in unfolding (see Materials and 

ethods). The solid lines in Figure 15 and Figure 16 are the results of fits of the model in 

quation 1 to the data. These results demonstrate that the data are well described by the 

 model.  

The free energy changes , , and cooperativity indices m1, m2 

and m3, are shown in Table II. Overall, the data demonstrate that procaspase-3(C163S) is 

very stable, with total conformational free energy of 25.8 kcal/mol. 

 The plateau observed between 3 M and 5 M urea (Figure 16) is due to the dissociation 

of the dimeric intermediate, I2, to the stable monomeric intermediate, I.  As shown in 

Figure 16, this plateau is relatively flat. The fits of the data show that this is due to two 

factors. First, the cooperativity index, m2, for this process is relatively small, 0.5 

kcal/mol/M. Using equations 16 and 18 and the values determined for  and m2, we 

calculate the equilibrium constant, , at 4 M urea to be ~0.6 µ

the data shown in Figure 16, which demonstrate that dissociation occurs in the low 

micromolar range of protein concentration in the range of 3-5 M urea. Second, as 

described in Materials and Methods, the relative signals of I2 and of I do not depend on 

the protein concentration, with I2 having a larger relative signal than I. As the population 

e

is
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2G∆ OH
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M. This is consistent with 2K
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unfolding was monitored by 

fluorescence emission at 320 nm with 

excitation at 280 nm (panel A)

Figure 16

of equilibrium

3(C163S). For 

nm (panel

ef

of 0.25 µM ( ), 0.5 µM ( ),

( ), 2 µM ( ). Closed symbols 

represent r

(C163S) at 1 µM concentration. F

panel C, unfolding was mon

CD at 228 nm at protein conce

of 0.5 µM ( ), 1 µM (

The data were fit simultane

itored by 

ntrations 

), 2 µM ( ). 

(solid 

ls and 

ously 

lines) as described under Materia

Methods using Igor Pro. 

. Concentration dependence 

 unfolding of procaspase-

panels A and B, 

, or 295 

 B), at protein concentrations 

 1 µM 

( ) 

olding of procaspase-3 

or 



 

of the monomeric intermediate is increased, due to dissociation of the dimeric 

termediate at lower protein concentrations, the amplitude of the plateau is decreased. 

By using the values from the experimental data for  (8.3 ± 1.3 kcal/mol), 

 (10.5 ± 1.0 kcal/mol),  (7.0 ± 0.5 kcal/m

(0.5 ± 0.1 kcal/mol/M) and m3 (1.2 ± 0.1 kcal/mol/M), we

distribution of the four species, N2, I2, I and U, at each urea concentration. The results of 

these calculations are illustrated in Figure 17. In addition

four protein concentrations (0.25 µM, 0.5 µM, 1 µM, and

between 0 M and 3.5 M urea, there is a decrease in the po

concomitant increase in the population of the dimeric inte

monomeric intermediate, I. The mid-point of the transitio

the experimental results shown in Figure 16. Between 2 M

population of I2 as well as a population of the monomeric

populations of the dimeric and monomeric species are de

concentration. The population of I2 reaches a maximum a

population of I reaches a maximum at ~5.5 M urea. The th

point at ~6.1 M urea, although there remains a significant

M urea. This distribution of species explains both the cha

and 5 M urea as well as the protein concentration dependence between 5 M and 7 M urea 

(Figure 16). 

  

 

in

OH2G∆

olOH
2

2G OH
3

2G∆

1

), m1 (2.8 ± 0.5 kcal/mol/M), m2 

 calculated the equilibrium 

, the calculations were done at 

 2 µM). As shown in Figure 17, 

pulation of native dimer and a 

rmediate, I2, as well as the 

n is 2.4 M urea, consistent with 

 and 7 M urea, there is a 

 intermediate, I. The relative 

pendent on the protein 

t ~3.4 M urea, whereas the 

ird transition, I to U, has a mid-

 population of I2 and I until ~6.8 

nge in amplitude between 3 M 

∆
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Figure 17. Fraction of species as a function of urea concentration. The fractions of 

native, dimeric intermediate, monomeric intermediate and the unfolded protein were 

calculated as a function of urea concentration. The protein concentrations were 0.25 µM 

(·······), 0.5 µM (― ―), 1 µM (- - - -) and 2 µM (-  ―). ‘N2’ refers to the native 

procaspase-3(C163S), ‘I2’ and ‘I’ are the dimeric and monomeric intermediates 
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respectively, and ‘U’ refers to the unfolded species. ( ) fraction of I2; ( ) fraction of I.
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Equilibrium unfolding of procaspase-3(C163S) at different pH.  In order to look 

to the stability of the procaspase-3(C163S) versus pH as well as pH effects on 

rocaspase conformational changes, we extended our equilibrium unfolding studies at 

ifferent pH (from 8.5 and 4). 30 mM Tris-HCl was used as a buffer for experiments 

etween pH 8.5 and 6.5 and 30 mM citrate buffer for experiments between pH 6 and 4. 

hese, along with other studies were done to correlate physical properties to the 

nctional changes in procaspase maturation and apoptosis.   

Equilibrium unfolding of procaspase-3(C163S)

  

in

p

d

b

T

fu

. We examined the equilibrium 

nfolding of procaspase-3(C163S) as a function of urea concentration (0-8 M) between 

H 8.5 and 4. Sample preparation was done as described earlier. Average emission 

avelength (AEW) calculation was done for data analysis (equation 22). This method of 

nalysis is better than averaging the fluorescence emission at a particular wavelength as 

one previously, since it minimizes the noise and produces cleaner graphs. 

epresentative data at pH 7.2 for 1 µM procaspase concentration is shown in Figure 18. 

he data for fluorescence emission for excitation at 280 nm, 295 nm and CD at 228 nm 

re shown in this figure to look into both tertiary and secondary structures respectively.  

xperiments using these different probes show similar unfolding pattern with a region of 

ignal 

rescence 

lding 

u

p

w

a

d

R

T

a

E

no signal change between 0 and 1.5 M urea, followed by a cooperative decrease in s

between 1.5 and 3 M urea. This is seen prominently in the CD data and matches very 

well with the previous unfolding data. The shoulder region is between 3 and 5 M urea 

and the second transition occurs between 5 and 7 M urea. The signal for the fluo

study with excitation at 295 nm gives the highest signal as seen earlier. The unfo

pathway is reversible for all pH. The difference in the unfolding pattern between the 
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pre

s, is the 

at 

vious and this fluorescence data is due to the difference in the method of analysis 

although the interpretation, that it suggests at least a three–state unfolding proces

same. Interestingly, the values of free energies as well as cooperativity indices for data 

pH 7.2 derived by these two methods are comparable (Table II) suggesting 

reproducibility of the results. 

Equilibrium unfolding at pH 8.5. The unfolding data monitored by fluoresce

(excitations 280 nm and 295 nm) and CD at 228 nm are shown

nce 

 in Figure 19. Overall, the 

data al 

 and 

 

ition changes 

2 

M). This is shown in Figure 19 panel D. There is a decrease in native protein between 0 

and 3.7 M urea. At the same time an increase in the dimeric (I2) as well as the monomeric 

intermediate (I) is seen. The midpoint of the first transition is ~2.3 M urea and this is 

consistent with the unfolding data as shown in Figure 19 A, B and C. We see a 

 for three different probes show similar unfolding pattern with no change in sign

between 0 to ~1.5 M urea, followed by a cooperative decrease in signal from 1.5 M to 3 

M urea (increase in signal for excitation at 295 nm) and a shoulder region between 3

5 M urea. There is a second transition between 5 and 7 M urea. This is very well 

observed in the CD data. The protein shows concentration dependence and the amplitude

of the shoulder region decreases as well as the mid-point of the second trans

with decrease in protein concentration, suggesting a four-state unfolding model as 

described earlier. The protein is completely reversible at this pH and the refolding data 

are shown as solid triangles ( ) in the figure. 

 From the values of free energies ( OH2G∆ ) and cooperativity indices (m) obtained 

from the fits we calculated fraction of species at each urea concentration. The fractions 

were obtained at each of the four protein concentrations (0.25 µM, 0.5 µM, 1 µM and 

µ
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Figure 18. Equilibrium unfolding of procaspase-3(C163S) at pH 7.2. Unfolding was 

measured by CD at 228 nm (▲) and by fluorescence average emission wavelength with

excitation at either 280 nm ( ) or at 295 nm ( ). For all experiments the protein 

concentration was 1 µM. The data were fit simultaneously (solid lines) as described 

under Materials and Methods using Igor Pro.  
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Table II. Comparison of the values of free energies and cooperative indices at pH 7.2 

obtained from data analysis by fluorescence emission at 320 nm (method 1) and the other 

by calculating the average emission wavelength (AEW) (method 2). The CD is obtained 

at 228 nm for these two methods. 

 

 
pH 
7.2 

 
G1

H
2
O 

kcal/mol 

 
G2

H
2
O 

kcal/mol 

 
G3

H
2
O 

kcal/mol 

 
Gtot

H
2
O 

kcal/mol 

m1 
kcal/mol 

/M 
 

m2 
kcal/mol 

/M 

m3 
kcal/mol 

/M 

mtot 
kcal/mol 

/M 

 
Method 1 

8.3 
± 1.3 

10.5 
± 1.0 

7.0 
± 0.5 

25.8 
± 0.0 

2.8 
± 0.5 

0.5 
± 0.1 

1.2 
± 0.1 

4.5 
± 0.0 

 
Method 2 

7.4 
± 0.1 

12.6 
± 1.1 

6.1 
± 0.9 

26.1 
± 2.1 

2.8 
± 0.0 

0.6 
± 0.1 

1.2 
± 0.15 

4.6 
± 0.25 
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Figure 19. Equilibrium unfolding of 

procaspase-3(C163S) at different 

anels 

 by 

80 

nm (panel A) and 295 nm (panel B). 
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Panel C represents CD data at 228 

nm. The protein concentrations are as 

follows: 0.25 µM ( ), 0.5 µM (∆), 1 
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protein concentration. The solid lines 

represent fits to the data as described 

under Materials and Methods. 
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 population of I2 as well as I between pH 2 and 7. The relative populations of the dimeric 

nd the monomeric intermediate species are dependent on protein concentrations. The 

opulation of I2 reaches a maximum at ~3.2 M urea, wh

maximum at ~5.1 M urea. The transition of I to the un

point at ~6.2 M urea. There is still presence of I2 and I t

intermediate species I is still present at 8 M urea along 

figure explains both the concentration dependence and 

shoulder region between 3 and 5 M urea. 

 Equilibrium unfolding at pH 8

a

ereas the population of I reaches 

folded species (U) has a mid-

ill 6.4 M urea. The monomeric 

with the unfolded species U. This 

decrease in amplitude at the 

 are shown in Figure 20. Overall, 

g pattern with no change in signal 

ease in signal from 1M to 2.5 M 

d 7 M urea. This is very well 

on dependence and the amplitude 

t of the second transition changes 

r-state unfolding model as 

p

a 

. The unfolding data

the data for three different probes show similar unfoldin

between 0 to ~1M urea, followed by a cooperative decr

urea (increase in signal for excitation at 295 nm) and a shoulder region between 2.5 and 

4.5 M urea. There is a second transition between 4.5 an

observed in the CD data. The protein shows concentrati

of the shoulder region decreases as well as the mid-poin

with decrease in protein concentration, suggesting a fou

described earlier. The protein is completely reversible at this pH and the refolding data 

are shown as solid triangles ( ) in the figure. 

 The fractions of species at each urea concentration were obtained at each of the four 

protein concentrations (0.25 µM, 0.5 µM, 1 µM and 2 µM). This is shown in Figure 20, 

panel D. There is a decrease in native protein between 0 and 3.3 M urea. At the same 

time an increase in the dimeric (I2) as well as the monomeric intermediate (I) is seen. The 
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Figure 19. Panel D. Fraction of species as a function of urea concentration at pH 8.5. 

The fractions of native, dimeric intermediate, monomeric intermediate and the unfolded 

2

2  

2

protein were calculated as a function of urea concentration. The protein concentrations 

were 0.25 µM (------), 0.5 µM (― ―), 1 µM (-  ―) and 2 µM (········). ‘N ’ refers to the 

native procaspase-3(C163S), ‘I ’ and ‘I’ are the dimeric and monomeric intermediates

respectively, and ‘U’ refers to the unfolded species. ( ) fraction of I ; ( ) fraction of I. 
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Materials and Methods. 
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Figure 20. Equilibrium unfolding of 

procaspase-3(C163S) at different 

concentrations at pH 8. For panels A 

and B, unfolding was monitored by 

fluorescence with excitations at 280 nm 

(panel A) and 295 nm (panel B). Panel 

C represents CD data at 228 nm. The 

protein concentrations are as follows: 

0.25 µM ( ), 0.5 µM (∆), 1 µM ( ) 

and 2 µM ( ).  (▲) represents 

refolding data at 0.5 µM protein 

concentration. The solid lines represent 

fits to the data as described under 
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Figure 20. Panel D. Fraction of species as a function of urea concentration at pH 8. The 

actions of native, dimeric intermediate, monomeric intermediate and the unfolded 

rotein were calculated as a function of urea concentration. The protein concentrations 

ere 0.25 µM (------), 0.5 µM (― ―), 1 µM (-  ―) and 2 µM (········). ‘N2’ refers to the 

ative procaspase-3(C163S), ‘I2’ and ‘I’ are the dimeric and monomeric intermediates 

spectively, and ‘U’ refers to the unfolded species. ( ) fraction of I2; ( ) fraction of I. 
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midpoint of the transition is ~1.9 M urea and this is consistent with the unfolding data as 

own in Figure 20A, B and C. We see a population of I2 as well as I between pH 2 and 

. The relative populations of the dimeric and the monomeric intermediate species are 

ependent on protein concentrations. The population of I2 reaches a maximum at ~2.7 M 

rea, whereas the population of I reaches a maximum at ~4.5 M urea. The transition of I 

 the unfolded species (U) has a mid-point at ~5.5 M urea. There is still presence of I2 

nd I till ~5.8 M urea. This figure explains both the concentration dependence and 

ecrease in amplitude at the shoulder region.  

Equilibrium unfolding at pH 7.6

sh

7

d

u

to

a

d

. The unfolding data are shown in Figure 21. The 

ata for three different probes (fluorescence excitations 280 nm, 295 nm and CD at 228 

m) show similar unfolding pattern with no change in signal between 0 to ~1.5M urea, 

llowed by a cooperative decrease in signal from 1.5 M to 3 M urea (increase in signal 

r excitation at 295 nm) and a shoulder region between 3 and 5 M urea. There is a 

cond transition between 5 and 7 M urea. This is very well observed in the CD data. The 

rotein shows concentration dependence and the amplitude of the shoulder region 

ecreases as well as the mid-point of the second transition changes with decrease in 

 

me an increase in the dimeric (I2) as well as the monomeric intermediate (I) is seen. The 

d

n

fo

fo

se

p

d

protein concentration, suggesting a four-state unfolding model as described earlier. The 

protein is completely reversible at this pH and the refolding data is shown as solid 

triangles ( ) in the figure. 

The fractions of species at each urea concentration were obtained at each of the four 

protein concentrations (0.25 µM, 0.5 µM, 1 µM and 2 µM). This is shown in Figure 21,

panel D. There is a decrease in native protein between 0 and 3.8 M urea. At the same 

ti
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midpoint of the transition is ~2.6 M urea and this is consistent with the unfolding data as 

shown in Figure 21A, B and C. We see a population of I2 as well as I between pH 2 and 

7. The relative populations of the dimeric and the monomeric intermediate species are 

dependent on protein concentrations. The population of I2 reaches a maximum at ~3.4 M 

urea, whereas the population of I reaches a maximum at ~4.9 M urea. The transition of I 

to the unfolded species (U) has a mid-point at ~6 M urea. There is still presence of I2 an

I till ~6.1 M urea. This figure explains both the concentration dependence and decre

amplitude at the shoulder region.  

d 

ase in 

Equilibrium unfolding at pH 7.2. The unfolding data are shown in Figure 22. The 

data for three different probes (fluorescence excitations 280 nm, 295 nm and CD at 228 

nm) show similar unfolding pattern with no change in signal between 0 to ~1.5 M urea, 

followed by a cooperative decrease in signal from 1.5 M to 3 M urea (increase in signal 

for excitation at 295 nm) and a shoulder region between 3 and 5 M urea. There is a 

second transition between 5 and 7 M urea. This is very well observed in the CD data. The 

protein shows concentration dependence and the amplitude of the shoulder region 

decreases as well as the mid-point of the second transition changes with decrease in 

protein concentration, suggesting a four-state unfolding model as described earlier. The 

protein is completely reversible at this pH and the refolding data are shown as solid

triangles ( ) in the figure. 

 

 The fractions of species at each urea concentration were obtained at each of the four 

protein concentrations (0.25 µM, 0.5 µM, 1 µM and 2 µM). This is shown in Figure 22 
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Figure 21. Equilibrium unfolding of 

procaspase-3(C163S) at different 

concentrations at pH 7.6. For panels 

A and B, unfolding was monitored by 

fluorescence with excitations at 280 

nm (panel A) and 295 nm (panel B). 

Panel C represents CD data at 228 

nm. The protein concentrations are as 

follows: 0.25 µM ( ), 0.5 µM (∆), 1 

µM ( ) and 2 µM ( ).  (▲) 

represents refolding data at 0.5 µM 

protein concentration. The solid lines 

represent fits to the data as described 

under Materials and Methods. 
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igure 21. Panel D. Fraction of species as a function of urea concentration at pH 7.6. 

he fractions of native, dimeric intermediate, monomeric intermediate and the unfolded 

rotein were calculated as a function of urea concentration. The protein concentrations 

ere 0.25 µM (------), 0.5 µM (― ―), 1 µM (-  ―) and 2 µM (········). ‘N2’ refers to the 

tive procaspase-3(C163S), ‘I2’ and ‘I’ are the dimeric and monomeric intermediates 

spectively, and ‘U’ refers to the unfolded species. ( ) fraction of I2; ( ) fraction of I. 
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D. There is a decrease in native protein between 0 and 3.8 M urea. At the same time an 

crease in the dimeric (I2) as well as the monomeric intermediate (I) is seen. The 

idpoint of the transition is ~2.6 M urea and this is consistent with the unfolding data as 

own in Figure 22 A, B and C. We see a population of I2 as well as I between pH 2 and 

. The relative populations of the dimeric and the monomeric intermediate species are 

ependent on protein concentrations. The population of I2 reaches a maximum at ~3.3 M 

rea, whereas the population of I reaches a maximum at ~5.1 M urea. The transition of I 

 the unfolded species U has a mid-point at ~5.6 M urea. There is still presence of I2 and 

till ~6.3 M urea. This figure explains both the concentration dependence and decrease in 

mplitude at the shoulder region. There is a significant difference between the fraction of 

termediate species at pH 7.2 compared to those at higher pH described above. Here, at 

H 7.2, a significant fraction of I2 (0.9) is seen compared to I (0.3), whereas, in pH 8.5, 8 

nd 7.6, the fractions are comparable, suggesting the dimeric intermediate state is more 

able at pH 7.2. 

Equilibrium unfolding at pH 6.5

in

m

sh

7

d

u

to
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a
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p

a

st

. The unfolding data are shown in Figure 23. The 

ata for three different probes (fluorescence excitations 280 nm, 295 nm and CD at 228 

 

5 

 

e 

  

 

d

nm) show similar unfolding pattern with no change in signal between 0 to ~1.5M urea,

followed by a cooperative decrease in signal from 1.5 M to 2.5 M urea (increase in 

fluorescence signal for excitations at 280 and 295 nm) and a shoulder region between 2.

and 4.5 M urea. There is a second transition between 4.5 and 7 M urea. This is very well

observed in the CD data. The protein shows concentration dependence and the amplitud

of the shoulder region decreases as well as the mid-point of the second transition changes
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Figure 22. Equilibrium unfolding of 

procaspase-3(C163S) at different 

concentrations at pH 7.2. For panel

A and B, unfolding was monitore

by fluorescence with excitations at 

280 nm (panel A) and 295 nm 

(panel B). Panel C represents CD 

data at 228 nm. The protein 

concentrations are as follows: 0.25 

µM ( ), 0.5 µM (∆), 1 µM ( ) an

2 µM ( ).  (▲) represents refolding

data at 0.5 µM protein 
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Figure 22. Panel D. Fraction of species as a function of urea concentration at pH 7.2. 

The fractions of native, dimeric intermediate, monomeric intermediate and the unfolded 

protein were calculated as a function of urea concentration. The protein concentrations 

ere 0.25 µM (------), 0.5 µM (― ―), 1 µM (-  ―) and 2 µM (········). ‘N2’ refers to the 

native procaspase-3(C163S), ‘I2’ and ‘I’ are the dimeric and monomeric intermediates 

respectively, and ‘U’ refers to the unfolded species. ( ) fraction of I2; ( ) fraction of I. 
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Figure 23. Equilibrium unfolding of 

procaspase-3(C163S) at different 

concentrations at pH 6.5. For panels 

A and B, unfolding was monitored by 

fluorescence with excitations at 280 

nm (panel A) and 295 nm (panel B). 

Panel C represents CD data at 228 

nm. The protein concentrations are as 

follows: 0.25 µM ( ), 0.5 µM (∆), 1 

µM ( ) and 2 µM ( ).  (▲) 

represents refolding data at 0.5 µM 

protein concentration. The solid lines 

represent fits to the data as described 

under Materials and Methods. 
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with decrease in protein concentration, suggesting a four-state unfolding model as 

escribed earlier. The protein is completely reversible at th

are shown as solid triangles ( ) in the figure. 

The fractions of species at each urea concentration were

protein concentrations (0.25 µM, 0.5 µM, 1 M and 2 µM)

. There is a decrease in native protein between 0 and 3.2 M

increase in the dimeric (I2) as well as the monomeric interm

idpoint of the transition is ~2.2 M urea and this is consist

own in Figure 23 A, B and C. We see a population of I2 a

 7. The relative populations of the dimeric and the monome

dependent on protein concentrations. The population of I2 r

urea, whereas the population of I reaches a m ximum at ~4

 the unfolded species U has a mid-point at ~5 M urea. Th

ll ~5.5 M urea. This figure explains both the concentration

mplitude at the shoulder region.  

Equilibrium unfolding at pH 6

d is pH and the refolding data 

 obtained at each of the four 

. This is shown in Figure 23 

 urea. At the same time an 

ediate (I) is seen. The  

ent with the unfolding data as 

s well as I between pH 2 and 

ric intermediate species are 

eaches a maximum at ~3 M 

.3 M urea. The transition of I 

ere is still presence of I2 and I 

 dependence and decrease in 

µ

D

m

sh

a

to

ti

a

. The unfolding data is shown in Figure 24. The data 

for three different probes (fluorescence excitations 280 nm, 295 nm and CD at 228 nm) 

show similar unfolding pattern with no change in signal between 0 to ~1.4 M urea, 

llowed by a cooperative decrease in signal from 1.4 M to 1.9 M urea (increase in 

uorescence signal for excitations at 280 and 295 nm), a shoulder region between 1.9 and 

.1 M urea. There is a second transition between 4.1 and 7 M urea. This is very well 

bserved in the CD data. The protein shows concentration dependence and the amplitude  
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Figure 23. Panel D. Fraction of species as a function of urea concentration at pH 6.5. 

The fractions of native, dimeric intermediate, monomeric intermediate and the unfol

protein were calculated as a function of urea concentration. The protein concentratio

were 0.25 µM (------), 0.5 µM (― ―), 1 µM (-  ―) and 2 µM (········). ‘N2’ refers to the 

native procaspase-3(C163S), ‘I2’ and ‘I’ are the dimeric and monomeric intermediate

respectively, and ‘U’ refers to the unfolded species. ( ) fraction of I2; ( ) fraction of I. 
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of  the shoulder region decreases as well as the mid-point of the second transition 

hanges with decrease in protein concentration, suggesting a four-state unfolding model 

s described earlier.  

The fractions of species at each urea concentration were obtained at each of the four 

rotein concentrations (0.25 µM, 0.5 µM, 1 µM and 2 µM). This is shown in Figure 24 

. The protein is completely reversible at this pH and the refolding data are shown as 

lid triangles ( ) in the figure. There is a decrease in native protein between 0 and 2.9 

 urea. At the same time an increase in the dimeric (I2) as well as the monomeric 

termediate (I) is seen. The midpoint of the transition is ~1.8 M urea and this is 

onsistent with the unfolding data as shown in Figure 24 A, B and C. We see a 

opulation of I2 as well as I between pH 2 and 7. The relative populations of the dimeric 

nd the monomeric intermediate species are dependent on protein concentrations. The 

opulation of I2 reaches a maximum at ~2.5 M urea, whereas the population of I reaches 

 maximum at ~4 M urea. The transition of I to the unfolded species U has a mid-point at 

4.8 M urea. There is still presence of I2 and I till ~5.3 M urea. This figure explains both 

e concentration dependence and decrease in amplitude at the shoulder region.  
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Equilibrium unfolding at pH 5.5. The unfolding data are shown in Figure 25. The 

data for three different probes (fluorescence excitations 280 nm, 295 nm and CD at 228 

nm) show similar unfolding pattern with no change in signal between 0 to ~1 M urea, 

followed by a cooperative decrease in signal from 1M to 1.9 M urea (increase in 

fluorescence signal for excitations at 280 and 295 nm), a shoulder region between ~1.9 

and ~4.1 M urea. There is a second transition between 4.1 and 7 M urea. This is very well 
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1.2
Figure 24. Equilibrium unfolding of 

procaspase-3(C163S) at different 

concentrations at pH 6. For panels A 

and B, unfolding was monitored by 

fluorescence with excitations at 280 

nm (panel A) and 295 nm (panel B). 

Panel C represents CD data at 228 

nm. The protein concentrations are as 

follows: 0.25 µM ( ), 0.5 µM (∆), 1 

µM ( ) and 2 µM ( ).  (▲) 

represents refolding data at 0.5 µM 

protein concentration. The solid lines 

represent fits to the data as described 

under Materials and Methods. 
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Figure 24. Panel D.  Fraction of species as a function of urea concentration at pH 6. The 

fractions of native, dimeric intermediate, monomeric intermediate and the unfolded 

protein were calculated as a function of urea concentration. The protein concentrations 

were 0.25 µM (------), 0.5 µM (― ―), 1 µM (-  ―) and 2 µM (········). ‘N2’ refers to the 

native procaspase-3(C163S), ‘I2’ and ‘I’ are the dimeric and monomeric intermediates 

respectively, and ‘U’ refers to the unfolded species. ( ) fraction of I2; ( ) fraction of I. 
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observed in CD data. The protein shows concentration dependence and the amplitude of 

e shoulder region decreases as well as the mid-point of the second transition changes 

ith decrease in protein concentration, suggesting a four-state unfolding model as 

escribed earlier. The protein is completely reversible at this pH and the refolding data 

re shown as solid triangles ( ) in the figure.  

The fractions of species at each urea concentration were obtained at each of the four 

rotein concentrations (0.25 µM, 0.5 µM, 1 µM and 2 µM). This is shown in Figure 25 

. There is a decrease in native protein between 0 and 2 M urea. At the same time an 

crease in the dimeric (I2) as well as the monomeric intermediate (I) is seen. The 

idpoint of the transition is ~1.1 M urea and this is consistent with the unfolding data as 

own in Figure 25 A, B and C. We see a population of I2 as well as I between pH 2 and 

. The relative populations of the dimeric and the monomeric intermediate species are 

ependent on protein concentrations. The population of I2 reaches a maximum at ~1.8 M 

rea, whereas the population of I reaches a maximum at ~4 M urea. The transition of I to 

e unfolded species U has a mid-point at ~4.3 M urea. There is still presence of I2 and I 

th

w

d

a

p

D

in

m

sh

7

d

u

th

till ~5.3 M urea. This figure explains both the concentration dependence and decrease in 

amplitude at the shoulder region.  

Equilibrium unfolding at pH 5. The unfolding data are shown in Figure 26. The dat

for three different probes (fluorescence excitations 280 nm, 295 nm and CD at 228 nm) 

show similar unfolding pattern with no change in signal between 0 to ~0.9 M urea,

a 
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Figure 25. Equilibrium unfolding 

of procaspase-3(C163S) at 

different concentrations at pH 5.5. 

For panels A and B, unfolding 

was monitored by fluorescence 

with excitations at 280 nm (panel 

A) and 295 nm (panel B). Panel 

C represents CD data at 228 nm. 

The protein concentrations are as 

follows: 0.25 µM ( ), 0.5 µM 

(∆), 1 µM ( ) and 2 µM ( ).  

(▲) represents refolding data at 

0.5 µM protein concentration. The

solid lines represent fits to the 

data as described under Materials 

and Methods. 
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Figure 25. Panel D.  Fraction of species as a function of urea concentration at pH 5.5. 

The fractions of native, dimeric intermediate, monomeric intermediate and the unfolded 

protein were calculated as a function of urea concentration. The protein concentrations 

were 0.25 µM (------), 0.5 µM (― ―), 1 µM (-  ―) and 2 µM (········). ‘N2’ refers to the 

native procaspase-3(C163S), ‘I2’ and ‘I’ are the dimeric and monomeric intermediates 

respectively, and ‘U’ refers to the unfolded species. ( ) fraction of I2; ( ) fraction of I. 
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followed by a cooperative decrease in signal from 0.9 M to 1.9 M urea (increase in 

uorescence signal for excitations at 280 and 295 nm), a shoulder region between ~1.9     

and ~3.9 M urea. There is a second transition between 3.9 and 7 M urea. This is very well 

observed in CD data. The protein shows concentration dependence and the amplitude of 

the shoulder region decreases as well as the mid-point of the second transition changes 

with decrease in protein concentration, suggesting a four-state unfolding model as 

described earlier. The protein is completely reversible at this pH and the refolding data 

are shown as solid triangles ( ) in the figure. 

 The fractions of species at each urea concentration were obtained at each of the four 

protein concentrations (0.25 µM, 0.5 µM, 1 µM and 2 µM). This is shown in Figure 26 

D. There is a decrease in native protein between 0 and 2 M urea. At the same time an 

increase in the dimeric (I2) as well as the monomeric intermediate (I) is seen. The 

midpoint of the transition is ~1.2 M urea and this is consistent with the unfolding data as 

shown in Figure 26 A, B and C. We see a population of I2 as well as I between pH 2 and 

7. The relative populations of the dimeric and the monomeric intermediate species are 

ependent on protein concentrations. The population of I2 reaches a maximum at ~2.1 M 

o 

fl

d

urea, whereas the population of I reaches a maximum at ~4 M urea. The transition of I t

the unfolded species U has a mid-point at ~4.7 M urea. There is still presence of I2 and I 

till ~5.3 M urea. This explains both the concentration dependence and decrease in 

amplitude at the shoulder region.  
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Figure 26. Equilibrium unfolding of 

procaspase-3(C163S) at different 

concentrations at pH 5. For panels A 

and B, unfolding was monitored by 

fluorescence with excitations at 280 

nm (panel A) and 295 nm (panel B). 

Panel C represents CD data at 228 

nm. The protein concentrations are as 

follows: 0.25 µM ( ), 0.5 µM (∆), 1 

µM ( ) and 2 µM ( ).  (▲) 

represents refolding data at 0.5 µM 

protein concentration. The solid lines 

represent fits to the data as described 

under Materials and Methods. 
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Figure 26. Panel D.  Fraction of species as a function of urea concentration at pH 5. The 

fractions of native, dimeric intermediate, monomeric intermediate and the unfolded 

protein were calculated as a function of urea concentration. The protein concentrations 

were 0.25 µM (------), 0.5 µM (― ―), 1 µM (-  ―) and 2 µM (········). ‘N2’ refers to the 

ative procaspase-3(C163S), ‘I2’ and ‘I’ are the dimeric and monomeric intermediates 

spectively, and ‘U’ refers to the unfolded species. ( ) fraction of I2; ( ) fraction of I. 
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Equilibrium unfolding at pH 4.75. The unfolding data are shown in Figure 27. The 

ata for three different probes (fluorescence excitations 280 nm, 295 nm and CD at 228 

nm) show similar unfolding pattern with no change in signal between 0 to ~0.6 M urea, 

followed by a cooperative decrease in signal from 0.9 M to 1.9 M urea (increase in 

fluorescence signal for excitations at 280 and 295 nm) and a shoulder region between 

~1.9 and ~3.5 M urea. There is a second transition between 3.5 and 7 M urea. This is very 

well observed in the CD data. The protein shows concentration dependence (less 

prominent as compared with the ones at higher pH) and the amplitude of the shoulder 

region decreases as well as the mid-point of the second transition changes with decrease 

in protein concentration, suggesting a four-state unfolding model as described earlier. 

The protein is completely reversible at this pH and the refolding data are shown as solid 

triangles ( ) in the figure. 

The fractions of species at each urea concentration were obtained at each of the four 

protein concentrations (0.25 µM, 0.5 µM, 1 µM and 2 µM). This is shown in Figure 27 

D. At 0 M urea, native protein as well as I2 and I are present. There is a decrease in native

rotein between 0 and ~1.2 M urea. At the same time an increase in the dimeric (I2) as 

the 

n 

 

at ~2.7 M urea. The transition of I to the unfolded species U has a mid-point at ~4.4 M 

at the shoulder region. 

d

 

p

well as the monomeric intermediate (I) is seen. We see a population of I2 between 0 and 4 

M urea , whereas I between pH 0 and 7. The relative populations of the dimeric and 

monomeric intermediate species are dependent on protein concentrations. The populatio

of I2 reaches a maximum at ~0.6 M urea, whereas the population of I reaches a maximum

urea. This figure explains both the concentration dependence and decrease in amplitude 
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Figure 27. Equilibrium unfolding of 

procaspase-3(C163S) at different 

concentrations at pH 4.75. For panels 

A and B, unfolding was monitored by 

fluorescence with excitations at 280 

nm (panel A) and 295 nm (panel B). 

Panel C represents CD data at 228 

nm. The protein concentrations are as 

follows: 0.25 µM ( ), 0.5 µM (∆), 1 

µM ( ) and 2 µM ( ).  (▲) 

represents refolding data at 0.5 µM 

protein concentration. The solid lines 

represent fits to the data as described 

under Materials and Methods. 
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Figure 27. Panel D.  Fraction of species as a function of urea concentration at pH 4.75. 

The fractions of native, dimeric intermediate, monomeric intermediate and the unfolded 

protein were calculated as a function of urea concentration. The protein concentrations 

were 0.25 µM (------), 0.5 µM (― ―), 1 µM (-  ―) and2 µM (········). ‘N2’ refers to the 

native procaspase-3(C163S), ‘I2’ and ‘I’ are the dimeric and monomeric intermediates 

respectively, and ‘U’ refers to the unfolded species. ( ) fraction of I2; ( ) fraction of I. 
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 Equilibrium unfolding at pH 4.5. The unfolding data are shown in Figure 28. The 

ata for three different probes (fluorescence excitations 280 nm, 295 nm and CD at 228 

nm) show similar unfolding pattern with a cooperative transition from ~0 M to ~1 M urea 

(not observed in CD data), a shoulder region between ~1 M and ~3.3 M urea. There is a 

second transition between 3.3 M and 7 M urea. The protein shows no concentration 

dependence for fluorescence data (Figure 28 A and B) and little concentration 

dependence for CD data (Figure 28 C). The data was therefore fit to a three-state 

monomer model as described under Materials and Methods. The protein is completely 

reversible at this pH and the refolding data are shown as solid triangles ( ) in the figure. 

 The fractions of species at each urea concentration were obtained. This is shown in 

Figure 28 D. At 0 M urea, monomeric native state N, (at this pH) as well as intermediate  

state I are present. There is a decrease in native protein between 0 and ~2 M urea. At the 

same time an increase in the monomeric intermediate (I) is seen. We see a population of I 

between 0 and 7 M urea. The population of I reaches a maximum at ~2 M urea. The 

transition of I to the unfolded species U has a mid-point at ~4.3 M urea. This figure 

xplains the loss of concentration dependence at this pH.  

d

e

Equilibrium unfolding at pH 4.2. The unfolding data are shown in Figure 29. The 

data for three different probes (fluorescence excitations 280 nm, 295 nm and CD at 228 

nm) show similar unfolding pattern with a cooperative transition from ~0 M to ~0.8 M 

urea (not observed in the CD data) and a shoulder region between ~0.8 M and ~2.1 M 

urea. There is a second transition between 2.1 M and 7 M urea. The protein shows no 

concentration dependence for fluorescence data (Figure 29 A and B) and little  
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Figure 28. Equilibrium unfolding of 

procaspase-3(C163S) at different 

concentrations at pH 4.5. For panels 

A and B, unfolding was monitored by 

fluorescence with excitations at 280 

nm (panel A) and 295 nm (panel B). 

Panel C represents CD data at 228 

nm. The protein concentrations are as 

follows: 0.25 µM ( ), 0.5 µM (∆), 1 

µM ( ) and 2 µM ( ).  (▲) 

represents refolding data at 0.5 µM 

protein concentration. The solid lines 

represent fits to the data as described 

under Materials and Methods. 
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Figure 28. Panel D.  Fraction of species as a function of urea concentration at pH 4.5. 

The fractions of native, monomeric intermediate and the unfolded protein were calculated 

and plotted against urea concentration. ‘N’ refers to the native procaspase-3(C163S), ‘I’, 

the  monomeric intermediate and ‘U’ refers to the unfolded species. The native species is 

shown as ( ), intermediate as ( ) and the unfolded species as ( ). The points are joined 

by solid lines.
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 concentration dependence for CD data (Figure 29 C). The data was therefore fit to a 

ree-state monomer model as described under Materials and Methods. The protein is 

completely reversible at this pH and the refolding data are shown as solid triangles ( ) in 

the figure. 

 The fractions of species at each urea concentration were obtained. This is shown in 

Figure 29 D. At 0 M urea, monomeric native state N (at this pH), as well as intermediate  

state I are present. There is a decrease in native protein between 0 and ~2.8 M urea. At 

the same time an increase in the monomeric intermediate (I) is seen. We see a population 

of I between 0 and 7 M urea. The population of I reaches a maximum at ~2.1 M urea. The 

transition of I to the unfolded species U has a mid-point at ~3.9 M urea. This figure is 

consistent with the equilibrium unfolding data and explains the loss of concentration 

dependence at this pH.  

Equilibrium unfolding at pH 4

th

. The unfolding data are shown in Figure 30. The data 

for three different probes (fluorescence excitations 280 nm, 295 nm and CD at 228 nm) 

show similar unfolding pattern with a shoulder region from ~0 M to ~1.4 M urea 

llowed by a transition between 1.4 M and 7 M urea. The protein shows no 

he native protein decreases with increase in urea concentration with a 

concomitant increase in the unfolded protein. The midpoint of the transition is at ~3.2 M  

fo

concentration dependence for fluorescence data (Figure 30 A and B) as well as for CD 

data (Figure 30 C). The data was therefore fit to a two-state monomer model as described 

under Materials and Methods. The protein is completely reversible at this pH and the 

refolding data are shown as solid triangles ( ) in the figure. 

 The fractions of species at each urea concentration were obtained. This is shown in 

Figure 30 D. T
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Figure 29. Equilibrium unfolding 

of procaspase-3(C163S) at different 

concentrations at pH 4.2. For panels

A and B, unfolding was monitored 

by fluorescence with excitations at 

280 nm (panel A) and 295 nm 

(panel B). Panel C represents CD 

data at 228 nm. The protein 

concentrations are as follows: 0.25 

µM ( ), 0.5 µM (∆), 1 µM ( ) 

and 2 µM ( ).  (▲) represents 

refolding data at 0.5 µM protein 

concentration. The solid lines 

represent fits to the data as 

described under Materials and 

Methods. 
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Figure 29. Panel D.  Fraction of species as a function of urea concentration at pH 4.2. 

The fractions of native, monomeric intermediate and the unfolded protein were calculated 

and plotted against urea concentration. ‘N’ refers to the native procaspase-3(C163S), ‘I’, 

the monomeric intermediate and ‘U’ refers to the unfolded species. The native species is 

shown as ( ), intermediate as ( ) and the unfolded species as ( ). The points are joined 

by solid lines. 
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Figure 30. Equilibrium unfolding 

of procaspase-3(C163S) at 

different concentrations at pH 4. 

For panels A and B, unfolding 

was monitored by fluorescence 

with excitations at 280 nm (panel 

A) and 295 nm (panel B). Panel 

C represents CD data at 228 nm. 

The protein concentrations are as 

follows: 0.25 µM ( ), 0.5 µM 

(∆), 1 µM ( ) and 2 µM ( ).  

(▲) represents refolding data at 

0.5 µM protein concentration. The

solid lines represent fits to the 

data as described under Materials 

and Methods. 

 



 

 

igure 30. Panel D.  Fraction of species as a function of urea concentration at pH 4. The 

actions of native and the unfolded protein were calculated and plotted against urea 

concentration. ‘N’ refers to the native procaspase-3(C163S), and ‘U’ refers to the 

unfolded species. The native species is shown as ( ) and the unfolded species as ( ). 

he points are joined by solid lines. 
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urea. This figure is consistent with the equilibrium unfolding data and explains the loss of 

oncentration dependence at this pH. 

Effect of concentration dependence

c

. Because procaspase-3 is a homodimer at pH 

.2, we examined the effect of protein concentration on equilibrium unfolding process. 

he data were fit to a 4-state model, where the native dimer isomerizes to an intermediate 

imer that dissociates to give another intermediate monomer, which unfolds to the 

nfolded monomeric species as shown in equation 1 under Materials and Methods. This 

ffect was examined as a function of pH. The experiments were done with protein 

oncentrations 2 µM, 1 µM, 0.5 µM and 0.25 µM. For experiments at pH 8.5, 8, 7.6, 7.2, 

.5, 6, 5.5, 5 and 4.75, the data fit very well to the four-state model as described earlier. 

he fluorescence data for pH 4.5 and pH 4.2 showed very little, while, the CD data 

owed some concentration dependence.  The data did not fit to a four-state model. The 

ata were fit to a three-state model where a dimeric species unfolds into two monomeric 

termediates and consequently to two unfolded monomers. The fraction of species 

alculated from this analysis did not give dimeric species. The unfolding data fit well to a 

ree-state monomer model where a native monomer unfolds to an intermediate species 

at subsequently unfolds. These observations suggest that the first species includes some 

7

T

d

u

e

c

6

T

sh

d

in

c

th

th

dimer and the first ∆G is underestimated. The data at pH 4, show a two-state transition 

and no concentration dependence.  Hence, the data were fit to a two-state monomer 

model as described under Materials and Methods.  

Effect of pH.  The unfolding curves for the protein between pH 8.5 and pH 4.75 sho

concentration dependence with two t

w 

ransitions and a shoulder region. The amplitude of 

the shoulder decreases with decrease in concentration and also the midpoint of the second
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 transition changes with change in concentration, suggesting a four-state unfolding model 

as described earlier. There is a shift in the shoulder region towards higher urea 

concentration with decrease in pH between pH 8.5 and 7.2 and then towards lower urea 

H 

ates at 

e 

concentration with decrease in pH up to pH 4.75. This suggest that the native state 

becomes less stable with decrease in pH and is most stable ~pH 7.2. The intermediate 

states observed at higher pH are absent or become less prominent with decrease in p

suggesting that the protein undergoes a pH-dependent conformational change. The 

protein below pH 4.75 is fit to a three-state monomer suggesting the protein dissoci

that point. The conformation still changes between pH 4.2 and pH 4, where, at pH 4, the 

protein undergoes a two-step unfolding process.  There is no concentration dependence 

observed from pH 4.5 to pH 4 and that is consistent with the three-state and two-stat

monomer models. The change in unfolding pattern versus pH is very well illustrated in 

Figure 31 (panels A-L) for CD data at 1 µM protein concentration.  

Stability versus pH. Free energies for three different transitions were plotted ver

pH and the data are represented in Figure 32 A. The free energies G1
H

2
O, G2

H
2
O and 

G3
H

2
O show similar trend, i.e. a bell-shaped curve. G1

H
2
O shows maximum stability ~ 

pH 7.6 and a slow decrease in stability with decrease in pH until pH 4.75. G2
H

2
O shows 

maximum stability at pH 7.2 and a significant drop in stability is observed between pH 5

and 4.75. G3
H

2
O is constant (within error) for all pH. Figure 32 B shows the plot of 

free energy ( GH
2

O) versus pH and represents a bel

sus 

 

total 

l-shaped curve showing the protein is 

most stable at pH 7.2 (26 kcal/mol). The stability decreases slowly with pH and suddenly 

drops from pH 5 (14.9 kcal/mol) to pH 4 (3.6 kcal/mol). This is consistent with major 

conformational change between pH 5 and 4 as observed by V8 protease studies and 
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fluorescent quenching studies described later. The decrease in free energy also accounts 

for absence of one or two states as observed in higher pH (Figure 32 A). Figure 

shows the plot of cooperativity indices m1, m2 and m3 versus pH. All three plots show tha

the ‘m’ values are constant within experimental error. This suggests that no major 

unfolding of the protein occurs with decrease in pH that might result in a significant 

change in ASA. Figure 32 D illustrates the total cooperativity index versus pH. The 

‘m’ value is constant between pH 8 and 5 within experimental error, suggesting sim

unfolding pattern within that pH range. The ‘m’ values drop suddenly from pH 4.75 to 

pH 4.2 as observed in Figure 32 D. This is consistent with conformational change and 

dimer dissociation between pH 5 and pH 4. The values of free energies as well as the 

cooperativity indices for all transitions are shown in Table III.  

 

III. Role of the short pro-domain in procaspase-3 

32 C 

t 

ilar 

The pro-domain of procaspase-3 is 28 amino acids long with no known function. 

Fluorescence anisotropy experiments from our laboratory 22 show that the pro-domain 

binds the protease domain in trans. In order to see whether the pro-domain plays a role in 

the folding and maturation of the protein, we examined the urea-dependent equilibrium 

folding of the pro-less variant of procaspase-3(C163S) (Figure 33) in presence and 

absence of the pro-domain. The fluorescence emission was monitored at 320 nm 

following excitation at 280 nm. Although the number of data points is limited in these 

studies, the unfolding data are similar to those described for procaspase-3(C163S).  
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igure 31. Equilibrium unfolding of procaspase-3(C163S) at different pH. Panels A-L 

present unfolding data measured by CD at 228 nm at 1 µM protein concentration for 

H 8.5, 8, 7.6, 7.2, 6.5, 6, 5.5, 5, 4.75, 4.5, 4.2 and 4 respectively. The data are 

presented by ( ).  The data were fit (solid lines) as described under Materials and 

ethods using Igor Pro. 
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Figure 32. Panel A. Plot of free energies G1
H

2
O, G2

H
2

O,  and G3
H

2
O for procaspase-

3(C163S) versus pH. ( ) represents G1
H

2
O, ( ) represents G2

H
2

O and ( ) represents 

G3
H

2
O. Panel B. Plot of total free energy ( GH

2
O) versus pH. Panel C. Plot of 

cooperative indices m1, m2 and m3 versus pH. ( ) represents m1, ( ) represents m2 and 

( ) represents m3. Panel D. Plot of total cooperative index (m) versus pH. Error bars 

show standard error from 11 unfolding curves (four each from two sets of fluorescence 

data and three from CD data). 
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Table III. Table depicting free energies and cooperativity indices for the unfolding 
process of procaspase-3(C163S) at different pH. 

 
 

pH 
 

 
G1

H
2
O 

(kcal/mol) 

 
G2

H
2
O 

(kcal/mol) 

 
G3

H
2
O 

(kcal/mol)

 
Gtot

H
2
O 

(kcal/mol)

m1 
(kcal/mol 

/M) 

m2 
(kcal/mol 

/M) 

m3 
(kcal/mol 

/M) 

mtot 
(kcal/mol

/M) 

 

 
8.5 

4.9 
± 0.6 

9.6 
±0.3 

6.2 
± 0.6 

20.7 
± 1.5 

1.93 
± 0.22 

0.35 
± 0.04 

1.01 
± 0.09 

3.29 
± 0.35 

 
8.0 

5.8 
± 0.8 

9.6 
± 0.2 

7.8 
± 0.4 

23.2 
± 1.4 

2.8 
± 0.4 

0.37 
± 0.03 

1.46 
± 0.07 

4.63 
± 0.5 

 7.9 
± 0.1 

9.7 
±0.3 

7.2 
± 0.5 

24.7 
± 0.9 

2.8 
± 0.0 

0.37 
± 0.03 

1.23 
± 0.07 

4.40 
± 0.1 7.6 

 7.4 
± 0.1 

12.6 
± 1.1 

6.1 
± 0.9 

26.1 
± 2.1 

2.8 
± 0.0 

0.6 
± 0.15 

1.21 
± 0.1 

4.61 
± 0.25 7.2 

 
6.5 

5.9 
± 0.8 

10.7 
± 0.6 

5.9 
± 0.6 

22.6 
± 2.0 

2.55 
± 0.35 

0.43 
± 0.13 

1.27 
± 0.06 

4.25 
± 0.54 

 
6.0 

6.1 
± 1.0 

10.3 
± 0.3 

5.6 
± 0.2 

22.0 
± 1.5 

3.35 
± 0.53 

0.19 
± 0.13 

1.34 
± 0.08 

4.88 
± 0.74 

 3.3 
± 0.1 

11.0 
± 1.9 

6.8 
± 1.8 

21.1 
± 3.8 

3.0 
± 0.0 

0.40 
± 0.16 

1.48 
± 0.19 

4.88 
± 0.35 5.5 

 
5.0 

3.1 
± 0.6 

9.6 
± 0.2 

5.3 
± 0.3 

18.1 
± 1.0 

2.27 
± 0.33 

0.23 
± 0.07 

1.24 
± 0.05 

3.74 
± 0.45 

 0.8 9.2 5.0 15.0 2.8 0.93 1.15 4.88 
 4.75 ± 0.2 ± 0.1 ± 0.2 ± 0.5 ± 0.0 ± 0.24 ± 0.05 ± 0.29

 - 1.7 5.3 
4.5 ± 0.6 ± 0.5 ± 1.1 ± 0.39 ± 0.11 ± 0.5 

7.0 - 2.17 1.22 3.39 

 - 1.3 
 0.3 

3.7 
 0.3 

5.0 
 0.6 

- 1.46 0.88 
0.05  0.25

4.0  ± 0.2 ± 0.2 ± 0.07 ± 0.

 
  

4.2 ± ± ± ± 0.2 ±
2.34 
±  

 - - 3. 8 3.8 - - 1.10 1.10 
07 
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 Equilibrium unfolding studies of the pro-less variant in presence of 8 M urea is shown 

pen 

uare ( ) represents the refolding data. The fluorescence signal for the 

unfolding data is higher than the refolding data suggesting the protein does not fold 

re ers  n s com d to t foldin ta, th

in ke it not u n Fi  A. 33  s ui  

un olding he pro  varian h the ptide .1 : 1 . Th ldin

si als fo 6 and 4 rea ar se to foldin ta su ng re g to  

t u . B  M u e sig f the ing op ing

rot s no  at t nt. T re, t tein efo ith

ad ition  pro- n but does f mpletely. Figure 33, panel C shows 

equilibrium unfolding of the pro-less variant with the pro-peptide at (0.5 : 1) ratio. The 

in ls fo nd 4 a ov

in  till 4 a. B  M e si f th in rop

su gestin t the p n does refold t po eref e pr efol

more than with the addition of 0.1 M pro-peptide concentration but still does not refold 

letely.   Figure 33, panel D shows equilibrium ing ro ria

th pro-pe de at (1 atio. T efoldin nals at l urea ntrat verla

with the unfolding signals suggesting com  refold  of th in. T resu

suggest that the protein does not fold reversibly until 1:1 pro-peptide to protein 

ntration. Moreo r, with  pro e concentration (2.5:1) n i

igure 33, panel E, the folding is not completely reversible, since a higher refolding 

 

in Figure 33, panel A. The solid circle ( ) represents unfolding curve, whereas the o

sq

v ibly. Since the refoldi g signal i  very low pare he un g da e 

prote looks li  does nfold i gure 33  Figure , panel B hows eq librium

f  of t -less t wit pro-pe  at (0 ) ratio e refo g 

gn r 7,  M u e clo the un g da ggesti foldin  some

exten p to 4 M elow 4 rea, th nals o  refold  data dr  suggest  that 

the p ein doe t refold hat poi herefo he pro  starts r lding w  the 

d of the domai still old co

refold g signa r 7, 6 a  M ure erlap with the unfolding data suggesting that the 

prote refolds  M ure elow 4 urea, th gnals o e refold g data d  

g g tha rotei  not  at tha int. Th ore, th otein r ds 

comp unfold  of the p -less va nt with 

e pti : 1) r he r g sig  al conce ions o p 

plete ing e prote hese lts 

conce ve  higher -peptid as show n 
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Figure 33. Panel A. Equilibrium unfolding of pro-less variant of procaspase-3(C163S) in 

presence of different urea concentrations. The fluorescence excitation was at 280 nm a

fluorescence emission scans were taken between 305-400 nm. The fluorescence intens

at 320 nm was plotted vs. urea concentration. ( ) represents unfolding data whe

represents the refolding curve.
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Figure 33. Panel B. Equilibrium unfolding of pro-less variant of procaspase-3(C163S) in 

presence of the pro-domain in trans. The ratio between the pro-domain and the pro-less 

variant is 0.1 : 1. The fluorescence excitation was at 280 nm and fluorescence emission 

scans were taken between 305-400 nm. The fluorescence intensity at 320 nm was plotted 

vs. urea concentration. ( ) represents unfolding data whereas, ( ) represents the 

refolding curve. 
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variant is 0.5 : 1. The fluorescence excitation was at 280 nm and fluorescence emission 

vs. urea concentration. ( ) represents unfolding data whereas, ( ) represents the 

Figure 33. Panel C. Equilibrium unfolding of pro-less variant of procaspase-3(C163S) in 

presence of the pro-domain in trans. The ratio between the pro-domain and the pro-less 

scans were taken between 305-400 nm. The fluorescence intensity at 320 nm was plotted 

refolding curve. 
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Figure 33. Panel D. Equilibrium unfolding of pro-less variant of procaspase-3(C163S) in 

variant is 1 : 1. The fluorescence excitation was at 280 nm and fluorescence emission 

scans were taken between 305-400 nm. The fluorescence intensity at 320 nm was plotted 

vs. urea concentration. ( ) represents unfolding data whereas, ( ) represents the 

refolding curve. 
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presence of the pro-domain in trans. The ratio between the pro-domain and the pro-less 
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Figure 33. Panel E. Equilibrium unfolding of pro-less variant of procaspase-3(C163S) in 

presence of the pro-domain in trans. The ratio between the pro-domain and the pro-less 

variant is 2.5 : 1. The fluorescence excitation was at 280 nm and fluorescence emission 

scans were taken between 305-400 nm. The fluorescence intensity at 320 nm was plotted 

vs. urea concentration. ( ) represents unfolding data whereas, ( ) represents the 

refolding curve.
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 signal at 1 M urea concentration is observed.  

  In order to see whether the interaction with the pro-peptide is non-specific we 

repeated the experiments with the pro-peptide of procaspase-1.  Procaspase-1 has a long 

prodomain (119 amino acids). Interestingly after removal of the CARD domain (92 

amino acids), the remaining 27 amino acids have no known function. It is similar in 

length to the procaspase-3 pro-domain although the sequence is very low (Figure 34). 

Figure 35, panel A shows the equilibrium unfolding of the pro-less variant in presence of 

procaspase-1 pro-domain in the ratio of 0.1 : 1 (pro-domain to pro-less variant). The data 

show refolding up to 4 M urea and the protein does not refold beyond that point. Figure 

35, panel B shows the equilibrium unfolding of the pro-less variant in presence of 

procaspase-1 pro-domain in the ratio of  0.5 : 1 (pro-domain to pro-less variant). The data 

show refolding up to 4 M urea and the protein does not refold at lower urea 

concentrations. Figure 35, panel C shows the equilibrium unfolding of the pro-less 

variant in presence of procaspase-1 pro-domain in the ratio of 1 : 1 (pro-domain to pro- 

less variant). Interestingly the signal for the refolding data does not overlap with the 

unfolding data at any urea concentration suggesting the protein does not refold even at 1 : 

1 protein to pro-peptide concentration. Figure 35, panel D shows the equilibrium 

 

: 1 (pro-domain to pro-less variant). The protein does not refold till 2 M urea 

concentration but shows a signal at 1 M urea concentration that overlaps with the 

unfolding species. Since it is not possible for the protein to regain its original 

conformation at 1 M urea, it can be said that the protein adopts a different conformation 

unfolding of the pro-less variant in presence of procaspase-1 pro-domain in the ratio of  2
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Pro-1

 

      QTSGNYLNMQD93 SQGVLSSFPAPQAVQD

 

120 

 

Pro-3        MENTENSVD1 SKSIKNLEPKIIHGSESMD

 

 

Figure 34. Comparison of pro-domain sequences of procaspase-1 (partial) and 

procaspase-3. The amino acids that are in bold and underlined represent the processin

sites. The cleavage occurs after the aspartate residues (in bold, underlined).

28 
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Figure 35. Panel A. Equilibrium unfolding of pro-less variant of procaspase-3(C163S) in 

presence of pro-domain of procaspase-1 in trans. The ratio between the pro-domain and 

the pro-less variant is 0.1 : 1. The fluorescence excitation was at 280 nm and fluorescence 

emission scans were taken between 305-400 nm. The fluorescence intensity at 320 nm 

was plotted vs. urea concentration. ( ) represents unfolding data whereas, ( ) represents 

the refolding curve.
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Figure 35. Panel B.  Equilibrium unfolding of pro-less variant of procaspase-3(C163S) 

in presence of the pro-domain of procaspase-1 in trans. The ratio between the pro-domain 

and the pro-less variant is 0.5 : 1. The fluorescence excitation was at 280 nm and 

fluorescence emission scans were taken between 305-400 nm. The fluorescence intensity 

at 320 nm was plotted vs. urea concentration. ( ) represents unfolding data whereas, ( ) 

represents the refolding curve.
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and the pro-less variant is 1: 1. The fluorescence excitation was at 280 nm and 

at 320 nm was plotted vs. urea concentration. ( ) represents unfolding data whereas, ( ) 
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Figure 35. Panel C. Equilibrium unfolding of pro-less variant of procaspase-3(C163S) in

presence of the pro-domain of procaspase-1 in trans. The ratio between the pro-domain 

fluorescence emission scans were taken between 305-400 nm. The fluorescence intensity 

represents the refolding curve. 
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and the pro-less variant is 2 : 1. The fluorescence excitation was at 280 nm and 

at 320 nm was plotted vs. urea concentration. ( ) represents unfolding data whereas, ( ) 

Figure 35. Panel D. Equilibrium unfolding of pro-less variant of procaspase-3(C163S) in 

presence of the pro-domain of procaspase-1 in trans. The ratio between the pro-domain 

fluorescence emission scans were taken between 305-400 nm. The fluorescence intensity 

represents the refolding curve. 
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at that urea concentration the fluorescence of which matches the unfolding data at 1 M 

rea. These observations suggest that the protein does not fold reversibly in presence of 

any amount of pro-peptide of procaspase-1. Thus, the interaction with the procaspase-3 

pro-domain is specific. 

The ratio of refolding to unfolding of pro-less variant in presence of its own pro-

peptide as well as procaspase-1 pro-peptide are shown in Figure 36 panels A and B 

respectively. A histogram is plotted with the fluorescence intensities of the refolded 

versus unfolded protein or protein and pro-peptide mixture at 1 M urea concentration. In 

Figure 36, panel A, the ratio is very low for the pro-less variant without the pro-peptide 

(0.13) and either lower or higher with pro-peptide concentrations other than 1 (0.6, 0.66, 

1.25 for ratios 0.1, 0.5 and 2.5 respectively). At 1:1 protein to pro-peptide ratio, the 

refolding to unfolding ratio is 1 suggesting the protein is fully reversible. This result 

suggests that the folding is not reversible without the pro-peptide and is partially 

reversible at lower pro-peptide concentrations. The protein folds reversibly only after 

addition of the pro-peptide in 1:1 ratio. Figure 36, panel B represents the histogram 

depicting refolding to unfolding ratio of the pro-less variant with different concentrations 

of the pro-peptide of procaspase-1. The refolding is similar for 0.1:1, 0.5:1 and 1:1 pro-

peptide to protein ratio (~0.6) suggesting that the interaction between the   pro-less 

variant and procaspase-3 pro-peptide is specific. The higher refolding value at pro-

peptide to protein ratio was 2 : 1 due to higher refolding signal at 1 M urea concentration.

u
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Figure 36. Panel A.  Effect of pro-peptide on folding. Yield of native protein versus 

procaspase-3 pro-peptide concentration.
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Figure 36. Panel B. Effect of pro-peptide of procaspase-1 on folding. Yield of native

protein versus pro-peptide concentration
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 DISCUSSION 

 

Studies of protein folding have had a major impact on the understanding of protein 

function and the control of human disease 65; 66; 67; 68. Caspases are the key mediators in 

apoptosis, a process that is absolutely necessary to maintain homeostasis in eumetazoans. 

While dysregulation of apoptosis is a common factor in a number of autoimmune 

diseases, neurodegenerative disorders and cancers 2, learning to selectively manipulate 

the level of apoptosis through the activation or inhibition of caspases may well lead to 

therapeutic strategies for these diseases.  

Another underlying question in the studies of caspases is why the procaspases are not 

active in the cell. It is thought that the upstream caspases are stored as inactive monomers 

until apoptotic signals facilitate their dimerization and subsequent auto-activation. Less 

clear is why the downstream, executioner procaspases are inactive because they are 

known to be homodimers in the cell 69. Moreover, the rate of autolysis for the 

procaspases increases at lower pH and the role of the short pro-domain in the folding and 

assembly of  the executioner caspases is still unclear. Therefore, study of the folding, 

stability and active site conformation of procaspase-3 will provide insight into 

dimerization, maturation, and inhibition of the executioner caspases 3; 8; 9; 10; 11.  

 

  

I. Characterization of active site conformation of procaspase-3 

The recent structures of procaspase-7 18; 28 suggest mechanisms for the procaspase 

dormancy. The C-terminal region of the intersubunit linker, called the blocking segment 
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(K186-V189), occupies the central cavity and prevents insertion of the elbow loop region 

f loop L3 from the opposite monomer. As a consequence, loop L3 is unraveled and 

solv

active 

 

procaspase-7 structures show that the 

inco

ich 

show that 

t to 

ve been 

e note here that experiments performed on the triple mutant are only suggestive of 

the wild-type protein since point mutations may have effects on local secondary 

ctivity measurements, 

pro d 

 

o

ent exposed. In addition, the covalent connectivity between the subunits prevents 

formation of the loop bundle between loops L4, L2 and L2’. Thus, the contacts that 

stabilize these loops in the active caspase have not formed in the procaspase. Upon 

cleavage at D175, loops L3 and L4 move to positions similar to those found in the 

caspase, but loop L2’ remains in the closed conformation, that is, bound in the central 

cavity. Upon binding of substrate/inhibitor, loop L2’ flips 180° to contact loops L2 and

L4, forming the loop bundle. Overall, the 

mplete formation of the S1, S2, and S4 subsites are incompatible with the binding of 

peptide substrates. 

Nicholson and coworkers showed that procaspase-3 is catalytically competent 30, 

although the steady-state parameters were not described. Using a triple mutant in wh

the three processing sites were removed (D9A,D28A,D175A), our co-workers 

the activity of procaspase-3 is about 200-fold lower than that of the mature caspase-3 and 

the decrease in activity has been attributed to decrease in its catalytic efficiency but no

its substrate binding ability (data not shown). Other uncleavable procaspases ha

described as catalytically competent as well 30.  

W

structures. However, we also note that with the exception of the a

caspase-3(D3A) and procaspase-3(C163S) are interchangeable in the biochemical an

biophysical studies described here. The inactive procaspase-3(C163S), which is similar to
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the C163A mutation used in the structural studies 18; 28, contains the three processing 

sites. Our results indicate that replacing the three aspartates with alanine has minimal 

effects on the protein structure, but the conclusions are tempered by our work on a mutant 

rather than the wild-type protein. 

Our suggestion of a structural model in which loop L3 is inserted into the active 

with consequential formation of the substrate-binding pocket, is supported by the 

following observations. First, trypsin cleaves R207, in loop L3, much more slowly than

K57/R64, in loop L1, with a factor of >40 in t½ values (t½ < 2 minutes versus ~75 

minutes). In addition, R207 is protected from cleavage upon binding of inhibitor

fluorescence emission studies showed that W206, on loop L3, is not solvent exposed but 

rather appears to be

site, 

 

. Second, 

 close to W214 in the active site. This was shown by a blue-shift in 

the Y 

a 

 

ture caspase. This is observed as a red-

shif

sibility 

fluorescence emission wavelength maximum of the two tryptophan mutants, W206

and W214V. If W206 were exposed to solvent in the procaspase, then one would expect 

red-shifted fluorescence emission in the W214V mutant. In addition, there was no change

in the tryptophan fluorescence emission of the procaspase upon binding of inhibitor, 

again suggesting that W206 is close to W214 in the procaspase. Third, fluorescence 

emission and quenching studies showed that, at pH >7, the tryptophans are less solvent 

accessible in the procaspase compared to the ma

t in tryptophan fluorescence emission upon maturation, consistent with an opening of 

the active site. A more open active site is shown also by the increase in the acces

of R207 to cleavage by trypsin in the mature caspase. This is consistent with a decrease 

in the pKa’s of the two catalytic groups upon maturation. The accessibility of the 

negatively charged iodide quencher was low at pH>7 and increased at lower pH, with 
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two transitions observed. While it is not yet clear what these titrations represent in ter

of conformational changes in the protein, the protonations leading to the conformation

change appear to affect the electrostatic environment of the tryptophanyl residues by 

making it more electropositive rath

ms 

al 

er than facilitating the unraveling of loop L3. This is 

supported by the observations that there was no effect of pH on the accessibility of either 

tudies. 

 

t 

 

acrylamide or cesium in the fluorescence quenching studies. 

Results from limited proteolysis by V8 protease are consistent with other 

conformational changes that occur upon maturation, as observed in the structural s

In particular, D190, near the blocking segment (K186-V189), is cleaved by V8 protease 

in the procaspase, but it is protected in the mature caspase. In caspase-3, D190 may form 

a salt-bridge with K137, on helix 3. The distance between the two side-chains decreases

about 4 Å upon maturation, and these movements may be related also to the salt bridge 

that forms between E106 and R86 upon maturation. If this is true, then the movements in 

loop L2’ may somehow facilitate movements in helices-2 and -3, on the surface of the 

large subunit.  In addition to these movements, the C-terminus of the small subunit, 

particularly E272, becomes more accessible to the protease upon maturation. In the 

quaternary structure, E272 is in the same face of the protein as D190, although the two 

are separated by ~20 Å. Overall, our results are consistent with movements in loop L2’ 

upon maturation, as observed in the structural studies. 

Nicholson and coworkers showed that a tri-aspartate “safety-catch” in the intersubuni

linker (D179-D181) affects procaspase dormancy in a pH-dependent manner 30. The loop

containing the tri-peptide may adopt a pH-sensitive conformation that renders the 

IETD175 cleavage site inaccessible. We also observe a pH-dependent conformational 
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change in the pro-peptide and in loop L4 in the V8 protease assays. First, the pro-peptide 

appears to dissociate from the protein at pH 5. This is observed as a rapid removal of the 

pro-peptide by V8 protease at lower pH. Second, the accessibility of E248/D253 in lo

L4 is much greater at pH 5 than at pH 7, suggesting that loop L4 undergoes a 

conformational change that results in faster cleavage by the protease. Between pH 7 and 

5, there is little change in the fluorescence emission of the pro

op 

caspase, although at lower 

pH n to the 

te 

ed 

72. 

e 

f 

ker to move away from the 

cata

 away 

ne 

there is a blue-shift in the emission wavelength maximum. Thus, in additio

intersubunit linker tri-aspartate “safety-catch” described by Nicholson and coworkers, the 

pro-peptide and loop L4 also undergo pH-dependent conformational changes. 

The presence of a well-formed active site has been observed in the zymogens of other 

proteases, although the precise mechanisms of their activation differ 70. In lysosomal 

cathepsins, the active site is fully formed, but the pro-domain interacts with the active si

and prevents maturation 71. The activation is triggered by a drop in pH that substantially 

weakens the interaction between the pro-peptide and the catalytic domain, resulting in 

widening the active site cleft 72. In the trypsin family of serine proteases, the dislocat

catalytic machinery of trypsinogen undergoes re-orientation after proteolysis at R15 

Here, we suggest that the procaspase-3 dimer has an intact substrate-binding pocket, lik

caspase-3, and the active site in caspase-3 adopts an open conformation after cleavage o

the intersubunit linker. Cleavage at D175 allows the lin

lytic groove and form the loop bundle. 

We suggest that formation of the loop bundle is critical in opening and stabilizing the 

active site. The contacts formed between loops L2, L4, and L2’ may move loop L4

from the catalytic groove, further opening the active site. Loop L4 has four phenylalani
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residues in close proximity to the tryptophans. Positioning the phenylalanines close to the 

tryptophans could account for the blue-shifted fluorescence emission observed for the 

procaspase. Upon maturation, conformational changes in loops L4 and L2 may open the 

active site, consistent with the structural studies. These movements allow the C

chain to rotate toward the S1 sub-site and hence form the oxyanion hole.  

This mechanism stresses the importance of dimerization on active site formation. 

Indeed, it is generally accepted that caspase monomers are inactive. The best evidence 

this is observed in caspase-9 73, although it also has been shown in caspase-1 64. Under 

normal physiological conditions caspase-9 is a monomer, and activity is associ

163 side-

for 

ated with 

the 

is 

II. 

formation of transient dimers 73. In the absence of the dimeric structure, the loop 

bundle cannot form.  

It is worth noting that the recognition sequence in the executioner subfamily is not 

optimized for auto-activation. The caspases in this subfamily prefer the sequence DEXD 

6, whereas the sequence in the intersubunit linker is IXXD.  The (I/V/L)EXD sequence 

preferred by caspases-6, -8, -9 and -10 6. In contrast, procaspases in the caspase-1 

subfamily are activated following cleavage at WXXD in the intersubunit linker. The 

WEXD sequence is preferred by the caspase-1 subfamily 6 and is in keeping with the 

general idea of a scaffold-mediated auto-activation. This may add another level of control 

to attenuate the auto-activation of the executioner procaspases.  

 

Folding and stability of procaspase-3 

 We have described conditions for the equilibrium unfolding of procaspase-3 in urea-

containing phosphate buffer, as monitored by both fluorescence emission and circular 
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dichroism measurements. The folding is completely reversible, and the data demonstrated 

biphasic transitions, suggesting an apparent three-state unfolding process. There was a 

blue shift in the fluorescence emission spectrum when the protein was incubated in 4 M 

urea-containing buffer, suggesting that the tryptophanyl residues remain mostly buried in

the equilibrium intermediate. Above 5 M urea, there was both a decrease i

 

n intensity and 

a re

he 

d between 3 M and 5 M urea was a dimer. Interestingly, however, 

the se 

the 

ble, with a 

onformational free energy of 25.8 kcal/mol, and that unfolding is a highly cooperative 

d shift in the fluorescence emission spectrum, demonstrating the unfolding of the 

protein. When we examined unfolding at several concentrations of procaspase-3 (C163S), 

we observed that the mid-point for the first transition was constant, whereas the mid-

point for the second transition was dependent on the protein concentration. This 

suggested that the second transition represents the dissociation of the dimer and that t

intermediate populate

amplitude of the plateau was also dependent on the protein concentration. While the

results cannot be explained by a three-state unfolding process, they are well described by 

a four-state model. In this model, the native dimer isomerizes to a dimeric intermediate, 

and the dimeric intermediate dissociates to a monomeric intermediate, which then 

unfolds. The decrease in the amplitude of the plateau is a result of the dissociation of 

dimeric intermediate to the monomeric intermediate. Based on this model, we have 

determined the conformational free energies and m-values for the three steps in 

equilibrium unfolding. The data show that the protein is very sta

c

process.  

 These results show two important points. First, dimerization of procaspase-3 occurs 

as a result of the association of two monomeric folding intermediates. Therefore, we 
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consider procaspase-3 dimerization to be a folding event. Second, the stability of the 

dimer contributes significantly to the conformational free energy of the protein 

(approximately 18.8 kcal/mol). These results are consistent with our previous conclusion

based on the solution properties of the dimer 22, and we predict that the protein is also a 

dimer in vivo.  

 According to Schellman 74 and Alonso and Dill 75, the m-value should be proportio

to the surface area of the protein exposed to solvent upon unfolding, ∆ASA. Scholtz and 

coworkers 76 have described empirical relationships that correlate ∆ASA with 

experimental m-values, as shown in equation 27.  

 

 m = 368 + 0.11*(∆ASA)          (Eq. 27)

 

Using this equation and the value determined for m , one can calculate the ∆ASA for the 

2 19

2

2

s 

nal 

 

2

transition of I2 ⇋ 2I to be 1,200 Å . Based on the crystal structure of caspase-3 , the 

dimer interface between the two small subunits comprises 2000 Å2. Given the 

experimental error in determining the value of m  (± 0.1 kcal/mol/M), our results suggest 

that the dimer interface may be largely intact in the dimeric intermediate, I . It is 

interesting to note that the equilibrium unfolding of procaspase-3 is unique as it 

represents a complex four-state model, where dissociation of the dimer and unfolding of 

the monomeric species do not occur simultaneously as usually observed with other 

oligomeric proteins 51; 77. 

 Procaspase-3(C163S) unfolds at lower urea concentrations with decrease in pH as 

shown in Figure 37 A and B. Figure 37 A shows the fraction of native species versus urea 
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concentration. The fraction is similar between pH 8.5 and 6.5 and decreases slowly up

pH 5. The fraction of native species is less than unity below pH 5 suggesting pre

intermediate species even at 0 M urea. Figure 37 B represents the fraction of unfolded 

species versus urea concentration. It shows that the protein unfolds at lower urea 

concentration w

 to 

sence of 

ith decrease in pH. Thus, the protein slowly loses its stability up to pH 5 

hifted to 

 pH 6.5. Thus, the native state 

omerizes to the dimeric intermediate faster at lower pH and therefore the native state 

ses stability with dec een from the value

(i.e. 7.4 ± 0.1 kcal/mol at pH 7.2 and 0.84 ± 0.2 kcal/mol at pH 4.75). At pH 4.75, a 

a. 

Further decrease in pH from 4.75 to 4.5 shows loss of concentration dependence 

suggesting the protein dissociates at that point. Between pH 4.2 and 4, the protein further 

changes its conformation and loses its intermediate monomeric state. The native 

monomer unfolds to an unfolded monomer. This change in protein conformation between 

pH 5 and 4 is also observed in V8 protease studies. This change is attributed to the 

conformational change in the protein except in the loop L4 region. Moreover, there is a 

slow conformational change between pH 7 and 5 as observed in the V8 protease studies. 

This is due to the pro-domain being more solvent-exposed and unbound at lower pH as 

well as a conformational change in the loop L4 region.  

and then dramatically between pH 5 and 4. This is suggestive of a conformational change 

within that pH range and is consistent with the values of the total free energy involved in 

this unfolding process as shown in Figure 32, panel B. The shoulder region is s

lower urea concentration with decrease in pH below

is

lo rease in pH. This can be s s in Table III OH
1

2G∆

considerable amount of dimeric and monomeric intermediates are seen at 0 M urea, 

which suggests that the protein starts unfolding at that pH even without addition of ure
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Figure 37. Panel A.  Fraction of native species of procaspase-3(C163S) at differe

Panel B.  Fraction of unfolded species of procaspase-3(C163S) at different pH. ( ) 

represents data at pH 8.5, ( ) represents data at pH 8, ( ) represents data at pH 7

represents data at pH 7.2, ( ) represents data at pH 6.5, ( ) represents data at pH 6, ( ) 

represents data at pH 5.5, (∆) represents data at pH 5, ( ) represents data at pH 4.75

represents data at pH 4.5, ( ) represents data at pH 4.2, ( ) represents data at pH 4.  
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 It is interesting to note that the protein unfolds via different mechanisms at different 

H, i.e. the mechanism moves from a four-state dimer to a three-state monomer and then 

 a two-state monomer. The total free energies (Table III) show that the protein is most 

able at pH 7.2 and its stability decreases with decrease in pH. Data from our lab shows 

 blue-shift in the tryptophan fluorescence for procaspase-3(C163S) between pH 5 and 4 

with a pKa of ~ 4.7 suggesting titration of one or more acidic groups in that region. 

Although the specific groups have not been identified, it suggests that one or more salt-

bridges might affect the dimer stability in procaspase-3.  

 According to Dill 78, proteins with homologous native conformations can fold via 

different structural intermediates, or pathways, in order to reach the homologous 

conformation. Although the structures of the procaspases are not known, they are likely 

to be similar, with the noted exceptions of the pro-domains. The non-native 

onformations that occur during the folding of the procaspases, however, are not 

ecessarily conserved, and thus may represent specific targets for inhibition. For 

so 

omprised of two antiparallel β-strands, it consists of four charged residues that form two 

salt bridges. It is not yet known whether the folding intermediate observed for 

procaspase-3 also exists for procaspase-1, but our data suggest that the intermediate may 

p

to

st

a

c

n

example, we have found that a thermodynamically stable dimeric intermediate is present 

during the folding of procaspase-3. In the caspase-3 dimer, and by analogy the 

procaspase-3 dimer, the dominant forces linking the two monomers are hydrogen 

bonding interactions between the two antiparallel β-strands of the small subunits and 

hydrophobic interactions between Val266 and Val266# at the two-fold symmetry axis. In 

contrast, the dimer interface of procaspase-1 is very different. While the interface is al

c
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be very different. Thus, while the native structures are conserved, the folding pathways 

may differ.  

 

III. Role of the short pro-domain in procaspase-3 

 We examined the mutant of procaspase-3(C163S) that lacks the pro-domain (pro-less 

variant). We have shown that the pro-less variant does not fold reversibly in vitro un

the pro-peptide is present in trans at equimolar concentrations to the pro-less variant. Th

yield of the native pro-less variant is ~10% in the absence

less 

e 

 of the pro-peptide; however, 

e  

cular 

 

wever, the 

 

ents, the 

her 

th yield increases to ~100% at ratios of 1:1 (pro-peptide : pro-less variant) or greater.

These data suggest that the pro-peptide of procaspase-3 functions as an intra-mole

chaperone or IMC. The interesting paradox shown by our data is that the pro-less variant

is a dimer when produced and purified from the E.coli expression system. Ho

in vitro refolding experiments demonstrate that the folding is not reversible in the 

absence of the pro-peptide. We suggest that this is due to the difference in protein

concentrations found in the two experimental conditions that is, the protein expression 

was high in the recombinant system. Whereas, in our in vitro refolding experim

protein concentration was in low micromolar range. Our hypothesis is that the pro-

peptide of procaspase-3 assists in the folding process by facilitating dimerization. Furt

experiments are required to confirm this. 
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CONCLUSIONS 

 

 The overall conclusions from these studies are: 

sites active as its mature counterpart. 

2.  

pH 

 consistent with conformational change and 

dissociation of the dimer between pH 5 and 4. 

9. Stability of procaspase-3 is maximum at pH 7.2 and decreases with decrease in 

pH. 

10. One or more salt-bridges might affect the stability of the dimer. 

1. Procaspase-3(C163S) has both the active 

2. Limited proteolysis with trypsin, fluorescence quenching and pH titration 

studies show that loop L3 is not unraveled and solvent exposed in the 

zymogen, even at lower pH.  

3. V8 protease studies are consistent with movements in loops L2’, L2 and L4 

during maturation. These movements are observed in the crystal structures. 

4. Therefore, procaspase-3 has an intact substrate-binding pocket with loop L3 

inserted into the active site pocket. 

5. Zymogen processing leads to a more solvent accessible conformation of the 

active site facilitating catalysis. 

6. Procaspase-3(C163S) unfolds via a four-state unfolding process at pH 7.

Folding contributes significantly to the stability of the protein. 

7. Dimerization is a folding process in procaspase-3(C163S). 

8. The protein moves from a four-state dimeric unfolding model (pH 8.5 to 

4.75) to a three-state monomer (pH 4.5 to 4.2) and finally to a two-state 

monomer model (pH 4). This is
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11. The pro-peptide moves away from the protease domain and is solvent-exposed 

at lower pH. 

12. The pro-peptide might act as an intra-molecular chaperone during protein 

folding. 
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FUTU

 

 Th

intriguing questions as well as confirm some of our preliminary results. 

 

1. Characterization of folding and assembly of procaspase-1.   

This will tell us whether the procaspases fold and assemble via similar mechanisms. 

Established biophysical probes will be employed to determine whether procaspase-1 is a 

monomer or dimer, determine the equilibrium folding mechanism of procaspase-1 and 

characterize the kinetics of folding. Results from these experiments will determine 

whether the folding mechanisms are conserved and will test the paradigm of caspase-1 

assembly. 

 

2. Determination of how the pro-domains of procaspase-1 and –3 function as    

    intramolecular chaperones (IMC) during folding.  

Evidence is presented that the pro-peptide of procaspase-3 functions as an IMC. 

Experiments will be performed to look at the role of the pro-domain of procaspase-1. 

Using a combination of mutational and biophysical studies, the kinetic folding step(s) 

that is altered by the pro-peptide will be studied. Also it will be seen whether the action is 

specific to each procaspase and what is the mechanism of action. These results will 

describe precise mechanism of action and will determine whether the action is specific to 

each procaspase.                

RE STUDIES 

ese experiments will help develop further studies that will answer several 
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