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Abstract 

 

Evolutionary and Biochemical Characterization of Effector Caspases 

 

Suman Shrestha, PhD 

The University of Texas at Arlington, 2021 

 

Supervising professor: A. Clay Clark, Ph.D. 

 

Caspases are an ancient class of cysteine-dependent aspartate-specific proteases that 

control apoptosis, responsible for cell differentiation, and maintain cellular homeostasis 

in multicellular organisms. Dysregulation of caspase functions leads to many human 

diseases, including cancer and neurological disorders. Due to the involvement of 

caspases in several diseases, it is crucial to understand how they are regulated. Extant 

human caspases have been studied extensively for over two decades. However, the 

success in the development of therapeutics against caspase dysfunctions has very little 

success to date. Hence, the evolutionary approaches for studying caspases could help 

understand their structure and function and the overall protein evolution. The caspase 

family is an excellent model to study protein evolution because all caspases are 

produced as zymogens that must be activated to gain full activity. The protein structures 

and substrate specificity are conserved through millions of years of evolution, and some 

regulatory features are ancient, and therefore common, while other features are modern 

and cluster-specific. 



 v 

Here, we characterized coral caspases as a model to study caspase evolution and 

understand the role of caspases in coral bleaching. Furthermore, we examined 

substrate specificity and evolutionary folding trajectories of extant effector caspases and 

their resurrected common ancestor. 

We identified and characterized two caspases, each from Orbicella faveolata, a 

disease-sensitive reef-building coral, and Porites astreoides, a disease-resistant reef-

building coral. Our biochemical analyses suggest that corals have complex-apoptotic 

signaling cascades similar to those of vertebrates. We reported the first X-ray crystal 

structure of a coral caspase, which reveals conservation of the caspase-hemoglobinase 

fold in coral. An N-terminal peptide bound near the active site may serve as a regulatory 

exosite. Our Folding study shows that the effector caspases unfold by a minimum three-

state equilibrium model at pH 7.5. The folding landscape was first established with the 

common ancestor and was then retained for >650 million years. Caspase-7 is closest to 

the common ancestor, whereas procaspases-6 and -3 show evolutionary changes, 

making them more stable. Moreover, modern human caspase-7 has lost stability as well 

as catalytic efficiency relative to their ancestors. 

Firstly, this study provides evidence that apoptotic mechanisms are ancient and 

well conserved in metazoans. Secondly, the energy landscape of effector caspases is 

maintained for millions of years. Finally, this research sheds light on how caspase 

substrate specificity evolved. 
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Chapter 1 

Introduction 

Caspases 

Cysteine-dependent aspartate-directed proteases are an evolutionarily 

conserved group of proteases called “caspases.” Caspases are primarily associated 

with the regulation and execution of programmed cell death (PCD), or apoptosis, in all 

metazoans (1–3). Caspases are involved in the controlled dismantling of intracellular 

components while avoiding inflammation and damage to surrounding cells. Caspases 

are also involved in numerous non-apoptotic processes such as pyroptosis, cell 

differentiation, proliferation, and cellular remodeling (4, 5). Caspases were first reported 

in 1992 by two independent research groups as a protease responsible for activating 

the precursor of interleukin-1β hence named interleukin-1β-converting enzyme (ICE) (6, 

7). After that, the search of caspase homologs began in other metazoan species and 

even in lower eukaryotes and prokaryotes in order to understand the evolution of 

caspases and apoptosis (8–11). Later, full details of caspases, including structure, 

activation pathways, and their roles in apoptosis, were studied in a model organism, 

Caenorhabditis elegans (12–14). In the last three decades, studies of apoptosis and 

caspases illustrate the roles of caspases as initiators and executioners in apoptosis; 

however, its role in non-apoptotic functions is still under study (15). 

The human caspase family is broadly classified as apoptotic or inflammatory 

depending on their involvement in the life and death of a cell. Inflammatory caspases 

are cytokine activators and comprise caspase-1, -4, and -5, all of which have a 

caspase-recruitment domain (CARD) in the N-terminus (1, 16, 17) (Fig. 1). Within this 
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group, caspase-1 is the enzyme that has been well characterized and known for 

processing IL-1β involved in inflammation (18). The apoptotic caspases are further 

divided into initiators and effectors based on their entry into apoptotic cascade and 

domain organization (1, 11). Initiator caspases are produced as a monomer and 

activated by proximity-induced dimerization, which acts upstream in cascade (19). A 

monomer of initiator caspase consists of long N-terminal prodomain, Caspase-2, and -9 

have CARD and caspase-8, and -10 have death effector domain (DED) (11) (Fig 1). 

Effector caspases are produced initially as a dimeric inactive form called zymogen, and 

a monomer consists of an N-terminal short prodomain connected with the C-terminal 

protease domain (Fig. 1). Caspases-3, -6, and -7 are effector caspases and are 

activated by cleavage of the intersubunit linker of zymogen by initiator caspases (11, 

20). 

 

Caspases-3, -6 and -7  

A stable inactive zymogen of the effector caspase is thought to prevent 

inappropriate activation (11). The cleavage of the intersubunit linker between the large 

and small subunits of effector caspases allows conformational changes or 

rearrangement of the active site forming loop. The caspase then becomes active (21, 

22). Among the effector caspases, caspase-3 is the primary effector caspase that 

cleaves the majority of substrates in cells undergoing apoptosis (23). Structurally, all 

three caspases are similar, whereas functionally, caspase-6 is somewhat different than 

caspase-3 and -7 (11). Caspase-3 and -7 are highly similar in terms of substrate 

specificity and with overlapping function in apoptosis, with few known exceptions. For 



 10 

example, poly (ADP-ribose) polymerase (PARP) more efficiently by caspase-7 than 

caspase-3 (24). Caspase-6 has different specificity than the other two effectors, and few 

caspase-6 substrates are known, including lamin A (25). Together, there is no clear 

distinction among three effector caspases in apoptotic signaling, although orthologues 

of all three caspases are found in vertebrates as well as invertebrates. Caspase singly 

or in combination knocked out mice experiments suggest that all effector caspases have 

different roles in a different context however, the functions of caspase-6 and -7 are still 

not clear (16, 26). 

 

Apoptotic pathways 

The caspases are activated primarily by two core pathways: extrinsic pathway 

and intrinsic pathway. Schematics of apoptotic pathways is shown in figure 2. 

Extrinsic pathway 

Apoptotic signaling through this pathway triggers when extracellular ligands bind 

to the transmembrane receptors in the response of extracellular signal forming a death-

inducing signaling complex (DISC). With the DISC formation, procaspase-8 gets 

activated and starts the cascade of caspase activation, which eventually activates 

effector caspases (17, 27, 28) (Fig. 2). 

Intrinsic pathway 

Various intracellular stresses and genotoxic damage trigger the intrinsic pathway 

or mitochondrial-mediated pathway. This pathway is mediated by Bax/Bak insertion into 

the mitochondrial membrane, inducing the release of cytochrome c by mitochondria. 

Cytochrome c then combines with Apaf-1 and procaspase-9 forming a heptameric 
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complex known as the apoptosome. Apoptosome formation results in caspase-9 

activation, leading to the downstream activation of caspase-3, -6, and -7, which 

ultimately are responsible for the demolition of cells (17, 27, 28) (Fig. 2). 

 

Caspases in human diseases  

Dysregulation of caspases underlies human diseases, including cancer, 

autoimmune diseases, inflammatory disorders, and infectious pathologies (3, 4, 29–31). 

Defects in caspase activation cause inadequate cell death resulting in tumorigenesis, 

whereas overactivation of caspases causes excessive cell death resulting in 

neurogenerative disorders like Alzheimer’s disease (3, 29). Mutations in casp genes are 

not frequent events, but malignant cells gain a capacity to breach the activation 

mechanism of caspases. Despite the low rate of mutation of the casp gene, the reduced 

expression of apoptotic caspases due to specific inactivating mutations has been 

reported in various cancers. Mutations have been found in all of the proapoptotic 

caspases causing caspase inactivation and leading to multiple forms of cancers such as 

neuroblastoma, carcinoma non-Hodgkin’s lymphoma (NHL), lung cancer, and 

endometrial cancer (32–36). Numerous attempts have been made to use caspases as a 

target for cancer therapy, either activating or inhibiting, but the attempts have not been 

successful because of limitation in delivery or cross-reactivity (29). The long list of 

diseases caused due to dysregulation of caspases and inability to design better 

therapies has dire consequences in human health. Hence, the study of caspases to 

understand how these enzymes work and how they can be controlled will be beneficial 
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to understand how to modulate their function and develop therapeutics against 

caspase-related diseases. 

 

Evolution of caspases 

Following the discovery of caspases in C. elegans, researchers have been 

focused on their role in cell development and apoptosis. Since then, a large number of 

caspases have been identified in vertebrates and invertebrates as well, and caspase 

function is conserved throughout metazoans (37). After studying caspases in 

nematodes, the apoptotic network was thought to be relatively simple, with only one 

initiator and one effector caspase (10). Also, it was predicted that apoptotic regulatory 

networks evolved linearly from simple to complex manner (10). However, genome 

sequencing of many invertebrates like Nematostella vectensis and Orbicella faveolata, 

contradicts the simple ancestral apoptotic network by revealing the higher numbers of 

apoptotic components in these species (10, 38). For example, Hydra magnipapillata 

contains 17 homologs of caspases (39). Hence, the number of caspases is not the 

same in all species. The different number of caspases in individual species could be 

due to lineage-specific expansions and losses, although caspase has a complex 

evolutionary history(10). Also, a varying number of apoptotic machinery, including 

caspases, suggests the diversification of species-specific functions (26). These specific 

caspases may play novel roles in various species. Findings of caspase function in basal 

metazoans suggest that caspases possess a long evolutionary history and maybe as 

old as the advent of multicellular life forms (40). Therefore, it is beneficial to examine the 



 13 

evolutionary history of caspases which could lead to new knowledge about the evolution 

of the caspase activity and its role in causing various diseases. 

 

Cnidarians as a model to study the evolution of caspases 

C. elegans and Drosophila were the model organisms to study caspases and 

apoptosis, which established the molecular bases of apoptosis. However, after the 

genome sequencing of evolutionarily older metazoans, cnidarians, it is clear that cell 

death of nematodes and insects does not reflect ancestral characteristics and can’t be a 

model to study caspase evolution. The presence of multiple caspases as well as other 

apoptotic regulators, such as Bcl-2 and Apaf-1 in cnidarians like Hydra magnipapillata, 

Hydractinia echinate, O. faveolata and Porites astreoides suggests that cnidarians may 

have a complex apoptotic system more similar to that of vertebrates (38, 41, 42). 

Additionally, Moya et al. reported the interaction of caspase-8-like and FADD-like 

proteins in Acropora millepora, suggesting the presence of an extrinsic apoptotic 

pathway (43). Together, these characteristics of cnidaria indicate the level of complexity 

and the high degree of conservation of apoptotic networks in coral to mammals, 

although the functional interactions among the apoptotic components are unknown. 

Moreover, corals are on the decline due to coral bleaching, which is defined as 

loss of the photosynthetic pigments and endosymbiotic Symbiodinium due to 

overheating or increasing ocean acidity, an effect of global warming (44, 45). Several 

studies have indicated the role of caspase and apoptosis in coral bleaching, showing 

caspase is one of the players in bleaching. Fuess et al. showed the different immune 

responses in disease susceptible species Orbicella faveolata and disease-resistant 
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species Porites astreoides. O. faveolata activated caspase-mediated apoptosis, and P. 

astreoides activated autophagic pathways (46). A few studies reported the differential 

expression of casp gene in the diseased corals (39, 47–49). Therefore, the 

characterization of caspases in corals would provide not only evolutionary perspectives 

of caspase and apoptotic networks but also a much better understanding of the roles of 

apoptosis in coral bleaching and stress responses. 

 

Protein folding and caspase as a model 

Translation produces an unfolded protein that must fold to the correct 

conformation to be functional. More than a half-century ago, the seminal studies of 

Anfinsen and colleagues established the fact that amino acid sequence in the 

polypeptide chain encodes all the information needed for a protein to fold into the 

correct three-dimensional structure (50). However, to date, how amino acid sequence 

dictates its three-dimensional atomic structure, the so-called protein folding problem has 

not been decoded despite many scientist’s decades of work. The critical questions that 

remain unresolved are (i) what is the physical code that amino acid sequences 

determine three-dimensional structure? (ii) How do proteins fold rapidly and accurately? 

(iii) Is it possible to predict the structure of a protein from its amino acid sequence by 

developing a computer algorithm? To answer these questions a variety of experimental, 

theoretical, and computational tools have been created (51–53). Mainly, X-ray 

crystallography to determine the protein structure at an atomic level and equilibrium 

folding by chemical, thermal or pH denaturation to determine the folding mechanism of 

proteins have been two leading research fields in the quest of solving the folding 
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problem (54, 55). Solving the protein folding problem would be beneficial for 

understanding protein function in the cell as protein misfolding and aggregation are 

linked with the number of diseases (56, 57). 

Most of the protein folding studies have focused on monomers and relatively 

simple dimers described by two-state pathways where only native state and unfolded 

state are populated. About two-thirds of proteins in eukaryotic organisms, however, are 

believed to be oligomeric (55, 58). For example, protein folding model systems include 

ribonuclease H (RNase H), lysozyme, cytochrome c, arc dimer, and dihydrofolate 

reductase. Studies of these proteins have provided knowledge of folding rates and 

pathways at the level of secondary and tertiary structure and some residue-specific 

information. However, monomeric systems lack the interchain interactions and 

coordination of proteins in a complex, which would be essential to understand their role 

in a biological settings (59). 

Many studies focus on the evolution of protein function while the evolutionary 

constraints on folding are lacking. Over the course of time, the energy landscape – the 

ability of proteins to fold properly into the correct structure and reasonable time scale 

avoiding misfolding – must be maintained to function in the biological system. To date, 

however, there are not many studies to examine the evolution of folding landscape. Two 

recent studies on RNase H showed that E. coli RNase H and Thermus thermophilus 

RNase H are evolutionarily billions of years apart, but their folding pathways are 

conserved with a similar folding intermediate (53, 60). In addition, studies showed 

modern RNases H evolved to be kinetically more stable than their most recent common 

ancestor. Commonly we could expect the evolution of folding landscape to avoid kinetic 
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traps or misfolded states and improve kinetic stability over time; however, we do not 

have enough evidence to back that up. Understanding folding evolution is critical to 

learn the fitness and change in stability over time. A comparative study among the 

extant homologs enriched our understanding of the folding mechanism, and residue-

specific function but did not give a clear picture of how folding mechanism changed from 

ancestor to modern proteins and its effect on biological functions. Most importantly, 

evolutionary folding studies reveal the root of the change in the energy landscape.  

For the study of ancestors, ancestral state reconstruction (ASR) predicts the 

ancestral protein sequence by using evolutionary relationships of the modern homologs 

(61). Caspases are an ancient protease family that is well characterized functionally, but 

little is known about the evolution of the folding landscape and stability. Hence, we 

sought to examine how ancestral folding conformations modulate the function of extant 

caspase clusters. Characterizing ancestral caspase and the extant homologs will reveal 

the changes in the folding landscape which also can shed light on the sequence 

determinants of the caspase folding landscape. 

 

Caspase substrate specificity 

Substrate profiling of human caspases has been performed extensively by 

multiple approaches like peptide libraries (62), directed evolution screening (63), N-

terminomics (64), Protomap (65), and PICS (66). All those studies agree at least on the 

requirement of aspartate at the P1 position of the substrate is conserved in all caspases 

due to conserved S1 binding pocket with less stringent specificity at P2 and P3 

positions. Primarily, specificity of caspase is defined by the preference of amino acids at 
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the P4 position. Thus, based on amino acid preference at the P4 position, caspases can 

be classified into three groups. Group I (caspase-1, -4, -5, -14) prefer bulky amino acids 

such as tryptophan and leucine, group II (caspases-2, -3, -7) prefer charged amino acid 

mainly aspartate, and group III (caspases-6, -8, -9, -10) prefer hydrophobic amino acids 

such as valine, leucine, and isoleucine (2). Among effector caspases, the general 

consensus of preferred tetrapeptide substrate of caspase-3 and -7 is DEVD and VEID 

for caspase-6 (63). Substrate preference of caspase is determined mainly by the active 

site forming loops. However, it is reported that some of these differences could derive 

from exosites – substrate binding sites outside the active site. For example, caspase-7 

uses the four lysine residues (38-KKKK-41) for the rapid proteolysis of the poly (ADP-

ribose) polymerase 1 (PARP-1) (67), and caspase-6 uses tri-arginine (42-RRR-44) for 

the hydrolysis of protein substrates (68).  

Evolutionary analysis of substrate specificity inferring sequences of ancestral 

proteins using ancestral state reconstruction (ASR) is more common. ASR allows 

vertical comparisons (comparing ancestral to modern enzymes) as well as horizontal 

comparisons (comparing modern enzymes from multiple species) of amino acid 

sequences to examine the evolutionary change in specificity. A previous study on the 

evolution of caspase specificity showed that the common ancestor of effector caspases 

was promiscuous (69). Later on, human caspase-6 developed specificity towards valine 

at P4 position, which evolved early after duplication of a common ancestor to the 

caspase-6 and caspase-3/7 lineages. Three vertical mutations were sufficient for the 

specificity change from the common ancestor to the caspase-6 ancestor (69). The 

development of therapeutics against caspases has been a difficult task due to the 



 18 

conserved specificity and the resulting cross reactivity. Hence, a detailed understanding 

of the molecular basis of substrate specificity of caspases is critical for developing 

selective therapeutics. In this study, we took an evolutionary approach to study the 

substrate specificity of caspase-7 in more detail. 

 

This dissertation is organized into 5 chapters. Chapter 2 describes the study of 

caspase evolution using coral as a model, where we have characterized caspases from 

two reef-building corals. Chapter 3 presents our data on the evolutionary folding 

landscape of effector caspases. Chapter 4 describes the evolution of substrate 

specificity of caspase-7 using ancestral protein reconstruction (APR). The last chapter 

will discuss all the results in brief then summarize the main findings of our study.  
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Figure 1: The Phylogenetic relationship of human caspases and schematics of the caspases 
showing the domain organization. A phylogenetic tree of human caspases was generated based 
on the alignment of the amino acid sequences by the maximum likelihood method. The 
physiological roles of caspases also indicated on right side of the schematics. 
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Figure 2: Extrinsic and Intrinsic pathways of apoptosis. Pathways are described in text. 
Abbreviations: FADD: Fas associated death domain, BID: BH3-interacting domain, tBID: 
truncated BID, MOMP: mitochondrial outer membrane permeabilization, APAF1: Apoptotic 
protease activating factor-1. 
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Abstract 

Coral reefs are experiencing precipitous declines around the globe with coral 

diseases and temperature-induced bleaching being primary drivers of these declines. 

Regulation of apoptotic cell death is an important component in the coral stress 

response. Although cnidaria contain complex apoptotic signaling pathways, similar to 

those in vertebrates, the mechanisms leading to cell death are largely unexplored. We 

identified and characterized two caspases each from Orbicella faveolata, a disease-

sensitive reef-building coral, and Porites astreoides, a disease-resistant reef-building 

coral. The caspases are predicted homologs of human caspases-3 and -7, but 

OfCasp3a (Orbicella faveolata caspase-3a) and PaCasp7a (Porites astreoides 

caspase-7a) contain an amino-terminal caspase activation/recruitment domain (CARD) 

similar to human initiator/inflammatory caspases. OfCasp3b (Orbicella faveolata 

caspase-3b) and PaCasp3 (Porites astreoides caspase-3) have short pro-domains, like 

human effector caspases. We show that OfCasp3a and PaCasp7a are DxxDases, like 

human caspases-3 and -7, while OfCasp3b and PaCasp3 are more similar to human 

caspase-6, with VxxDase activity. Our biochemical analyses suggest a mechanism in 

coral in which the CARD-containing DxxDase is activated on death platforms, but the 

protease does not directly activate the VxxDase. We report the first X-ray crystal 

structure of a coral caspase, that of PaCasp7a determined at 1.57Å resolution. The 

structure reveals conservation of the caspase-hemoglobinase fold in coral and an N-

terminal peptide bound near the active site that may serve as a regulatory exosite. The 

binding pocket has been observed in initiator caspases of other species, suggesting 
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mechanisms for the evolution of substrate selection while maintaining common 

activation mechanisms of CARD-mediated dimerization. 
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Introduction 

Apoptotic cell death is thought to be a unique characteristic of metazoans, 

although its evolutionary origins are unclear. While caspases from human cells, and 

model organisms such as C. elegans and Drosophila, have been well studied both 

biochemically and structurally (1–6), little is known about caspase activity and regulation 

in other basal species (7). While C. elegans (3, 6) and Drosophila (8) were some of the 

first invertebrate caspases to be characterized,  they have proven to be poor models for 

studying the evolution of the vertebrate apoptotic network as their networks utilize fewer 

caspases and regulatory proteins compared to higher eukaryotes. C. elegans, for 

example, utilizes only one effector caspase (CED-3), which also bears a CARD-motif 

necessary for its activation (9). Moreover, cytochrome C is not involved in the formation 

of the apoptosome in Drosophila, indicating that this organism lacks the intrinsic 

pathway found in humans (2). In contrast, it now appears that vertebrates have retained 

many characteristics of the apoptotic machinery found in sponges, sea anemone, and 

coral (10–12). Genomic studies of cnidarians, the sister group to the bilateria, revealed 

many genes that were previously thought to have been vertebrate innovations, 

demonstrating that the extensive gene loss in C. elegans and in Drosophila resulted in 

apoptotic pathways that do not reflect the characteristics of ancestral metazoans (13, 

14). Basal metazoans, which appear to have a full complement of apoptotic signaling 

molecules, may therefore be more relevant to the evolutionary pathways of vertebrate 

apoptotic networks. 

Cnidarians including reef-building corals from the genus Scleractinia are 

ecologically important organisms that are on the decline (15) and cell death has been 
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indicated to be important in these processes (16). The two primary drivers of coral 

declines are marine diseases affecting reef-building corals (17) as well as temperature 

induced loss of the coral’s symbiont known as bleaching (15). Coral possess an innate 

immune system that both defends the animals against pathogenic organisms and also 

serves as general stress responses (18). Therefore, the coral immune system is critical 

in the response of these organisms to both coral diseases and bleaching. Activation of 

the innate immune system activates apoptotic pathways (19) however to date very few 

functional studies have been performed to characterize caspase structure and 

subsequent function in corals (20). 

There are several examples pointing to the importance of apoptotic pathways 

and caspases in coral survival to both disease and temperature stress. An increase in 

expression of apoptosis-related genes was detected in a diseased Caribbean soft coral 

resulting in a visible inflammatory response (black-melanized appearance) (21). Also, 

executioner caspase genes were upregulated in the branching coral Acropora infected 

with white band disease (22). Several studies have gleaned important insights into coral 

apoptosis post-temperature stress by demonstrating that corals activate cell death 

responses following expulsion of their algal symbiont (19, 23–25). Specifically,  the anti-

apoptotic protein Bcl-2 in Acropora millepora is upregulated during temperature stress 

(26) indicating that this species likely has an intrinsic apoptosis mechanism as well as 

mechanisms to regulate this process. Interestingly it was shown that application of 

caspase inhibitors can prevent the death of bleached coral (10). Collectively, the data 

show the potential for complex apoptotic signaling pathways in coral, but data on 
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activation and control mechanisms, and how they compare to those in vertebrates, are 

lacking due to a dearth of biochemical characterization. 

In order to gain insight into caspase activity and regulation in coral, we expressed 

and characterized two caspases each from two species of Caribbean reef-building 

corals, Orbicella faveolata and Porites astreoides. The two coral species are found on 

opposite ends of the stress-tolerance spectrum where the disease -susceptible O. 

faveolata activates caspase-mediated apoptotic pathways upon immune challenge, 

whereas the disease-tolerant P. astreoides, activates an adaptive autophagic response 

(19). These findings indicate that understanding the apoptotic machinery in corals likely 

has significant implication in understanding species stress tolerance. In this 

investigation we describe the structural composition of each species’ caspase 

repertoire, and we use these data to functionally characterize both initiator and effector 

caspases from both species. Two proteins referred to as PaCasp7a and OfCasp3a 

based on sequences similarity to human caspases contain CARD motifs at the N-

terminus, an unusual combination that has not been observed in caspases-3 or -7 

enzymes from higher eukaryotes, and indeed these proteins function as initiator 

caspases. Additionally, two proteins PaCasp3 and OfCasp3b show canonical caspase-

3/-7 structural organization, with short pro-domains and possess effector caspase 

function. We describe the first biochemical characterization of coral caspases and show 

that the PaCasp3 and OfCasp3b enzymes are not activated directly by the CARD-

containing PaCasp7a and OfCasp3a, respectively. We also report the first X-ray crystal 

structure of a coral caspase, that of PaCasp7a determined at 1.57Å resolution, which 

reveals an N-terminal peptide bound near the active site that may serve as a regulatory 
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exosite. Overall, we find support for complex apoptotic mechanisms in these early 

metazoans, where the cellular machinery for both intrinsic and extrinsic apoptosis has 

ancient evolutionary origins. 

 

Results 

Caspases in two coral species: Phylogenetic analysis and domain organization 

We examined seven caspase genes from O. faveolata, based on sequences 

obtained from previous transcriptomic and genomic data (Supplementary Fig. S1 and 

Supplementary Table S1) (19). The caspases were named based on the E-value from 

BLAST as well as the sequence similarity to the human orthologs. Results from examining 

the sequence homology and domain organization suggest that three of the caspases are 

apoptotic initiators and four are apoptotic effectors in O. faveolata (Fig. 1A). The 

sequence identities of the seven caspases compared to most human caspases are low, 

only ~35% (Table 1), so it is difficult to determine the nature of each coral caspase based 

solely on sequence comparisons with human orthologs. In addition, two caspases from 

O. faveolata contain an N-terminal CARD (caspase activation and recruitment domain) 

motif, similar to those in HsCasp2 and HsCasp9, and one caspase contains tandem DED 

(death effector domain) motifs, similar to that found in HsCasp8 (Fig. 1A). The remaining 

four proteins show domain organization similar to the human effector caspases, with short 

pro-domains (Fig. 1A). 

In the case of P. astreoides, four caspase sequences consisted of two initiator-like 

caspases (called PaCasp7a and PaCasp2) and two effector-like caspases (called 

PaCasp7b and PaCasp3) (Fig. 1A and Supplementary Fig. S1). Similar to the results for 
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O. faveolata, the caspase sequences from P. astreoides also have only ~35% identity 

with human caspases, regardless of comparisons to initiator or effector caspases (Table 

1). The sequences from the two coral species displayed much higher identity to putative 

homologs in the other coral species. For example, PaCasp7a has a 77% sequence 

identity with OfCasp3a, whereas PaCasp3 has 71 and 73% sequence identity, 

respectively, with OfCasp3b and OfCasp3c. Likewise, PaCasp2 demonstrates 76% 

sequence identity with OfCasp2, and PaCasp7b shares 60% identity with OfCasp7 (Fig. 

1B). 

A phylogenetic analysis of cnidarian and vertebrate caspases demonstrated that 

cnidarian caspases cluster in separate groups (Fig. 2A). All of the short pro-domain 

caspases, including PaCasp3 and OfCasp3b, cluster together between vertebrate 

effector (caspases-3/7) and initiator (caspases-8/10) caspases. Interestingly, the 

comparative genomics and phylogenetic analyses suggest that short cnidarian 

caspases, that is, those lacking a CARD or DED, share a common ancestor with 

vertebrate effector caspases-3 and -7 and with initiator caspases-8 and -10 (Fig. 2A). 

Homologs of caspase-8 in coral share the same clade with vertebrate caspases-8 and -

10, and the CARD-containing OfCasp2 and PaCasp2 clustered with vertebrate 

caspase-2. With the exceptions of OfCasp2 and PaCasp2, the other CARD-containing 

coral caspases cluster with OfCasp3a and PaCasp7a and segregate into a different 

clade, although they share a common ancestor with vertebrate caspases-2 and -9.  

We analyzed the CARD motifs of cnidarian caspases independently of the 

protease domains and compared them to the CARD motifs of vertebrate caspases-2 

and -9 as well as that of CRADD (caspase-2 and RIPK1 domain containing adaptor with 
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death domain) motifs, which recruits caspase-2 to the PIDDosome (27) (Fig. 2B). The 

CARD motifs of coral caspases-3 and -7 cluster together but are more closely related to 

the CARD of caspase-2 than those of caspase-9 or CRADD. Based on this analysis, 

there appear to be many CARD-containing caspase-3-like proteins in cnidaria. At 

present, it is not clear why CARD-containing caspase-3-like proteins provide an 

advantage for coral development and/or symbiosis since the animals also contain 

initiator caspases that presumably activate the short pro-domain effector caspases. 

CARD-containing caspase-3-like proteins are rarely observed in vertebrate effector 

caspases. Fish-specific caspases have been found, such as the CARD-containing 

caspase-8 for example (28), but caspase-2 is, at present, the only characterized 

DxxDase with a CARD. 

We chose two caspases from each species to characterize further, based on the 

sequence comparisons with human effector caspases-3, -6, or -7. In the case of O. 

faveolata, we chose two caspase-3-like proteins that showed 47% and 35% sequence 

identity, respectively, with HsCasp3, and we named the two proteins OfCasp3a and 

OfCasp3b, respectively (Fig. 1A and Table 1). Interestingly, despite predicted similarity 

to HsCasp3, OfCasp3a also has an N-terminal CARD motif. One caspase from P. 

astreoides demonstrated the highest sequence identity with HsCasp7 (44%) and was 

named PaCasp7a, even though it also contains a CARD motif (Fig. 1A and Table 1). The 

second protein from P. astreoides showed similar sequence identity to human caspases-

3, -6, -7, and -8 (36-37%) (Fig. 1A and Table 1), but the protein does not have a DED 

motif like caspase-8 and the domain organization is more similar to that of caspase-3. 

Consequently, we named the protein PaCasp3. Overall, the low sequence identity 
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between the vertebrate and invertebrate caspases show that the classification is 

somewhat arbitrary without further biochemical characterizations of the proteins. 

Together, the phylogenetic analysis shows that the caspases from P. astreoides and O. 

faveolata have relatively low sequence identity (~40%) to mammalian caspases as well 

as other vertebrate families, but the proteins had much higher sequence identities to 

caspases from other cnidarian species, such as Pocillopora damicornis, Stylophora 

pistillata, and Nematostella vectensis. 

An analysis of the coral caspase sequences shows that the proteins contain all of 

the conserved features that define a caspase. For example, each protein contains the 

catalytic dyad, histidine (CP-075) and cysteine (CP-117) (Fig. 3), where “CP” refers to the 

common position defined previously for caspases (29). The conserved sequence that 

contains the catalytic histidine (CP-115)-QACRG-(CP-119) is found in the four coral 

caspases, although PaCasp7a and OfCasp3a contain QACQG as in human caspase-8. 

One of the most highly variable regions, the intersubunit linker (IL) is the same length in 

OfCasp3b and PaCasp3 compared to that of HsCasp3, while those of PaCasp7a and 

OfCasp3a have 1 and 2 amino acids fewer than HsCasp3 respectively (Fig. 3). 

 

Biochemical characterization of coral caspases 

We examined the four coral caspases by size exclusion chromatography (SEC) 

since CARD-containing human caspases are monomers or mixtures of weak protomer-

dimer (30). Because the IL of the procaspase monomer is cleaved during activation, the 

protomer is defined as a single unit that contains a large and small subunit and a single 

active site. Thus, the dimer consists of two protomers, or is more formally considered a 
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dimer of heterodimers. The data show that the CARD containing coral caspases, 

PaCasp7a and OfCasp3a, elute in a single peak with MW of 42.6 and 44 kDa, 

respectively. The sizes are larger than that of a protomer but smaller than a dimer 

(Supplementary Fig. S2 and Supplementary Table S5) suggesting that the proteins form 

weak dimers similar to the human initiator caspases. In contrast, the short pro-domain 

containing caspases, PaCasp3 and OfCasp3b, are dimers similar to the human effector 

caspases, with MW of 64.5 and 69.2 kDa, respectively (Supplementary Fig. S3 and 

Supplementary Table S5). 

We also determined the mass of the large and small subunits by mass 

spectrometry. Caspase zymogens are cleaved in the IL, and the N-terminal CARD or pro-

domain is removed during activation (30). The proteins also auto-process during 

overexpression in E. coli. The MW of the large and small subunits of each caspase, 

determined by MS, are shown in Supplementary Table S5. When compared to the 

sequences for each protein (Fig. 3), the data show that OfCasp3a and PaCasp7a are 

cleaved in the intersubunit linker after (CP-127)-DVTD-(CP-130), whereas OfCasp3b and 

PaCasp3 are cleaved after (CP-127)-VESD-(CP-130). The actual amino acid positions, 

in addition to the common position number, are shown in Fig. 1A, and the cleavage sites 

are indicated by the arrow in Fig. 3. In addition, the first twenty or thirty-one amino acids, 

respectively, in the pro-domains of OfCasp3b and PaCasp3 are removed following 

cleavage after VIGD (D20) (OfCasp3b) or SSTD (D31) (PaCasp3). The CARD motifs of 

OfCasp3a and of PaCasp7a are removed following cleavage after DEAD (D123) and 

DQAD (D119), respectively (Fig. 1A and Fig. 3). We note that there are potentially other 
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cleavage sites in the CARD motifs, but in our assays the CARD motif was completely 

removed.  

We characterized the substrate specificity for each of the four coral caspases 

using substrate-phage display assays, as described previously (31). In these assays, we 

utilize two substrate-phage libraries that determine the P5-P1’ substrate preferences, with 

either aspartate fixed at the P1 position (P5-xxxxDx-P1’) or random (called 6x), and the 

results were the same for both libraries. The data show that PaCasp7a and OfCasp3a 

have Group II specificity, with a preference for aspartate in the P4 position (DxxDase) 

(Fig. 4A and Fig. 4B). In contrast, PaCasp3 and OfCasp3b prefer valine in the P4 position 

(VxxDase) (Figs 4C and 4D), which is defined as Group III specificity like HsCasp6. 

The activities of PaCasp7a and of OfCasp3a were also examined using DEVD-

AFC and VEID-AFC substrates. In all cases, however, the activity against the tetrapeptide 

substrates was very low due to KM values >500 µM, so we could not reliably determine 

the steady-state catalytic parameters kcat or KM from the small peptide activity assays. In 

caspases, the KM is thought to correlate with substrate binding (KD), so the high KM 

suggests poor binding of the small peptide. 

Because of the low activity in small peptide assays, we tested the coral caspases 

for their ability to hydrolyze full-length (FL) human procaspases-3 and -6, which were 

made catalytically inactive due to mutation of the catalytic cysteine to serine (32). Thus, 

the proteins are incapable of undergoing self-proteolysis. As shown in Fig. 3, HsCasp3 is 

cleaved once in the intersubunit linker at CP-130 (IETD), while HsCasp6 contains two 

cleavage sites at CP-130 (DVVD) and at GP7-D17 (TEVD). Each procaspase substrate 

was incubated separately with an active coral caspase, and the reaction was monitored 
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over eight hours. Aliquots were removed and analyzed by SDS-PAGE (Fig. 5A). The 

results show that procaspase-3 was cleaved by PaCasp3 and by OfCasp3b, with little to 

no cleavage by PaCasp7a or by OfCasp3a. In contrast, procaspase-6 was cleaved by 

PaCasp7a and by OfCasp3a, but there was little to no cleavage by PaCasp3 or by 

OfCasp3b. Together, the data corroborate our results from substrate-phage display (Fig. 

4) that identify PaCasp3 and OfCasp3b as VxxDases and PaCasp7a and OfCasp3a as 

DxxDases, respectively. 

As described previously (33), we quantified the rate of hydrolysis of the two 

procaspase substrates by assessing the disappearance of the full-length procaspases-3 

and -6, both ~32 kDa in size, and the appearance of the large (~20 kDa) and small (~10 

kDa) subunits over the time course of the assay (Fig. 5B and Fig. 5C). The data were fit 

to a single exponential decay to approximate kcat/KM. The results show that PaCasp3 and 

OfCasp3b cleave procaspase-3 with hydrolysis rates of 31 M-1s-1 and 84 M-1s-1, 

respectively (Fig. 5B), while PaCasp7a and OfCasp3a cleaved procaspase-6 with 

hydrolysis rates of 159 M-1s-1 and 231 M-1s-1, respectively (Fig. 5C). We note that, 

although not quantified, both PaCasp3 and OfCasp3b cleave the procaspase-6 pro-

peptide (TETD) at a much slower rate than that observed for cleavage of the intersubunit 

linker of procaspase-3 (IETD). Together, the biochemical data show that the coral 

caspases are weak enzymes, at least in the in vitro assays, with kcat/KM values ~102 M-

1s-1. 
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Crystal structure of PaCasp7a 

We attempted to crystalize all four of the coral caspases, and we were successful 

in obtaining diffraction quality crystals of PaCasp7a with an inhibitor (DEVD-CHO) 

bound in the active site. The crystals diffracted in the P212121 space group, and we 

determined the structure to high resolution at 1.57 Å (Supplementary Table S4). The 

data show that the PaCasp7a is very similar to human caspases, with an RMSD of <1 Å 

compared to HsCasp3 (Fig. 6A). In the active site, the carboxylate group of the P4 

aspartate hydrogen bonds to Asn315 (CP-162) on active site loop 3 (L3), the backbone 

amide of Arg356 (GP9-02) on L4, and through-water hydrogen bonds to Trp321 (CP-168) 

(on L3) as well as the backbone carbonyl of Arg356 (GP9-02) (on L4) (Fig. 6B). In 

general, the active site provides hydrophilic binding pockets for the P3 glutamate and 

P4 aspartate of the substrate, and a more hydrophobic binding pocket for the P2 valine 

side-chain (Fig. 6C), similarly to that of HsCasp3.  

Both PaCasp7a and OfCasp3a contain a two-residue insertion in loop 1 (L1) of 

the active site (Fig. 3). The structure of PaCasp7a with inhibitor bound shows that the 

insertion extends the loop compared to HsCasp3 and results in an “RYP” motif in L1 

(Fig. 3) near the catalytic histidine (Fig. 6D). Models of the PaCasp7a active site 

suggest that rotation of the loop results in intercalation of the Arg171 (GP2-17) between 

the catalytic His231 (CP-075) and Cys271 (CP-117) (Fig. 6E). In this orientation, the 

arginine side-chain hydrogen bonds with the carbonyl of Gly232 (CP-076) on active site 

loop 3 (L3) and clashes with the P1 and P2 positions of substrate. In addition, the 

tyrosine of the RYP motif forms a new hydrogen bond with the side-chain of Ser167 

(GP2-05) in L1 (Fig. 6E). Altogether, the models suggest that in the absence of 
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substrate, rotation in L1 may stabilize an inactive conformation of the enzyme. We note, 

however, that MD simulations (50 ns) of the structural models show that the region of L1 

that contains the RYP motif is very mobile, so if the RYP motif is indeed autoinhibitory, 

then the “RYP-In” conformation appears to be transient (Supplementary Fig. S3).  

The structure of PaCasp7a also reveals a peptide bound on the protein surface 

near a-helices 1 and 4. The structure shows that amino acids in the N-terminus of 

PaCasp7a (N’-AKLFSFGG-C’) (N’-PD-A025 to PD-G018-C’ in the common position 

numbering) comprise the peptide, where the two phenylalanine side-chains bind in a 

hydrophobic pocket between the helices 1 and 4 (Fig. 6F). The binding pocket on the 

protein is formed by five hydrophobic residues on the two helices (L187 (CP-031), A190 

(CP-034), L191 (CP-035), F330 (CP-177), A334 (CP-181)) as well as F381 and F382 (CP-217 

and CP-218) at the C-terminus (Fig. 6F). The peptide also forms several hydrogen 

bonds with charged groups on the protein surface. We do not observe electron density 

for amino acids G128 (PD-017) - N141 (PD-004) (Fig. 3), but extensive interactions 

downstream of D142 (PD-003) result in an ordered structure that moves into the core of 

the protein. The fourteen disordered residues would provide ample distance to connect 

the peptide with the protease domain, and the data suggest that the intervening amino 

acids may hinder dimerization since they would be anchored near the dimer interface 

when the peptide is bound on the protein surface. The N-terminal end of the peptide is 

immediately downstream of the DQAD cleavage site that removes the CARD motif (Fig. 

3), suggesting that the binding pocket on the protein surface may be used to position 

the N-terminal linker (between the CARD and protease domains) in the active site. 
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We searched the caspase structures in the protein data bank and found four 

examples of an N-terminal peptide bound between helices 1 and 4 – human caspases-1 

(PDB ID 2H48) and -2 (PDB ID 3R7M), Dronc of Drosophila melanogaster (PDB ID 

2FP3) and CED-3 of Caenorhabditis elegans (PDB ID 4M9R) (34–37) (Supplementary 

Figs. S4A – S4D). Interestingly, the region of the peptide that is disordered in PaCasp7a 

(G128 PD-017 - N141 PD-004) forms a short a-helix in caspases-1 and -2 and in CED-3 

(Supplementary Figs. S4A – S4B and S4D). The short helix does not make contacts 

across the dimer interface but rather makes extensive intra-protomer contacts with the 

C-terminus of the protein. In the case of DRONC, the intervening peptide forms an 

extended structure that extends beyond the dimer interface and would clash with the 

second protomer of the dimer (Supplementary Fig. S4C). In all cases, the binding 

pocket between helices 1 and 4 is hydrophobic, and the peptide binds through insertion 

of one or more hydrophobic amino acids into the binding pocket as well as hydrogen 

bonds between side-chains on the protein surface and backbone atoms of the peptide. 

Therefore, the structures show a common theme in which the N-terminal peptide 

downstream of the pro-domain cleavage site binds to a hydrophobic pocket on the 

protein surface. The interactions likely stabilize the peptide in the binding pocket for 

cleavage.  

Finally, we observed a similar hydrophobic pocket in human effector caspases 

(HsCasp3, PDB: 2J30; HsCasp6, PDB: 3S70; HsCasp7, PDB: 1F1J) (38–40) 

(Supplementary Figs. S4E – S4G). There is no evidence, however, from biochemical or 

structural data, that the N-terminal peptide of the short pro-domain caspases bind in the 

hydrophobic pocket. A comparison of the N-terminal sequences (Fig. 3) shows 
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significant divergence in the peptide of human effector caspases, so although the 

binding pocket is similar to that of PaCasp7a, the binding interactions with the peptide 

sequences are not similar. In HsCasp3 and HsCasp6, for example, the cleavage site is 

downstream of the putative binding sequence, so the entire peptide is removed from the 

N-terminus. Interestingly, in HsCasp7 the cleavage site is upstream of the binding 

region, but the sequence evolved into a tetra-lysine motif that has been shown to be an 

exosite for substrate selection in caspase-7 (41).  

 

Discussion 

Coral reefs are facing a significant decline due to increasing local and global 

stressors from disease, climate change, and pollution (42). While coral possess a robust 

innate immune system, the cellular mechanisms these organisms use to respond to 

disease have not been functionally characterized (43). In addition, elevated ocean 

temperatures have emerged as key threats to the long-term survival of coral reefs due 

to collapse of the coral-algal symbiosis (23, 42). Given the environmental consequences 

posed by coral disease and bleaching, understanding the molecular physiology behind 

coral immune responses will improve our understanding of coral declines (44). The two 

coral species used in this study Orbicella faveolata and Porites astreoides are both reef-

building coral, but they lie on opposite ends of the disease response spectrum. Where 

O. faveolata is sensitive to disease and activates apoptotic responses to stress, P. 

astreoides is resistant to disease and activates autophagic responses to stress. Thus, 

these two species of coral represent an intriguing system to understand and 

characterize apoptotic mechanisms (21).   



 43 

The phylogenetic analysis suggests that the caspase repertoire of reef-building 

corals cluster into two categories: coral effectors and coral initiators (Fig. 2). This 

indicates that in contrast to model systems such as C. elegans and Drosophila, corals 

likely possess caspases with discrete functions that mirror vertebrate caspases. Protein 

domain predictions for the caspase repertoire from our two focal species determined 

that the sequences in the initiator caspase family possess N-terminal CARD or DED 

domains similar to human caspases, while the predicted coral effector caspases contain 

short pro-domains, also a pattern reflected in human caspases. Overall, this 

comparative analysis demonstrates that it is likely that corals possess complex 

apoptosis networks similar to vertebrates.   

Our functional characterization suggests that PaCasp7a and OfCasp3a may 

function similarly to caspase-2 since they exhibit DxxDase activity and contain an N-

terminal CARD motif. In contrast, PaCasp3 and OfCasp3b share characteristics with 

effector caspase-6, with a short prodomain and VxxDase activity. Moreover, a 

phylogenetic analysis showed that OfCasp3a and PaCasp7a are close to vertebrate 

initiator caspases, whereas PaCasp3 and OfCasp3b are closer to effector caspases. 

Although the caspases exhibited low activity against peptide substrates, we were able 

to confirm the selection through cleavage assays of protein substrates. The results 

showed that the DxxDases (PaCasp7a and OfCasp3a) processed procaspase-6, which 

has a DVVD cleavage sequence in the intersubunit linker, but not procaspase-3, which 

contains a more hydrophobic recognition sequence recognized by caspase-8 (IETD). 

The opposite was true for PaCasp3 and OfCasp3b. In those cases, the enzymes 

processed procaspase-3 but not procaspase-6.  
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The biochemical data show that the two short prodomain caspases (OfCasp3b 

and PaCasp3) are most likely not the main executioner caspases in coral. Rather, the 

enzymes may function similarly to HsCasp6 which plays a role during cell development. 

In addition, the two effector caspases are not directly activated by the CARD-containing 

caspases, PaCasp7a or OfCasp3a. At present, it is not clear if the DxxDase activity of 

the two effector caspases functions as the primary executioner of apoptosis or if the 

proteins activate the as-yet-unidentified executioner caspase. Based on the caspases 

identified in coral, we suggest a model in which the PaCasp7a and OfCasp3a enzymes 

are activated on PIDDosome-like complexes (45, 46), similar to HsCasp2 (Fig. 7). Either 

the DxxDase activity is utilized to kill cells, like CED-3 in C. elegans, or the activated 

enzymes cleave the executioner. In the latter case, the PaCasp3 and OfCasp3b 

proteins would be indirectly activated by PaCasp7a and OfCasp3a, respectively, 

through the undefined executioner caspase. Alternatively, the OfCasp3a and PaCasp7a 

may be activated on apoptosome complexes, and the DxxDase activities could be used 

to activate downstream caspases or to execute apoptosis. The latter suggestion is 

consistent with the presence of coral caspase-2-like proteins that also contain CARD 

motifs (Fig. 1A). Caspase-8-like proteins containing DED motifs would also activate the 

executioner (and PaCasp3 or OfCasp3b) indirectly. The putative caspase-8 and 

caspase-3-executioner proteins have been identified, but not yet characterized, in coral 

(47–50). Further characterization of the apoptotic components will determine the 

signaling responses leading to activation of the caspases, in particular whether 

OfCasp3a and PaCasp7a are activated on PIDDosome or apoptosome complexes. 

Together, the data suggest that coral are responsive to death ligands as well as 
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metabolic changes in the cell, matching human extrinsic and intrinsic apoptotic 

pathways and establishing their importance in the context of coral health, disease and 

bleaching.   

Finally, the data shown here for PaCasp7a, as well as previous structural data – 

human caspases-1 (PDB ID 2H48) and -2 (PDB ID 3R7M), Dronc of Drosophila 

melanogaster (PDB ID 2FP3) and CED-3 of Caenorhabditis elegans (PDB ID 4M9R), 

and human effector caspases (HsCasp3, PDB: 2J30; HsCasp6, PDB: 3S70; HsCasp7, 

PDB: 1F1J) (34–40) (Supplementary Figs. S4A – S4G) – identify a hydrophobic pocket 

on the protein surface between helices 1 and 4 in which a peptide sequence C-terminal 

to the processing sequence binds. The binding of the peptide may increase activity 

through improved binding of the recognition sequence in the active site and help 

position the linker near the CARD-motif for cleavage. Alternatively, the binding of the 

peptide to the pocket may affect substrate selection by demonstrating a preference for 

substrates with both a P1-P4 cleavage sequence and the downstream sequence that 

binds to the pocket. We also showed that the hydrophobic pocket is conserved in a wide 

range of species, with similar size and properties. The short pro-domain caspases 

appear to have retained the binding pocket on the protease domain, but the N-terminal 

peptide sequence diverged, suggesting that effector caspases may utilize the binding 

pocket as an exosite for substrate selection. In this case, for example, substrates with 

sequences that bind in the pocket, and are downstream of the cleavage site, may 

exhibit better binding compared to substrates that contain only the P1-P4 recognition 

sequences.  
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Conclusions 

Coral have complex apoptotic signaling cascades, similar to those of vertebrates 

providing another line of evidence that apoptotic mechanisms are ancient and well 

conserved in metazoans. We have identified OfCasp3a and PaCasp7a as initiator 

caspases that appear to function similarly to HsCasp2, indicating that corals are 

responsive to metabolic changes in the cell. In addition, both O. faveolata and P. 

astreoides contain VxxDases similar to HsCasp6. Our data show that the enzymes from 

both species have similar biochemical properties and are activated by similar 

mechanisms. Given that coral caspases have relatively low sequence identity to human 

caspases, the designation of caspase function based on sequence similarity should 

undergo further biochemical characterization. Together, the data show that regulatory or 

physiological mechanisms rather than differences in the caspase cascade likely dictate 

the disease sensitivity of O. faveolata or disease resistance of P. astreoides. Potential 

differences could arise from response mechanisms in the death receptor or the 

PIDDosome activation platforms upstream of the caspase cascade. Our data suggest 

that differences in the receptor-mediated activation of caspases as well as cross-talk 

between the autophagic and apoptotic pathways in the two coral species lead to the 

different physiological responses. 

 

Experimental procedures 

Cloning, protein expression and protein purification 

The codon optimized sequences of the four coral caspases, PaCasp3, 

PaCasp7a, OfCasp3a and OfCasp3b, were based on the sequences from previous 
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transcriptomic data (19) and were cloned into pET11a vector (Genescript, USA). All 

proteins contained a C-terminal His6 tag and were expressed in E. coli BL21(DE3) 

pLysS cells and purified as previously described (32, 51). 

 

Phylogenetic analysis 

Caspase sequences of representative species were obtained from the CaspBase 

(caspbase.org) (29) along with BLAST top hits from HMMER (52), and multiple 

sequence alignments were obtained using MEGA 7 (53). The best model of evolution to 

construct a phylogenetic tree from our dataset was determined with ProtTest 3 (54) 

(https://github.com/ddarriba/prottest3), and the tree was computed with the maximum 

likelihood method in IQTREE, using the Jones-Taylor Thornton model (JTT) plus 

gamma distribution (55). The tree was bootstrapped 1000 times as a test of phylogeny. 

The accession numbers of all genes used for phylogenetic analysis are listed in 

Supplementary Tables S1 and S2. 

 

Size exclusion chromatography 

Proteins were examined using a Superdex75 Increase 10/300GL column on an 

AKTA-FPLC. The proteins were concentrated to 1-5 mg/mL and dialyzed in a buffer of 30 

mM potassium phosphate, pH 7.5, containing 1 mM DTT for 4 hours. The column was 

equilibrated with two columns volume (50 mL) of the same buffer. Protein (200 µL) was 

loaded onto the column, and the column was resolved at a flow rate of 0.5 mL/min. The 

column was calibrated using the gel filtration LMW calibration kit (GE Health Sciences) 

following the manufacturer instructions. 
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Mass spectrometry 

Matrix-assisted laser desorption/ionization (MALDI) analysis was done as 

described (56). In brief, proteins were resolved by SDS-PAGE on a 12.5% acrylamide 

gel, and then bands for the large and small subunits were excised. Each gel fragment 

was destained using a solution of acetonitrile and 50 mM ammonium bicarbonate (1:1 

v/v) for 3 hrs. The gel fragments were then crushed in microcentrifuge tubes, and the 

proteins were extracted with 30 µL of a solution of formic acid/water/2-propanol (1:3:2 

v/v/v) (FWI) for 8 hours at room temperature. After extraction, samples were centrifuged 

and supernatant was lyophilized then re-dissolved in 2 µL of MALDI matrix solution (FWI 

saturated with 4-hydroxy-a-cyano-cinnamic acid (4HCCA)). Dissolved protein was then 

retrieved for MS analysis using dried-drop method of matrix crystallization then analyzed 

by MALDI-MS (Axima Assurance Linear MALDI TOF). 

 

Whole-protein cleavage assay 

Enzyme specificity of the four coral caspases was first examined by cleavage of 

human procaspases-3 and -6 in time-course assays, as described previously (33). The 

procaspase substrate was diluted to a final concentration of 5 µM in a buffer of 150 mM 

Tris-HCl, pH 7.5, 50 mM NaCl, 1% sucrose, and 10 mM DTT at 37 °C. Reactions were 

started by the addition of respective coral caspase at a final concentration of 1 µM, and 

the total reaction volume was 2 mL. Aliquots of 100 µL were removed at times 30 sec, 1 

min, 5 min, 15 min, 30 min, 45 min, 1 hour, 2 hour, 4 hour, 6 hour and 8 hour after the 

addition of active enzyme. Reactions were stopped by the addition of six-fold 

concentrated SDS-PAGE loading dye (20 µL) followed by incubation in boiling water for 
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5 minutes. Samples were loaded into a 16% resolving gel with a 4% stacking gel and 

electrophoresed for 1.5 hours at 80 volts followed by an increase in voltage to 190 V for 

an additional 4 hours. The change in density for the procaspase substrate over time as a 

result of cleavage was quantified using Image lab software (Bio-Rad), and the data were 

plotted with Kaleidagraph. As described previously (33), the data were fit to an 

exponential decay to determine the CF50 (cleavage of 50% of protein substrate), and the 

CF50 was used to calculate the rate of hydrolysis (M-1 sec-1) using the equation k = 

((−ln(P))/(E·t)). In this case, k is the rate of hydrolysis, P is the fraction cleaved (50%), E 

is the concentration at which CF50 is achieved (in molar), and t represents time (in 

seconds). 

 

Enzyme assays and substrate-phage display 

Enzyme activity was determined in a buffer of 150 mM Tris-HCl, pH 7.5, 50 mM 

NaCl, 10 mM DTT, 1% sucrose, 0.1% CHAPS (assay buffer) at 25 °C, as previously 

described (57, 58). The total reaction volume was 200 µL, and the final enzyme 

concentration was 10 nM. Following the addition of substrate (Ac-DEVD-AFC, Ac-VEID-

AFC, Ac-LETD-AFC, Ac-LEHD-AMC, Ac-IETD-AMC), the samples were excited at 400 

nm (AFC substrates) or 350 nm (AMC substrates), and fluorescence emission was 

monitored at 505 nm (for AFC substrates) or 450 nm (for AMC substrates) for 60 

seconds using a PTI fluorometer (Photon Technology International, Edison, NJ, USA). 

The steady-state parameters, KM and kcat, were determined from plots of initial velocity 

versus substrate concentration.  
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Substrate phage display assays were performed as described (31, 58). Briefly, 

phage libraries consisting of caspase recognition sequences were bound to Ni-NTA 

resin. Enzyme (10-100 nM) was added to initiate the reaction, and samples were 

incubated between 3 and 20 hours. E. coli ER2738 cells were used to amplify the 

cleaved phage from previous rounds by infecting cells with the supernatant after 

enzyme incubation. The cells were grown for 4 hours, removed by centrifugation, and 

the supernatant was collected and used as the library for the following round of 

selection. Plaque counting was used to determine the endpoint of the experiment, when 

the number of phage bound to the resin was similar to the number of phage released 

during the treatment. The number of phage released during the reaction versus the 

control (without enzyme) was monitored to ensure progress in substrate selectivity. 

 

X-ray crystallography 

Protein structure predictions were performed using Swiss-Model (59) using 

human caspases-3, -6, and -7 as references (PDB ID 2J30, 3OD5, and 1F1J, 

respectively). For structure determination, the coral caspase proteins were dialyzed in a 

buffer of 10 mM Tris-HCl, pH 7.9, 100 mM NaCl, 1 mM DTT and concentrated to ∼7 

mg/mL. The molar extinction coefficients for the proteins were determined by ProtParam 

under reduced conditions (Supplementary Table S3). Inhibitor, Ac-DEVD-CHO 

(reconstituted in DMSO), was added at a 5:1 (w/w) inhibitor/protein ratio, and DTT and 

NaN3 were added to final concentrations of 10 and 3 mM, respectively. Samples were 

incubated for 1 hour in the dark on ice. Hanging-drop vapor diffusion method was 

applied using 4 μL drops that contained equal volumes of protein and reservoir solutions 
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using the PEG/ion 2 screen (Hampton Research). PaCasp7a protein crystalized in a 

solution of 0.1 M sodium malonate pH 5.0, 12% w/v polyethylene glycol (PEG) 3350, 

and conditions were optimized such that the best diffracting crystals of PaCasp7a were 

obtained at 18 °C in a solution of 0.1 M sodium malonate, pH 4.9–5.1, 15–17% PEG 

3350 (w/v), 10 mm DTT, and 3 mm NaN3. Crystals for PaCasp7a appeared within 3 to 5 

days and were briefly immersed in a cryogenic solution containing 20% PEG 4000, 80% 

reservoir solution. Crystals were stored in liquid nitrogen. We were unable to obtain 

diffraction quality crystals for the remaining coral caspases. Data sets were collected at 

100 K at the SER-CAT synchrotron beamline (Advance Photon Source, Argonne 

National Laboratory, Argonne, IL). Each data set contained 180 frames at 1° rotation. 

The protein crystallized in the space group P 21 21 21 and was phased with a previously 

published HsCasp3 structure (PDB entry 2J30). Data reduction and model refinements 

were done using HKL2000, COOT, and Phenix, and a summary of the data collection 

and refinement statistics is shown in Supplementary Table S4. Molecular dynamics 

simulations were performed for 50 ns with GROMACS 4.5 (60) using the Amber99 force 

field (61) and the TIP3P water model (62), as previously described (63).  

 

Data availability  

The crystal structure for PaCasp7a has been deposited in the Protein Data Bank, 

www.wwpdb.org under PDB ID code: 6WI4. 
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Figure 1: Domain organization and sequence comparison among caspases of O. faveolata and 
P. astreoides. (A) Domain organization of caspases in O. faveolata and P. astreoides. 
Processing site between large and small subunit, and after prodomain are noted in 
biochemically characterized caspase. (B) Protein sequence identity (%) and similarity (%) 
among coral caspases. 
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Figure 2: Coral caspase phylogenetic analysis. (A) Phylogenetic tree of cnidarian and 
vertebrate caspases. Orbicella faveolata (Of), Porites astreoides (Pa), Pocillophora damicornis 
(Pd), Stylophora pistillata (Sp), Nematostella vectensis (Nv), Exaiptasia pallida (Ep), Hydra 
vulgaris (Hv), Acropora digitophora (Ad), Homo sapiens (Hs), Mus musculus (Mm), Gallus 
gallus (Gg), Alligator mississippiensis (Am), Xenopus laevis (Xl), Danio rerio (Dr). Accession 
number of all used sequences are shown in Supplementary Tables S1 and S2. (B) Phylogenetic 
analysis of CARD domains of caspases and CRADDs (CASP2 and RIPK1 Domain containing 
Adaptor with Death Domain) between cnidarians and vertebrates. 
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Figure 3: Biochemically characterized caspases of O. faveolata and P. astreoides aligned with 
human effector caspases. In the multiple sequence alignment (MSA), secondary structures 
(alpha helices, beta sheets, and loops) are indicated along with common position (CP) numbers 
among caspases. Gap positions, or sequences between common amino acid positions, are 
referred to as GP. Histidine (H) and Cysteine (C), which forms a catalytic dyad, are colored in 
red and blue respectively. “RYP” motif insertion in OfCasp3a and PaCasp7a are colored in 
green. 
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Figure 4: Substrate preference determined by substrate-phage display. Amino acid preferences 
shown for substrate positions P5-P4-P3-P2-P1-P1’ for PaCasp7a (A), OfCasp3a (B), PaCasp3 
(C) and OfCasp3b (D). Values of Y-axes indicate number of phage sequences containing the 
specified amino acid (Count). Amino acids are shown on the X-axes in single letter code. Web 
logos are also shown in inset of respective graph for same results.  
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Figure 5: Cleavage kinetics of coral caspases using human procaspases-3 and -6 as a 
substrate. (A) Cleavage of full-length inactive HsCasp3 and HsCasp6 by coral caspases over 
time course. All cleaved products are labeled along with enzyme itself. (SL- large subunit of 
substrate, SS- small subunit of substrate, EL- large subunit of enzyme, ES- small subunit of 
enzyme, SL-P- large subunit with prodomain cleaved, S- substrate and E+S- enzyme and 
substrate). Bands with “*” indicate only prodomains were removed from full-length substrate. (B, 
C) Quantification of procaspase bands relative to the control (substrate without enzyme after 8 
hours incubation). Data were fit to a single exponential decay to calculate CF50 used to calculate 
hydrolysis rate of coral caspases (solid line). Procaspase-3 (B), Procaspase-6 (C). Error bars 
represent standard deviation from three different experiments.  
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Figure 6. Structure of PaCasp7a. (A) Comparison of PaCasp7a (green) aligned with HsCasp3 
(grey) (PDB ID: 2J30). (B)  PaCasp7a active site bound with inhibitor DEVD-CHO. Dashed lines 
show hydrogen bonding network to the P4 aspartate. (C) Surface map of active site residues in 
PaCasp7 within 5 Å of the inhibitor (yellow sticks). Neutral charges are grey, negative charges 
are red, and positive charges are blue. (D) “Out” orientation, of “RYP” residues in loop 1 in 
crystal structure of PaCasp7a. (E) “In” orientation, of “RYP” residues in loop 1 in predicted 
model of PaCasp7a. Dashed lines show the hydrogen bonds formed by “R” and “Y” in “In” 
Orientation. (F) N-terminal peptide (orange) bound in hydrophobic pocket between helices 1 and 
4. PaCasp7a residues that form the pocket are shown in yellow: L187 (CP-031), A190 (CP-034), 
L191 (CP-035), F330 (CP-177), A334 (CP-181) as well as F381 (CP-217) and F382 (CP-218) at the C-
terminus. 
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Figure 7. Proposed apoptotic pathways in coral compared to the apoptotic pathways in 
humans. All components in the pathways have homologs in O. faveolata and P. astreoides with 
the exception of BID (dotted box). A list of homologs is shown in Supplementary Table S6. 
Dotted lines indicate that links have not yet been shown experimentally. Caspases in green 
background are initiators and those in red background are effectors. Pa refers to P. astreoides 
and Of refers to O. faveolata. The four caspases characterized here are shown in blue. 
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Table 1: Protein sequence identity/similarity (%) with human caspases. 

 

  

 
HsCasp

3 

HsCasp

7 

HsCasp

6 

HsCasp

2 

HsCasp

8 

HsCasp1

0 

HsCasp

9 

OfCasp7 37/54 38/52 32/49 28/43 34/50 33/53 34/50 

OfCasp3c 36/58 35/56 35/52 32/48 37/53 37/54 33/49 

OfCasp3b 35/60 32/57 33/52 32/49 37/55 33/53 34/50 

OfCasp3a 47/69 45/65 38/54 29/48 39/54 39/55 28/46 

OfCasp2 37/53 41/55 35/46 33/52 34/52 35/52 32/48 

OfCasp8a 39/56 39/53 34/48 35/53 32/58 30/49 34/51 

OfCasp8b 33/56 31/50 31/49 32/52 35/51 34/52 32/46 

PaCasp3 36/58 37/59 36/56 33/49 37/54 34/54 35/50 

PaCasp7a 43/65 44/60 36/53 28/46 37/53 37/53 28/44 

PaCasp7b 38/54 37/52 34/49 29/46 31/48 30/50 33/48 

PaCasp2 39/53 38/52 33/48 33/50 35/53 35/52 32/49 
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Supplementary Table S1: Caspases from Orbicella faveolata and Porites astreoides with their 
assigned name based on sequence and domain similarity with human caspases, their 
respective accession number, and domains in their structure. 
Given Name Accession number Domains 
Orbicella faveolata   
OfCasp3a XP_020613409.1 CARD, Peptidase_C14 
OfCas3b XP_020630525.1 Peptidase_C14 
OfCasp7 XP_020613679.1 Peptidase_C14 
OfCasp3c XP_020630550.1 Peptidase_C14 
OfCasp2 XP_020630531.1 CARD, Peptidase_C14 
OfCasp8a XP_020620405.1 DED, DED, 

Peptidase_C14 
OfCasp8b XP_020629413.1 Peptidase_C14 
Porites astreoides   
PaCasp-3 comp-76580 Peptidase_C14 
PaCasp-7a comp-74978 CARD, Peptidase_C14 
PaCasp2 comp-74936 CARD, Peptidase_C14 
PaCas7b comp-77018 Peptidase_C14 

 
Supplementary Table S2: Caspases from invertebrates and vertebrates used in the 
phylogenetic analysis and their respective accession number. 

Caspases name Accession number 
Acropora digitifera  
AdCasp3a XP_015775441.1 
AdCasp3b XP_015766400.1 
AdCasp3c XP_015762449.1 
AdCasp8 XP_015761120.1 
AdCasp3d XP_015753767.1 
Alligator mississippiensis  
AmCasp6 XP_019355646.1 
AmCasp8 XP_006272599.1 
AmCasp10 XP_014449789.1 
AmCasp7 XP_014450146.1 
AmCasp2 XP_014464708.1 
AmCasp3 XP_019336883.1 
AmCasp9 XP_019355521.1 
Danio rerio  
DrCasp2 NP_001036160.1 
DrCasp3a XP_001338890.2 
DrCasp3b XP_005173133.1 
DrCasp6a XP_005164109.1 
DrCasp6b XP_017210076.1 
DrCasp6c NP_001018333.1 
DrCasp7 XP_005156389.1 
DrCasp8a NP_571585.2 
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DrCasp8b NP_001092089.1 
DrCasp9 NP_001007405.2 
Exaiptasia pallida  
EpCasp3a XP_020893866.1 
EpCasp3b XP_020905061.1 
Gallus gallus  
GgCasp2 NP_001161173.1 
GgCasp3 NP_990056.1 
GgCasp6 NP_990057.1 
GgCasp7 XP_421764.3 
GgCasp8 NP_989923.1 
GgCasp9 XP_424580.5 
GgCasp10 XP_421936.4 
Homo sapiens  
HsCasp2 NP_116764.2 
HsCasp3 NP_004337.2 
HsCasp6 NP_001217.2 
HsCasp7 NP_001253985.1 
HsCasp8 NP_001219.2 
HsCasp9 NP_001220.2 
HsCasp10 NP_116759.2 
Hydra vulgaris  
HvCasp2 NP_001274285.1 
HvCasp3a XP_012557085.1 
HvCasp3b XP_002159783.3 
HvCasp7 XP_012561656.1 
HvCasp8 XP_012562456.1 
Mus musculus  
MmCasp2 NP_031636.1 
MmCasp3 NP_001271338.1 
MmCasp6 NP_033941.3 
MmCasp7 XP_006526679.1 
MmCasp8 NP_001264855.1 
MmCasp9 NP_056548. 
Nematostella vectensis  
Nv.Casp3 XP_001633895.1 
Pocillophora damicornis  
Pd.Casp3 XP_027037576.1 
Stylophora pistillata  
SpCasp3a XP_022784432.1 
SpCasp3b XP_022808070.1 
Sp.Casp3c PFX33553.1 
SpCasp8a XP_022796790.1 
SpCasp8b XP_022789601.1 
Xenopus laevis  
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XtCasp2 XP_012809163.1 
XtCasp3 NP_001120900.1 
XtCasp6 NP_001011068.1 
XtCasp7 NP_001016299.1 
XtCasp8 XP_017953067.1 
XtCasp10 NP_001015715.2 
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Supplementary Table S3: Characteristics of coral caspases. 

Composition (1) Protein 
 OfCasp3a OfCasp3b PaCasp3 PaCasp7a HsCasp3 HsCasp6 HsCasp7 
Total Number 
Amino Acids 

392 299 298 390 277 293 303 

Ala (A) 24 (6.1%) 22 (7.4%) 16 (5.4%) 31 (7.9%) 12 (4.3%) 19 (6.5%) 18 (5.9%) 
Arg (R) 26 (6.6%) 18 (6.0%) 16 (5.4%) 25 (6.4%) 14 (5.1%) 17 (5.8%) 15 (5.0%) 
Asn (N) 19 (4.8%) 11 (3.7%) 16 (5.4%) 19 (4.9%) 15 (5.4%) 11 (3.8%) 14 (4.6%) 
Asp (D) 29 (7.4%) 24 (8.0%) 23 (7.7%) 30 (7.7%) 20 (7.2%) 20 (6.8%) 27 (8.9%) 
Cys (C) 3 (0.8%) 9 (3.0%) 9 (3.0%) 3 (0.8%) 8 (2.9%) 10 (3.4%) 11 (3.6%) 
Gln (Q) 10 (2.6%) 10 (3.3%) 14 (4.7%) 12 (3.1%) 4 (1.4%) 7 (2.4%) 11 (3.6%) 
Glu (E) 28 (7.1%) 17 (5.7%) 14 (4.7%) 26 (6.7%) 20 (7.2%) 20 (6.8%) 19 (6.3%) 
Gly (G) 25 (6.4%) 16 (5.4%) 20 (6.7%) 23 (5.9%) 16 (5.8%) 19 (6.5%) 18 (5.9%) 
His (H) 5 (1.3%) 9 (3.0%) 6 (2.0%) 5 (1.3%) 8 (2.9%) 12 (4.1%) 7 (2.3%) 
Ile (I) 21 (5.4%) 16 (5.4%) 15 (5.0%) 21 (5.4%) 19 (6.9%) 13 (4.4%) 17 (5.6%) 

Leu (L) 30 (7.7%) 19 (6.4%) 20 (6.7%) 25 (6.4%) 20 (7.2%) 26 (8.9%) 20 (6.6%) 
Lys (K) 26 (6.6%) 17 (5.7%) 14 (4.7%) 24 (6.2%) 22 (7.9%) 20 (6.8%) 25 (8.3%) 
Met (M) 12 (3.1%) 6 (2.0%) 9 (3.0%) 12 (3.1%) 10 (3.6%) 7 (2.4%) 7 (2.3%) 
Phe (F) 19 (4.8%) 17 (5.7%) 17 (5.7%) 19 (4.9%) 15 (5.4%) 18 (6.1%) 17 (5.6%) 
Pro (P) 13 (3.3%) 14 (4.7%) 17 (5.7%) 16 (4.1%) 7 (2.5%) 10 (3.4%) 12 (4.0%) 
Ser (S) 42 

(10.7%) 
28 (9.4%) 28 (9.4%) 35 (9.0%) 26 (9.4%) 18 (6.1%) 21 (6.9%) 

Thr (T) 22 (5.6%) 13 (4.3%) 10 (3.4%) 23 (5.9%) 16 (5.8%) 16 (5.5%) 15 (5.0%) 
Trp (W) 2 (0.5%) 1 (0.3%) 1 (0.3%) 2 (0.5%) 2 (0.7%) 2 (0.7%) 2 (0.7%) 
Tyr (Y) 16 (4.1%) 9 (3.0%) 9 (3.0%) 15 (3.8%) 10 (3.6%) 10 (3.4%) 9 (3.0%) 
Val (V) 20 (5.1%) 23 (7.7%) 24 (8.1%) 24 (6.2%) 13 (4.7%) 18 (6.1%) 18 (5.9%) 

Molecular 
Weight (Da) 

44192.61 33437.75 33192.51 43727.11 31,608 33,310 34,277 

pI 5.75 5.87 5.42 5.49 6.09 6.46 5.72 
Extinction 
Coefficient 
(280 nm, M-

1cm-1) (2) 

34840 18910 18910 33350 26,500 25,900 24,410 

1 Parameters exclude the LEHHHHHH C-terminal tag. 
2 Assuming all cysteine residues are reduced. 
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Supplementary Table S4: PaCasp7a crystal statistics. 

PDB Code  Refinement 

Data collection    Rwork/Rfree (%) 17.7/21 

   Wavelength 1.0    Average B-factor 
(Å2) 

17.76 

Temperature(K) 100 Macromolecules 16.40 

   Space Group P 21 21 
21 

Solvent 27.77 

   Cell Dimensions    Wilson B-factor 13.39 

 a, b, c 
(Å) 

74.416   
86.848   
93.666 

   R. m. s. deviations 

 α, β, γ (°) 90.00       
90.00       
90.00 

Bond length (Å) 0.077 

   #Unique 
Reflection 

83910 Bond angle (°) 5.004 

   Resolution 
(Å) 

39.4 – 
1.57 

MolProbity score 4.84 

   R-meas 0.249    Number of atoms 

   R-pim 0.117  Protein 3823 

   CC(1/2) 0.255  Water 586 

   Average I/σ 1.33 Protein 
residues 

466 

  Completeness 
(%) 

98.5 MolProbity 

   Redundancy 4.9  Ramachandran      
 favored 

97.86% 

Clash score 3.42  Ramachandran 
 outliers 

0.00% 
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 Rotamer 
 outliers 

0.24% 

 
 

Supplementary Table S5: Molecular weight determined using ProtParam and mass 
spectrometry. 

Protein M.W. Full 
length (kDa) 
(Protparam) 

M.W. Large 
Subunit 
(kDa) (Mass 
Spec.) 

M.W. Small 
Subunit (kDa) 
(Mass Spec.) 

M. W. A Protomer 
(cleaved IL and 
prodomain) 

OfCasp3a 45.3 17.9 13.2 31.1 
OfCasp3b 34.5 20.3 12.1 32.4 
PaCasp3 34.3 18.9 12.9 31.8 
PaCasp7a 44.8 17.8 13.3 31.1 

 

Supplementary Table S6: Homologs of components of human apoptotic pathways in O. 
faveolata and P. astreoides. 

Protein_name Uniprot ID (Human) Orbicella faveolata Porites astreoides 
Bcl-2 P10415 XP_020601884.1 comp77460_c1_seq5.p1 
Bcl-xL Q07817 XP_020600881.1 comp71697_c0_seq4.p1 
Bax Q07812 XP_020620765.1 comp65965_c0_seq1.p1 
Bak Q16611 XP_020601942.1 comp78640_c3_seq2.p1 
PIDD Q9HB75 XP_020624054.1 comp63514_c0_seq4.p1 
RAIDD P78560 XP_020606624.1 comp74936_c0_seq2.p1 
P53 P04637 XP_020628162.1 comp71445_c0_seq1.p1 
Apaf-1 O14727 XP_020620792.1 comp76833_c0_seq1.p1 
Cytochrome c P99999 XP_02062022.1 Isotig14309.p1 
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Supplementary Figure S1: Multiple sequence alignment of caspases from O. faveolata and P. 
astreoides. 
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Supplementary Figure S2: Chromatogram (A280) of coral caspases. Peaks based on elution 
volume after FPLC analysis of the native oligomeric state through sizing column. Sigma-Aldrich 
gel filtration kit was used as a marker; Albumin (66 kDa, ), Carbonic anhydrase (29 kDa, ) 
and cytochrome c (12.4 kDa, ). OfCasp3a (Orbicella faveolata caspase-3a), OfCasp3b 
(Orbicella faveolata caspase-3b), PaCasp7a (Porites astreoides caspase-7a) and PaCasp3 
(Porites astreoides caspase-3) refer to the four coral caspases characterized in the main text. 
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Supplementary Figure S3: Average structures of molecular dynamics (MD) simulations 
showing loop 1 (L1) containing “RYP” motif in the “in” versus “out” conformations. Green: 
Past7a crystal structure and “RYP out”, Yellow: PaCasp7a average structure from MD 
simulations of PaCasp7a model structure and “RYP in”. The data show that the two 
conformations do not interconvert on the timescale of the MD simulations (50 ns). 
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Supplementary Figure S4: Structures of caspases with N-terminal peptide bound between 
helices 1 and 4. A. HsCasp1 (PDB ID: 2H48), B. HsCasp2 (PDB ID: 3RJM), C. D. melanogaster 
initiator caspase Dronc (PDB ID: 2FP3), D. C. elegans caspase CED-3 (PDB ID: 4M9R), E-G. 
Hydrophobic pocket between helices 1 and 4 in human effector caspases. E. HsCasp3 (PDB ID: 
2J30), F. HsCasp6 (PDB ID: 3S70), G. HsCasp7 (PDB ID: 1F1J).
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Abstract 

Caspases are a family of cysteinyl proteases that control programmed cell death 

and maintain homeostasis in multicellular organisms. The caspase family is an excellent 

model to study protein evolution because all caspases are produced as zymogens 

(procaspases) that must be activated to gain full activity; the protein structures are 

conserved through millions of years of evolution; and some allosteric features arose 

with the early ancestor while others are more recent evolutionary events. The apoptotic 

caspases evolved from a common ancestor into two distinct subfamilies: monomers 

(initiator caspases) or dimers (effector caspases). Differences in activation mechanisms 

of the two subfamilies, and their oligomeric forms, play a central role in the regulation of 

apoptosis. Here, we examined changes in procaspase stability and changes in the 

folding landscape by characterizing human effector caspases and their common 

ancestor. The results show that the effector caspases unfold by a minimum three-state 

equilibrium model at pH 7.5, where the native dimer is in equilibrium with a partially 

folded monomeric (procaspase-7) or dimeric (procaspase-6) intermediate. In 

comparison, the unfolding pathway of procaspase-3 contains both oligomeric forms of 

the intermediate. Overall, the common ancestor forms a weak dimer which was 

stabilized early in the evolution of the subfamily. The folding landscape was first 

established with the common ancestor and was then retained for >650 million years. 

Procaspase-7 is closest to the common ancestor, whereas procaspases-6 and -3 show 

evolutionary changes that affect stability by stabilizing conformations of lower population 

in the ancestral ensemble.  

  



 79 

Introduction 

While folding landscapes of proteins have been studied for decades (1–3), many 

studies focused on small monomeric proteins or dimers with simple folding landscapes.. 

Studies of monomeric proteins have provided a wealth of information concerning the 

principles that govern intramolecular interactions during folding, but they do not consider 

intermolecular interactions provided by the interfaces of multimeric proteins (4). For 

some dimers, subunit interactions in dimeric interface lead to more complicated folding 

pathways compared to simple two-state behavior involving only native dimer (N2) and 

unfolded monomers (U) (5, 6). Moreover, relatively little is known about the evolution of 

dimeric proteins compared to monomeric proteins (2, 7), although two-thirds of proteins 

form a multimeric assembly (8, 9). Thus, an understanding of the role of oligomerization 

in the folding landscape of a polypeptide sequence should include a consideration of the 

interface in assembly (10). In this regard, the caspase family of proteases is an 

attractive model system to study the evolution of protein folding landscapes. Caspases 

are a family of cysteinyl aspartate-specific proteases that initiate and execute 

programmed cell death and maintain cellular homeostasis in metazoans (11). There are 

two broad categories of caspases based on their function: inflammatory caspases 

(caspases -1, -4, and -5) and apoptotic caspases. The latter is further subdivided into 

two groups based on their entry into the apoptotic cascade. Initiator caspases 

(caspases-2, -8, -9 and -10) act upstream and activate downstream effector 

procaspases (caspases-3, -6 and -7), which execute the cell death function (12). In 

addition, the caspase-hemoglobinase fold has been conserved for >650 million 
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years(13), so the caspase family provides opportunities to examine the folding of 

monomers as well as the role of dimerization in the folding landscape. 

More recently, evolutionary biochemists have used a new approach to study 

protein folding by examining the evolution of protein structure and function. Ancestral 

reconstruction methods enable one to use vertical comparisons (comparing ancestral to 

modern enzymes) as well as horizontal comparisons (comparing modern enzymes from 

multiple species) (14–16). The results of such studies potentially show the mechanisms 

by which changes in protein sequence have caused shifts in structure and function (17). 

The sequence determinants of protein structure-function, and substitutions revealed by 

the evolutionary analysis in common evolutionary nodes can then be introduced singly 

or in combination into ancestral backgrounds. Ultimately, by examining the ancestral 

reconstructions and changes that occur throughout evolution of the protein, one can 

determine the effects of historical mutations on protein structure, function, and physical 

properties (16). 

The effector and initiator caspases evolved by gene duplication and divergence 

from a common ancestor (CA) more than 650 million years ago (Mya) (13). The CA 

provided a scaffold for the modern caspases to acquire distinct properties, such as 

formation of oligomers, changes in stability, enzyme specificity, and allosteric 

regulation(13). All caspases are produced in the cell as inactive zymogens that must be 

activated during the apoptotic cascade. In general, initiator procaspases are stable 

monomers, and dimerization is sufficient for activation, whereas effector procaspases 

are stable, yet inactive dimers, and are activated via cleavage by initiator caspases (Fig. 

1). The oligomeric form of the zymogen and its activation mechanism is key to 
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regulation of apoptosis (11, 13). While the amino acid sequence identity is low between 

caspase subfamilies (~40%) (13), the caspase-hemoglobinase fold is well-conserved 

(18) even from distantly related species of vertebrates and invertebrates, such as 

human, Danio rerio, Caenorhabditis elegans, Drosophila melanogaster, and Porites 

astreoides (19–23).The structure of the procaspase monomer is characterized by a 6-

stranded b-sheet core with several a-helices on the surface (4). Each monomer of the 

procaspase homodimer consists of approximately 300 amino acids organized into an N-

terminal prodomain followed by a protease domain. The protease domain is further 

divided into a large and a small subunit that are connected by a short intersubunit linker. 

(Fig. 1B). 

Previously, we showed that the human procaspase-3 dimer assembles by a four-

state equilibrium mechanism in which the unfolded protein folds to a monomeric 

intermediate. Following dimerization of the intermediate, the protein undergoes a 

conformational change to form the native dimer (2U ⇄ 2I ⇄ I2 ⇄ N2) (24). Dimerization 

results in a substantial increase in conformational free energy, ΔG°conf, for the dimer 

(~25 kcal mol-1) vs. the monomer (~7 kcal mol-1) at 25°C (24). Furthermore, by 

examining the changes in ΔG°conf vs. pH, we showed that the procaspase-3 dimer 

dissociates at lower pH due to a pair of histidine residues that contribute to salt bridges 

across the dimer interface (25). Thus, our previous data showed that the per residue 

contribution to the total conformational free energy of the dimer (ΔG°conf) increases from 

0.025 kcal/mol/aa to 0.044 kcal/mol/aa (24, 25). However, because human procaspase-

3 is the only caspase in which the folding properties have been examined, the 

evolutionary trajectories that resulted in dimer formation remain unknown. 
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Previously, we used ancestral protein reconstruction (APR) techniques to 

resurrect the common ancestor (CA) of the caspase-3/6/7 subfamily (26). In those 

studies, we examined the robustness of reconstruction methods by resurrecting two 

sequences (called AncCP-Ef1 and AncCP-Ef2) from the pool of possible sequences of 

CA, and we characterized the proteins biochemically and structurally (13). Here, we 

examine the evolution of the caspase folding landscape using the ancestral 

reconstruction AncCP-Ef2 (referred to here as PCP-CA, procaspase-common 

ancestor). The results are compared to those for extant human procaspase-6 (called 

PCP6) and procaspase-7 (called PCP7) as well as our previous studies for procaspase-

3 (called PCP3) (4, 24, 25). We examined urea-induced equilibrium unfolding over a 

broad pH range to compare the folding pathways of all three effector caspase 

subfamilies. The data show that the caspase folding landscape was first established 

and then retained for >650 million years. The common ancestor PCP-CA forms a weak 

dimer, and the dimer was stabilized early in the evolution of the subfamily. Of the three 

extant human effector caspases, caspase-6 is the most stable, while caspase-7 is the 

least stable. The folding landscape of procaspase-7 is more similar to that of the 

common ancestor, which is consistent with previous phylogenetic data that show 

caspase-7 is closest to the common ancestor (13). In procaspases-3 and -6, folding 

intermediates were stabilized later in evolution, and a pH-dependent dimer-tetramer 

equilibrium was established late in the evolution of caspase-6. 
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Experimental procedures 

Cloning, protein expression, and protein purification  

For all procaspase proteins, the catalytic cysteine (CP-117, colored blue in 

Figure 2) was mutated to serine using site-directed mutagenesis, as described 

previously (27). The inactive procaspases were cloned into pET11a expression vector 

with a C-terminal hexahistidine tag, and all proteins were expressed in E. coli 

BL21(DE3) pLysS cells and purified as previously described (28–30). 

 

Size exclusion chromatography  

Proteins were examined using a Superdex75 Increase 10/300GL column on an 

AKTA-FPLC. The proteins were concentrated to 1-5 mg/mL and dialyzed for four hours 

in a buffer of 30 mM potassium phosphate, pH 7.5, containing 1 mM DTT. The column 

was equilibrated with two-column volumes (50 mL) of the same buffer. Protein (200 µL) 

was loaded onto the column, and the column was resolved at a flow rate of 0.5 mL/min. 

The column was calibrated using the gel filtration LMW calibration kit (GE Health 

Sciences) following the manufacturer's instructions. 

 

Sample preparation for equilibrium unfolding 

Denaturation and renaturation experiments were carried out as described 

previously (31). Briefly, urea stock solutions (10 M) were prepared in citrate buffer (20 

mM sodium citrate/citric acid, pH 4 to pH 5.5, 1 mM DTT), phosphate buffer (20 mM 

potassium phosphate monobasic and dibasic, pH 6 to 8, 1 mM DTT), or Tris buffer (20 

mM Tris-HCl, pH 8.5, 1 mM DTT). For unfolding experiments, samples were prepared in 
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the corresponding buffer with final urea concentrations between 0 and 8 M. Stock 

protein in buffer was added such that the final concentrations are as shown in the 

figures. For the renaturation experiments, the protein was first incubated in an 8 M urea-

containing buffer for 3 hours at 25 °C. The unfolded protein was then diluted with the 

corresponding buffer and urea such that the final urea concentrations were between 0.5 

and 8 M. For all equilibrium unfolding experiments, protein concentrations from 0.5 to 4 

µM were used. In both denaturation and renaturation experiments, the samples were 

incubated at 25 °C for a minimum of 16 h to allow for equilibration. This incubation time 

was found to be optimal to allow the protein to reach equilibrium at all urea 

concentrations. 

 

Fluorescence and circular dichroism (CD) measurements 

Fluorescence emission was acquired using a PTI C-61 spectrofluorometer 

(Photon Technology International, Birmingham, NJ) from 300 nm to 400 nm following 

excitation at 280 or 295nm. Excitation at 280 nm follows tyrosinyl and tryptophanyl 

fluorescence emission, whereas excitation at 295 nm follows the tryptophanyl 

fluorescence emission. CD measurements were recorded using a J-1500 CD 

spectropolarimeter (Jasco) between 220 and 240 nm. Fluorescence and CD spectra 

were measured using a 1 cm path length cuvette and constant temperature (25 °C). All 

data were corrected for buffer background. 
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Data analysis and global fits of the equilibrium unfolding data 

The data were fit globally and interpreted as described previously (24, 25, 31). 

Briefly, fluorescence emission and CD data were collected between pH 8.5 and 4 for all 

three proteins and at three to four protein concentrations, which resulted in 9 - 12 data 

sets at each pH. The data were fit to a 2-state or 3-state equilibrium folding model, as 

described below. At pH 7.5, the data for PCP6 were best fit to a 3-state equilibrium 

folding model described with a dimeric intermediate in equilibrium with the native and 

unfolded protein, as shown in eq 1. In contrast, the data for PCP7 and PCP-CA were 

best fit to a 3-state equilibrium folding model described with a monomeric intermediate 

in equilibrium with the native and unfolded protein, as shown in eq 2. 

𝑁! 	
"!⇔ 𝐼! 	

""⇔	2𝑈  (1) 

𝑁! 	
"!⇔ 	2𝐼

""⇔	2𝑈  (2) 

In both equations 1 and 2, K1 and K2 refer to equilibrium constants for the two steps, 

respectively. At pH 4, the data for PCP6 was best fit to a two-state equilibrium folding 

model, where the native dimer is in equilibrium with the unfolded protein, as shown in 

equation 3. 

𝑁! 	
"#$
)* 	2𝑈    (3) 

In contrast to PCP6, at pH 4 the data for PCP7 was best fit to a 2-state model where the 

native monomer is in equilibrium with the unfolded protein, as shown in equation 4, and 

PCP-CA was best fit to a 3-state equilibrium folding model for a monomer, as shown in 

equation 5.  

𝑁
"#$
)* 𝑈   (4) 
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𝑁
"!⇔ 𝐼

""⇔𝑈   (5) 

For all proteins, the equilibrium folding/unfolding data at each pH were fit globally 

using the appropriate folding model from equations 1-5and the program Igor Pro 

(WaveMetrics, Inc.), as described previously (24, 25, 31). Results of the fits are shown 

as the solid lines in Figure 4 and Supplementary Figures 3-7, and in Supplementary 

Table 3 & 4. 

 

Results 

A protomer of PCP6, PCP7, and PCP-CA consists of 293, 303, and 275 amino 

acids, respectively (Table S1). Under some conditions, such as the high protein 

concentrations found in heterologous expression systems, effector caspase activation is 

autocatalytic. In order to prevent autoproteolysis during expression in E. coli, we 

substituted the active site cysteine with a serine residue for our equilibrium unfolding 

studies, as described previously with procaspase-3 (24). 

PCP6 and PCP7 have two tryptophan residues, while PCP-CA has only one 

tryptophan (Fig. 2 & Table S1). In PCP6, one tryptophan resides in active site loop 1 

(Fig. S2), whereas the second tryptophan resides in active site loop 3. In PCP7 and in 

PCP-CA, the tryptophans are found only in active site loop 3 (Fig. 2 &Fig. S2). PCP6, 

PCP7, and PCP-CA have 10, 9, and 13 tyrosine residues, respectively, and they are 

well distributed in the primary sequence (Fig. 2 & Fig. S2). As shown in Figs. 3A & 3B, 

native PCP6 has a fluorescence emission maximum at 319 nm while that of native 

PCP7 is at 340 nm, when excited either at 280 nm or 295 nm (Figs. 3C & 3D). In the 

case of an PCP-CA, the fluorescence emission maximum is 321 nm when excited at 
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280 nm and 330 nm when excited at 295 nm (Figs. 3E & 3F). Overall, the data show 

that the tryptophan residues in PCP7 are more solvent-exposed than those of PCP6 or 

of PCP-CA. In phosphate buffer containing 8 M urea, the fluorescence emission 

maximum is red shifted to ∼350 nm following excitation at 280 nm or 295 nm in all three 

proteins, indicating that the proteins were largely unfolded under these solution 

conditions (Fig. 3). At intermediate concentrations of urea (3 to 5 M), the emission 

maxima were red-shifted in the case of PCP6 and PCP-CA, but blue-shifted in the case 

of PCP7, indicating that an equilibrium folding intermediate may be populated under 

these conditions. The changes in emission maxima are described more fully below. 

 

Equilibrium unfolding of extant and ancestor caspases  

Changes in the fluorescence emission and circular dichroism properties of PCP3 

as a function of urea concentration have been described previously (24, 25). In this 

study, we examined the equilibrium unfolding of PCP6, PCP7, and PCP-CA at pH 7.5 

as a function of urea concentration (0 - 8 M), and the results are shown in Fig. 4. 

Renaturation experiments of all three proteins demonstrated the folding transitions are 

reversible. 

For PCP6 at pH 7.5, the data show little to no change in signal between 0 and 

∼2.5 M urea. One then observes a cooperative decrease in the signal between ∼3.5 

and 5 M urea, demonstrating a plateau between the native and unfolded signals. A 

second cooperative transition occurs between ∼5 and 6.5 M urea (Figs. 4A & 4B). For 

PCP6, the relative signal of the plateau as well as the second cooperative transition are 

dependent on the protein concentration. In contrast, both PCP7 and PCP-CA show a 
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protein-concentration dependent increase in the relative signal between 0 and ∼3 M 

urea, followed by a cooperative decrease in the signal between ~3 and 6 M urea to form 

the unfolded state (Figs. 4D-4E & 4G-4H). Thus, the protein concentration dependence 

to unfolding is similar for PCP7 and PCP-CA, where the dependence is observed in the 

first unfolding transition rather than the second transition as in the case of PCP6. The 

fluorescence emission data are similar regardless of excitation at 280 nm or 295 nm. 

The cooperative transitions of all three proteins through CD signal were similar to the 

fluorescence signal although there are few notable differences in terms of concentration 

dependence. Relative CD signal of varying concentration of PCP6 differs from ~0 - 2.5 

M urea unlike fluorescence data however, there is no change in midpoint of transition. 

Again, the concentration dependence in CD signal of PCP7 and PCP-CA were not as 

robust as in fluorescence signal. The Concentration dependent signal varies from ~0 - 2 

M of urea in PCP7 and ~2.5 - 5.5 M urea in PCP-CA. Overall the data suggest 

cooperative changes in both the tertiary and secondary structures during each unfolding 

transition (Fig. 4). 

 

Global fitting of equilibrium unfolding data 

The experimental design described above at pH 7.5 for monitoring fluorescence 

emission (four protein concentrations, each with two excitation wavelengths) and 

circular dichroism (three protein concentrations) provides 11 data sets for each protein 

that were fit globally to determine the free energy and the cooperativity indices (m-

values) for each unfolding transition. In the case of PCP6, the data were best fit to the 

three-state equilibrium model described in equation 1. In this model, the dimeric native 
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conformation, N2, isomerizes to a dimeric intermediate, I2, and the dimeric intermediate 

dissociates and unfolds to monomers. The dissociation of I2 to 2U leads to a protein-

concentration dependent change in the mid-point of the second transition, as shown in 

Figures 4A-4C. Based on this model, we have determined the conformational free 

energy, ΔG°conf, and the m-values for each step in unfolding. The solid lines in Figs. 4A - 

4C are the results of global fits of the model to the data. The free energy change, 

∆𝐺#
$"%	and the cooperativity index, m1, for the first step of unfolding, the isomerization of 

N2 to I2, are 8.4 ± 0.82 kcal/mol and 2.56 ± 0.25 kcal mol-1 M-1, respectively (Table 1). 

The free energy change, ∆𝐺!
$"%, and cooperativity index, m2, for the dissociation and 

complete unfolding of the dimeric intermediate to two unfolded monomeric proteins (I2 ⇄ 

2U) are 24.4 ± 0.88 kcal/mol and 2.93 ± 0.15 kcal mol-1 M-1, respectively. Overall, the 

data demonstrate that PCP6 is very stable, with the total conformational free energy of 

32.8 kcal/mol at pH 7.5 (Table S2 & S3). 

For PCP7 and PCP-CA, the global fits demonstrate that the data are well 

described by a three-state equilibrium model. In contrast to PCP6, described above, the 

partially folded intermediate is monomeric for PCP7 and for PCP-CA (equation 2). The 

solid lines in Figs. 4D – 4F (PCP7) and 4G – 4I (PCP-CA) are the results of fits of the 

model to the data. In the case of PCP7, the free energy change, ∆𝐺#
$"%, and the 

cooperativity index, m1, for the first step of unfolding, the dissociation of N2 to 2I, are 

10.2 ± 0.16 kcal/mol and 1.27 ± 0.03 kcal mol-1 M-1, respectively. The free energy 

change, ∆𝐺!
$"%, and cooperativity index, m2, for the complete unfolding of the 

monomeric intermediate to unfolded monomeric proteins (I ⇄ U) are 5.2 ± 0.03 kcal/mol 

and 1.22 ± 0.001 kcal mol-1 M-1, respectively (Table 1). Similarly, for PCP-CA, ∆𝐺#
$"%, 
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and m1 are 14.9 ± 0.14 kcal/mol and 2.02 ± 0.04 kcal mol-1 M-1, respectively. For 

unfolding of the monomeric intermediate of PCP-CA (I ⇄ U), ∆𝐺!
$"% and m2, are 6.9 ± 

0.31 kcal/mol and 1.21 ± 0.06 kcal mol-1 M-1, respectively (Table 1). Overall, the data 

suggest a minimum three-state process in all effector caspases in which a well-

populated intermediate is in equilibrium with the native and unfolded protein. 

Comparatively, of the three human effector caspases, PCP6 is the most stable with 

ΔG°conf of 32.8 kcal/mol, PCP-CA is intermediate with ΔG°conf of 21.8 kcal/mol, and 

PCP7 is the least stable with ΔG°conf of 15.4 kcal/mol at pH 7.5 (Fig. 5). 

 

pH effects on equilibrium unfolding of effector caspases 

We showed previously that PCP3 undergoes pH dependent conformational 

changes, and the dimer dissociates below pH 5.5 (25). From our previous data, we 

suggested that dimer dissociation was due to a series of salt bridges across the dimer 

interface, which include two histidine residues. The other effector caspases also have 

charged amino acids that interact across the dimer interface, but only PCP3 contains 

the histidine residues. In order to determine the effects of pH on dimer stability, we 

performed equilibrium unfolding studies of PCP6, PCP7 and PCP-CA between pH 8.5 

and pH 4 (Figure 4 & Figures S3 – S7). Similar to the data described above at pH 7.5, 

the folding/unfolding of PCP6 can be described by a three-state equilibrium model (eq. 

1) over the range of pH, from 4.5 to 8.5, with ΔG°conf ∼30 kcal/mol. On the other hand, 

the unfolding data at pH 4 were best described by two-state equilibrium model where 

the native dimer is in equilibrium with the unfolded monomer (eq 3) (Figs. S3 & S4). 

Surprisingly, even at pH 4, PCP6 remains in a dimeric form, as demonstrated by the 
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protein-concentration dependence to unfolding (Figs. S3A & S3B). The ΔG°conf is 27.6 

kcal/mol at pH4, demonstrating the consistently high conformational free energy of the 

PCP6 dimer over a broad pH range.  

In contrast, we were unable to examine the equilibrium folding/unfolding of PCP7 

from pH 4.5 to pH7 because protein aggregation resulted in irreversible unfolding. 

Likewise, a similar result was obtained for PCP-CA from pH 4.5 to pH 6. At higher pH, 

the data for PCP7 were well described by the three-state equilibrium model described 

above for pH 7.5, in which the native dimer is in equilibrium with a monomeric 

intermediate (eq. 2). The conformational free energy(ΔG°conf) was 18.4 kcal/mol (figs. 

S6E-6H), similar to the data described above for pH 7.5. At pH 4, however, the data for 

PCP7 were best fit by a two-state model as shown in equation 4, where the monomer 

unfolds to the unfolded monomer. Thus, the data show that the PCP7 dimer is 

destabilized relative to the monomer so that the ‘‘native’’ protein at pH 4 resembles the 

monomeric intermediate (I) present at higher pH. The decrease in dimer stability at 

lower pH, and the presence of the monomer at pH 4, is reflected in a lower 

conformational free energy, where ΔG°conf is 5.8 kcal/mol (Figs. S6A-S6D).  

Similar to PCP7, the data for PCP-CA at pH 6.5 to pH 8.5 were best described by 

a three-state equilibrium model in which a monomeric intermediate is in equilibrium with 

the native dimer and unfolded monomer (eq. 2) (Fig. S7E-7L). The total conformational 

free energy on unfolding of PCP-CA from pH 6.5 to pH 8.5 was ∼20 kcal/mol. The data 

at pH 4 were the best fit to a three-state model in which the native monomer unfolds 

through a monomeric intermediate (eq 5), In this case, the ΔG°conf of unfolding is 5.9 

kcal/mol (Figs. S7A-7D). The free energies and m-values obtained from the fits of all 
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three proteins at all pH are shown in Figs. 5A & 5B. Due to aggregation upon refolding, 

however, we were unable to determine the precise pH range for the transition of dimer 

to monomer. Nevertheless, PCP7 and PCP-CA are similar to PCP3 (25) in that the 

dimer is destabilized at lower pH, such that the protein is a monomer at pH 4. The 

stability of the monomer is comparable between the three proteins (Table 1).  

Together, the data show that the dimer is destabilized for all procaspases at 

lower pH. However, only PCP6 remains dimeric, while PCP7, PCP3, and PCP-CA are 

monomers at pH 4. Because the dimer contributes a substantial portion of the 

conformational free energy, PCP6 retains a high ΔG°conf at all pHs, while the ΔG°conf of 

PCP7, PCP3, and PCP-CA reflect the stability of the monomer at pH 4. Unlike PCP3, 

however, the pKas for dimer dissociation of PCP7 and PCP-CA are not known due to 

protein aggregation between pH 4.5 and 6.5. 

 

The fraction of species versus urea concentration 

For each pH, we calculated the equilibrium distribution of species over the urea 

concentration range of 0 to 8 M using the values of the free energies, the cooperativity 

indices determined for each transition, and four protein concentrations. (0.5, 1, 2, and 4 

µM). The fraction of species corresponding to the global fits are shown in Fig. 6 and 

Figs. S5-S7. At pH 7.5, there is a cooperative decrease in native protein with a 

concomitant increase in the partially folded intermediate population between 0 and ∼4 

M urea. The dimeric (PCP6) or monomeric (PCP7 & PCP-CA) intermediate reaches a 

maximum at ∼3 - 4 M urea and remains predominant up to ∼4 – 5 M urea (Figs. 6 & S5 

– S7). Furthermore, the unfolded state was fully populated by 6 M urea (PCP7) or 7 M 
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urea (PCP6 and PCP-CA). At pH 4, the major fraction of PCP6 “native” ensemble is a 

dimer (Fig. S4A) while the PCP7 (Fig. S6D) and PCP-CA (Fig. S7D) have the 

monomeric conformation. 

 

Discussion 

Effector caspases, caspase-3, -6, and -7, have a significant role in apoptosis and 

serve overlapping but nonredundant functions (32). Prior to activation, effector 

caspases exist in the form of zymogen (33). A stable zymogenic form of caspase is 

believed to be critical in the apoptosis regulation (32). Studying the folding landscape of 

the caspase homologs with the conserved structure in terms of evolutionary perspective 

can identify residues important for folding and function. Furthermore, effector caspases 

are obligate homodimers contrary to monomeric initiator caspases, and an evolutionary 

folding study could give insight into how dimeric caspases were evolved. A similar study 

in hemoglobin (Hb) showed that modern heterotetramer Hb evolved from a monomeric 

ancestor via a homodimer as an intermediate (16). Here, we examined the conservation 

of the folding landscape by determining the equilibrium folding/unfolding process of the 

common ancestor of effector caspases. By comparing the folding mechanism and 

stability (ΔG°conf) between extant caspases and the common ancestor, we show that the 

landscape is conserved for over 650 million years. The data show that the folding and 

stability of PCP7, which is evolutionarily more similar to the ancestor, remains 

comparable to the common ancestor. Indeed, a major change that occurred during the 

evolution of the effector caspases was to stabilize the dimer. The weak dimer observed 
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in the common ancestor, with a dissociation constant in the high uM range, became a 

strong dimer, with a dissociation constant below 50 nM, in the three effector caspases. 

We performed urea-induced unfolding monitored by intrinsic fluorescence 

emission and circular dichroism over a broad pH range (pH 8.5-4, 25 °C). All three 

proteins show reversible unfolding transitions, but only the folding of PCP6 was 

reversible over the entire pH range. For PCP7 and PCP-CA, the folding was reversible 

only at pH 4 and at higher pH, so we have focused on the conditions where folding is 

reversible.  At higher pH, all proteins demonstrated a three-state equilibrium unfolding 

process. However, the folding intermediate present in PCP6 is a dimer compared to a 

monomer in PCP7 and PCP-CA. A previous study in the folding landscape of PCP3 

showed the four-state unfolding pathway with a dimer and a monomeric intermediate. 

So, we suggest that the two intermediates are most likely present in the ancestor, but 

only the monomeric intermediate is sufficiently stable to appear in our spectroscopic 

assays. In addition, the intermediates may have been preferentially stabilized during 

evolution, such that PCP6 stabilized the dimeric intermediate while PCP7 retained the 

monomer as the most stable intermediate. In PCP3, both the partially folded monomer 

and dimer were stabilized sufficiently to populate both species. At this point, however, it 

is not clear when the changes occurred in the evolution of each subfamily and how 

these changes affect their functions. Further experiments with ancestral proteins in each 

subfamily and extant caspases from species other than human will be important to 

refine the evolutionary changes. 

Change in conformational free energy (ΔG°conf) was generated by global fitting of 

the denaturation curves (31, 34). At pH 7.5, PCP6 is the most stable caspase (ΔG°conf = 



 95 

32.8 ± 1.7 kcal/mol), while PCP3 (24) and PCP-CA are notably less stable (ΔG°conf = 

26.1 ± 2.1 and 21.8 ± 0.5 kcal/mol, respectively) and PCP7 is the least stable (ΔG°conf = 

15.5 ± 0.2 kcal/mol). The denaturation graphs also show that the dimer of PCP6 is more 

stable than that of PCP7 or of PCP-CA, where the mid-point of dimer dissociation was 

approximately 5 M urea for PCP6 versus 2 M urea for PCP7 and PCP-CA. Although the 

folding landscape of caspases was evolutionarily conserved, stability differs among the 

extant caspases, which could be due to subsequent mutations along the evolution. 

Notably, change in salt bridges in the native structure of protein due to substitution have 

been reported as a key difference in the stability of proteins (35, 36). We compared the 

number of salt bridges among extant caspases using a protein tool 

(https://proteintools.uni-bayreuth.de/) developed by Höcker lab. It showed caspase-3, -6 

and -7 consist 51 (PDB:1CP3), 40 (PDB:3S70) and 20 (PDB:1F1J) salt bridges, 

respectively, in their entire dimeric structure. We also counted salt bridges in available 

procaspase structures of all three proteins and didn’t find significant differences from 

active caspases. It suggests that PCP7 being least stable among effector caspases 

could be due to the fewer salt bridges formed within the structure. The higher stability of 

PCP6 despite fewer salt bridges than PCP3 could be due to the reported fraction of 

tetramers in the native state (33). As some studies noted the trade-off between stability 

and activity (37, 38), we speculate that higher stability of PCP6 could play a regulatory 

function in apoptosis, allowing caspase-3 to be the main executioner caspase. 

Total free energy change (ΔG°conf) of PCP6 seems to be least affected by pH as 

the lowest is 27.6 kcal/mol at pH 4, and the highest is 34.5 kcal/mol at pH 8. In contrast, 

ΔG°conf of PCP7 and PCP-CA decreased significantly from high pH to low pH, similar to 
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the PCP3 (25). In our data, PCP7 is most stable at pH 8 with 18.4 kcal/mol and least 

stable at pH 4 with 5.8 kcal/mol free energy changes whereas, PCP-CA is most stable 

at pH 7.5 with 21.9 kcal/mol and least stable at pH 4 with 6 kcal/mol free energy 

changes. At pH 4, significant fraction of PCP6 remains dimeric while PCP7 and PCP-

CA dissociated almost exclusively to the monomeric form as previously reported in 

PCP3, which is reflected well in their substantial decrease in stability with free energy 

∼5 kcal/mol (25). Since PCP7 and PCP-CA were unfolded irreversibly around pH 5 and 

6, it is not clear to us at what pH proteins dissociate to monomers. PCP6 dimer is 

reasonably stable with 27 kcal/mol free energy change. This difference suggests that 

caspase-6 could be the main executioner caspase in a low pH environment instead of 

caspase-3. Caspase-6 having more specialized roles in specific physiological contexts 

than caspase-3 and -7 would support the idea of caspase-6 being a major effector at 

low pH. In addition, it is reported that execution of cell death at pH 5 in neurons – where 

caspase-6 plays a major role – during extracellular acidosis (39). Perhaps, close 

analysis of the difference in the dimeric interface among effector caspases could 

answer the reason behind the higher stability of PCP6 dimer at low pH in amino acid 

level. 

Global fitting also calculated cooperative index (m-value), which relates to the 

accessible surface area (∆ASA) of a protein exposed to solvent when it unfolds (40). At 

pH 7.5 total m-value (mtotal) of PCP6, PCP7 and PCP-CA are 5.5, 2.5, and 3.2 kcal mol-1 

M-1 respectively.  According to the equation developed by Scholtz and co-workers (40) 

to show the empirical relationships that correlate ∆ASA with experimental m- values, as 

shown in eq 6: 
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m = 243 + 0.13(∆ASA)   [6] 

The higher mtotal of PCP6 illustrated that it exposed a larger surface area after complete 

unfolding, followed by PCP-CA and PCP7. Since all these proteins have similar residue 

numbers, mtotal suggests that the PCP6 structure is more compact than the other two 

proteins in its native state. The mtotal of PCP6 is similar between pH 8.5 and pH 6 (∼5.5 

kcal mol−1 M−1) and then slightly decreases between pH 5.5 and pH 4 (∼4 kcal mol−1 

M−1), even though m2 remains constant throughout the pH range. In contrast, mtotal of 

PCP7 and PCP-CA reduced significantly from ∼3 kcal mol−1 M−1 to ∼1 kcal mol−1 M−1. 

The decrease in m-value at lower pH in PCP6 is due to loss of burial of hydrophobic 

surface area. Besides, the dimer's dissociation caused a significant loss of m-value in 

the case of PCP7 and PCP-CA (25). 

In summary, the folding landscape of the effector caspases was established in 

the common ancestor (>650 Mya), and extant caspases fold differently and have 

different stability maintaining the caspase hemoglobinase-fold. The caspase family 

highlights how sequence changes and evolutionary processes can drive the folding 

landscape. Hence, the stability of the native enzyme and their response to changes in 

the environment can be fine-tuned in a species-specific manner. Moreover, knowledge 

of folding mechanisms among modern proteins and their ancestral state implies how the 

energy landscape is maintained and how oligomerization played a role in the evolution 

of modern-day homologs to serve a potential regulatory purpose. Also, elucidation of 

protein conformational changes and stability is a key to understanding protein function. 

Thermodynamic study in different environmental conditions can also provide useful 

information regarding the effect of solvent and various solutes on proteins' stability.   
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Figure 1: Phylogenetic relationship and activation mechanism of apoptotic caspases. (A) All 
caspases evolved from a common ancestor then inflammatory and initiator caspases evolved as 
a monomer and effectors as a dimer. (B) Initiator caspases are stable monomer and dimerization 
is enough for activation while effector caspases are stable dimer and activated by cleavage of an 
intersubunit linker by initiator caspases. Red lines represent cleavage sites and scissors 
represents cleavage. 
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Figure 2: Multiple sequence alignment of human effector caspases with a common ancestor. 
CP refers to common position number of caspases, individual sequence number is indicated at 
the right side of sequences. Also, secondary structural elements are indicated, and tyrosine 
residues (blue) and tryptophan residues (red) are highlighted.  
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Figure 3: Fluorescence emission spectra of effector caspases following excitation at 280 nm 
(left) and 295 nm (right). Emission spectra of 2 µM, PCP6 (A, B), PCP7 (C, D), and AncCP-Ef 
(E, F) in 20 mm phosphate buffer, pH 7.5 containing urea (displayed in inset of each graph). 

Excitation at 280 nm 

nm 

Excitation at 295 nm 
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Figure 3: Equilibrium unfolding of effector caspases at pH 7.5. Equilibrium unfolding of PCP6 
(A, B, C), PCP7 (D, E, F), and PCP-CA (G, H, I) monitored by fluorescence emission with 
excitation at 280 nm (left column), 295 nm (middle column) and circular dichroism (right 
column). Four different concentration of proteins were used is fluorescence emission and three 
different concentration of proteins were used in circular dichroism. Colored solid symbols 
represent raw data and corresponding solid lines represent the global fits of the data in an 
appropriate model described in text. Symbols are represented as follows. 0.5 µM (●), 1 µM (◼), 
2 µM (◆), and 4 µM (▲). Orange square (◼) represents refolding data of 1uM protein. 
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Figure 5: Comparison of total free energy (ΔGtotal) (A),  and total m-value (mtotal) (B) changes as 
a function of pH between PCP6 (●), PCP7 (◼) and PCP-CA (◆). Error bars represent standard 
deviation of respective parameters given by the global fitting. 
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Figure 6: Fraction of species as a function of urea concentration at pH 7.5. Fraction of species 
of PCP6 (A), PCP7 (B), and AncCP-Ef (C). The fractions of native, intermediate, and unfolded 
protein were calculated as a function of urea concentration from fits of the data shown in figure 
4. Protein concentrations symbols and colors are consistent with figure 4. N2 refers to dimeric 
native protein, I2 and I are dimeric and monomeric intermediates, and U refers to unfolded 
species. 
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Figure 7: Free energy and m-value changes in each step of unfolding. The left column of plots 
shows free energy changes at each unfolding step of PCP 6 (A), PCP7 (C), and AncCP-Ef (E) 
as a function of pH. The right side of plots of m-value changes at each step of unfolding of 
PCP6 (B), PCP7(D), and AncCP-Ef (F) as a function of pH. Solid red circles (●) represent ΔG1 
and m1 in respective graphs in corresponding pH. Similarly, solid blue squares (◼) represent 
ΔG2 and m2, and solid green diamonds (◆) represent total change in free energy (ΔGtotal) and 
total change in m-value (mtotal). Error bars represent standard deviation of respective 
parameters given by the global fitting. 

 



 105 

Table 1: Thermodynamic parameters of each step of folding/unfolding of extant and ancestral 
effector caspases. PCP3 data is taken from Bose and Clark, 2001 for the comparison. 

Proteins Equilibrium 
mechanism 

Free 
energy 
changes 
(ΔG°conf) 
(kcal/mol) 

Cooperativity 
index (m-
value) 
(kcal/mol/M) 

Total 
ΔG°conf 
(kcal/mol) 

mtotal 
(kcal/mol/M) 

PCP3 N2 ⇌ I2 8.3 ± 1.3 2.8 ± 0.5 25.8 ± 2.8 4.5 ± 0.7 
I2 ⇌	2I 10.5 ± 1.0 0.5 ± 0.1 
2I ⇌	2U 7.0 ± 0.5 1.2 ± 0.1 

PCP6 N2 ⇌	I2 8.4 ± 0.8 2.6 ± 0.3 32.8 ± 1.5 5.5 ± 0.5 
I2 ⇌	2U 24.4 ± 0.9 2.9 ± 0.2 

PCP7 N2 ⇌	2I 10.2 ± 0.2 1.3 ± 0.1 15.4 ± 0.3 2.5 ± 0.2 
2I ⇌	2U 5.2 ± 0.1 1.2 ± 0.1 

PCP-CA N2 ⇌	2I 15 ± 0.1 2 ± 0.1 21.9 ± 1.3 3.2 ± 0.2 
2I ⇌	2U 6.9 ± 0.3 1.2 ± 0.1 
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Supplementary Figure 1: Theoretical and experimental molecular weight of procaspase-3, -6, -7 and 
inactive AncCP-Ef2 
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Supplemental Figure 2: Tryptophan residues (yellow sticks) and tryptophan residues (orange 
sticks) are shown in PCP6 (PDB:4nbk) (A), PCP7 (PDB:1K86) (B) and PCP-CA (model 
structure) (C).  
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Supplementary Figure 3: Equilibrium unfolding by fluorescence emission of PCP6 from pH 4 to 
6.5. Relative signal of fluorescence emission with excitation at 280 nm and 295 nm at pH 4 (A, 
B), pH 4.5 (C, D), pH 5 (E, F), pH 5.5 (G, H), pH 6 (I, J), and pH 6.5 (K, L). Three different 
concentrations of proteins were used from pH 4, 4.5 and 5, and four different concentration of 
proteins were used from pH 5.5, 6 and 6.5. Colored solid symbols represent raw data and 
corresponding solid lines represent the global fits of the data in an appropriate model described 
in text. Symbols are represented as follows. 0.5 µM (●), 1 µM (◼), 2 µM (◆), and 4 µM (▲). 
Orange square (◼) represents refolding data of 2 µM protein.  
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Supplementary Figure 4: Equilibrium unfolding of PCP6 from pH 7 to 8.5. Relative signal of 
fluorescence emission with excitation at 280 nm and 295 nm, and CD at pH 7 (A, B, C), pH 8 
(D, E, F), and pH 8.5 (G, H, I). Four different concentrations of proteins were used at pH 7, and 
8 fluorescence emission data, and three different concentration of proteins were used at pH 8 
fluorescence data and all CD data. Colored solid symbols represent raw data and 
corresponding solid lines represent the global fits of the data in an appropriate model described 
in text. Symbols are consistent with previous figure.
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Supplementary Figure 5: Fraction of species of PCP6 folding/unfolding as a function of 
urea concentration from pH 4 to 8.5. The fractions of native, intermediate, and unfolded 
protein were calculated as a function of urea concentration from fits of the data at 
respective pH. Protein concentrations symbols and colors are consistent with previous 
figures. N2 refers to dimeric native protein, I2 is dimeric intermediate, and U refers to 
unfolded species. 
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Supplementary Figure 6: Equilibrium unfolding fits and fraction of species of PCP7. Relative 
signal of fluorescence emission with excitation at 280 nm and 295 nm, and CD at pH 4 (A, B, 
C), and pH 8 (D, E, F), and calculated fraction of species of pH 4 (G), and pH 8 (H). Symbols 
are consistent with previous figures. N2 refers to dimeric native protein, I is monomeric 
intermediate, and U refers to unfolded species.   
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Supplementary Figure 7: Equilibrium unfolding fits and fraction of species of PCP-CA. Relative 
signal of fluorescence emission with excitation at 280 nm and 295 nm, and CD at pH 4 (A, B, 
C), pH 6.5 (E, F, G), and pH 8.5 (I, J, K) and calculated fraction of species at pH 4 (D), pH 6.5 
(H), and pH 8.5 (L). Symbols are consistent with previous figures. N2 refers to dimeric native 
protein, N is monomeric “native” protein, I is monomeric intermediate, and U refers to 
unfolded species.   
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Supplementary Table 1: Amino acids composition and theoretical parameters of procaspase-3, 
-6, -7, and their common ancestor (AncCP-Ef). 

Composition (1) Proteins  
HsCasp3 HsCasp6 HsCasp7 AncCP-Ef 

Total Number Amino 
Acids 

277 293 303 275 

Ala (A) 12 (4.3%) 19 (6.5%) 18 (5.9%) 9 (3.3%) 
Arg (R) 14 (5.1%) 17 (5.8%) 15 (5.0%) 7 (2.5%) 
Asn (N) 15 (5.4%) 11 (3.8%) 14 (4.6%) 13 (4.7%) 
Asp (D) 20 (7.2%) 20 (6.8%) 27 (8.9%) 20 (7.3%) 
Cys (C) 8 (2.9%) 10 (3.4%) 11 (3.6%) 7 (2.5%) 
Gln (Q) 4 (1.4%) 7 (2.4%) 11 (3.6%) 10 (3.6%) 
Glu (E) 20 (7.2%) 20 (6.8%) 19 (6.3%) 25 (9.1%) 
Gly (G) 16 (5.8%) 19 (6.5%) 18 (5.9%) 18 (6.5%) 
His (H) 8 (2.9%) 12 (4.1%) 7 (2.3%) 6 (2.2%) 
Ile (I) 19 (6.9%) 13 (4.4%) 17 (5.6%) 14 (5.1%) 

Leu (L) 20 (7.2%) 26 (8.9%) 20 (6.6%) 25 (9.1%) 
Lys (K) 22 (7.9%) 20 (6.8%) 25 (8.3%) 28 (10.2%) 
Met (M) 10 (3.6%) 7 (2.4%) 7 (2.3%) 6 (2.2%) 
Phe (F) 15 (5.4%) 18 (6.1%) 17 (5.6%) 12 (4.4%) 
Pro (P) 7 (2.5%) 10 (3.4%) 12 (4.0%) 9 (3.3%) 
Ser (S) 26 (9.4%) 18 (6.1%) 21 (6.9%) 26 (9.5%) 
Thr (T) 16 (5.8%) 16 (5.5%) 15 (5.0%) 13 (4.7%) 
Trp (W) 2 (0.7%) 2 (0.7%) 2 (0.7%) 1 (0.4%) 
Tyr (Y) 10 (3.6%) 10 (3.4%) 9 (3.0%) 13 (4.7%) 
Val (V) 13 (4.7%) 18 (6.1%) 18 (5.9%) 13 (4.7%) 

Molecular Weight (Da) 31,608 33,310 34,277 31221 

pI 6.09 6.46 5.72 5.2 
Extinction Coefficient 
(280 nm, M-1cm-1) (2) 

26,500 25,900 24,410 24870 

1 Parameters exclude the LEHHHHHH C-terminal tag. 
2 Assuming all cysteine residues are reduced. 
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Supplementary Table 2: Free energy changes (ΔG)of each step of folding/unfolding of extant 
and ancestral effector caspases. PCP3 data is taken from Bose and Clark, 2001 for the 
comparison. 
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4 - 27.6±0.8 27.6 - 5.8±0.3 5.8 0.1±0.1 5.9±0.3 6 - - 3.8±0.2 3.8±0.2 
4.2          - 1.3±0.3 3.7±0.3 5±0.6 
4.5 0.9±0.1 30.4±1.4 31.3 - - - - - - - 1.7±0.6 5.3±0.5 7±1.1 

4.75          0.8±0.2 9.2±0.1 5±0.2 15±0.5 
5 0.4±0.5 29.5±1 29.9 - - - - - - 3.1±0.6 9.6±0.2 5.3±0.3 18.1±1 

5.5 0.3±0.3 28.5±1.4 28.8 - - - - - - 3.3±0.1 11±1.9 6.8±1.8 21.1±3.8 
6 5.3±0.9 26.1±0.9 31.4 - - - - - - 6.1±1.0 10.3±0.3 5.6±0.2 22±1.5 

6.5 6±0.9 27.6±1 33.6 - - - 12.8±0.4 8.5±0.5 21.3 5.9±0.8 10.7±0.6 5.9±0.6 22.6±2 
7 5.5±0.7 23.8±0.2 29.3 - - - - - - 8.3±1.3 10.5±1 7±0.5 25.8±2.8 

7.5 8.4±0.8 24.4±0.9 32.8 10.2±0.2 5.2±0.1 15.4 15±0.1 6.9±0.3 21.9 7.9±0.1 9.7±0.3 7.2±0.5 24.7±0.9 
8 6.8±0.6 27.7±1.6 34.5 12.9±0.1 5.5±1.3 18.4 - - - 5.8±0.8 9.6±0.2 7.8±0.4 23.2±1.4 

8.5 5.4±0.5 25.3±1.3 30.8 - - - 13.8±0.8 5.8±0.3 19.6 4.9±0.6 9.6±0.3 6.2±0.6 20.7±1.5 
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Supplementary Table 3: Cooperative index (m-values) of each step of folding/unfolding of 
extant and ancestral effector caspases. PCP3 data is taken from Bose and Clark, 2001 for the 
comparison. 

 

pH PCP6 PCP7 PCP-CA PCP3 

m1 m2 mtotal m1 m2 mtotal m1 m2 mtotal m1 m2 m2 mtotal 

4 - 3.9±0.2 3.9 - 1.5±0.1 1.5 0.7±0.1 1.1±0.1 1.8 - - 1.1±0.1 1.1±0.1 
4.2          - 1.5±0.2 0.9±0.1 2.4±0.3 
4.5 0.9±0.1 3.5±0.2 4.4 - - - - - - - 2.2±0.4 1.2±0.1 3.4±0.5 

4.75          2.8±0.1 0.9±0.2 1.2±0.1 4.9±0.4 
5 0.8±0.1 3.2±0.2 4 - - - - - - 2.3±0.3 0.2±0.1 1.2±0.1 3.7±0.5 

5.5 0.7±0.1 3.2±0.2 3.9 - - - - - - 3±0.1 0.4±0.2 1.5±0.2 4.9±0.5 
6 2.7±0.4 3.1±0.2 5.8 - - - - - - 3.4±0.5 0.2±0.1 1.3±0.1 4.9±0.7 

6.5 2.4±0.3 3.4±0.2 5.8 - - - 1.5±0.1 1.5±0.1 3 2.6±0.4 0.4±0.1 1.3±0.1 4.3±0.6 
7 2±0.2 2.8±0.2 4.8 - - - - - - 2.8±0.5 0.5±0.1 1.2±0.1 4.5±0.7 

7.5 2.6±0.3 2.9±0.2 5.5 1.3±0.1 1.2±0.1 2.5 2±0.1 1.2±0.1 3.2 2.8±0.1 0.4±0.1 1.2±0.1 4.4±0.3 
8 2.2±0.2 3.5±0.3 5.7 1.6±0.1 1.3±0.1 2.9 - - - 2.8±0.4 0.4±0.1 1.5±0.1 4.7±0.6 

8.5 1.9±0.2 3.4±0.3 5.3 - - - 2±0.2 1±0.1 3 1.9±0.2 0.4±0.1 1±0.1 3.3±0.4 
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Chapter 4 

 
Evolutionary characterization of caspase-7 substrate specificity 

 

Abstract 

Apoptotic caspases are conserved in metazoans for more than 950 million years, 

and a series of gene duplications resulted in initiator and effector subfamilies. The 

effector caspase genes (caspase-3, -6, and -7) were evolved from a common ancestor 

more than 650 million years ago (Mya) when the gene for a common ancestor (CA) was 

duplicated to caspase-6 and caspase-3/7 lineages. The caspase-3/7 lineages again 

duplicated to form caspase-3, and -7. Since then, not only mammals but also some 

invertebrates consist of multiple effector caspases. All caspases cleave their substrates 

after aspartate residue (P1 position) but have different preference at the P4 position 

which defines their discrete cellular roles. We examined the evolution of substrate 

specificity in caspase-7, which prefers aspartate at the P4 residue similar to caspases-3 

and different specificity than caspase-6, which prefers valine, by reconstructing the CA 

of effector caspases (AncCP-Ef) and the ancestors of caspase-7. We show that 

DxxDase function of caspase-7 defined early in the evolution, where AncCP-3/7 

demonstrates a preference for Asp over Val at P4, however, the catalytic activity of 

caspase-7 decreases towards modern human caspases. 
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Introduction 

Caspase subfamilies evolved from a common ancestor and developed new 

oligomeric states, enzyme specificity, and allosteric regulation; hence, the caspase 

family is an attractive model for examining protein evolution (1). Caspase genes and 

their functions are ancient and well conserved in all metazoans (2) and are thought to 

be evolved from an ancestral immune system (3).  Caspases are divided into two 

classes, apoptotic and inflammatory caspases (Caspase-1, -4, and -5) based on their 

functions. Apoptotic caspases further evolved into two subfamilies initiator and effector 

caspases. Initiator caspases act upstream in the apoptotic cascade, activating effector 

caspases while effector caspases are the executioner of cell death. After gene 

duplication from the ancestral initiator and effector caspases, four initiator caspases 

(caspase-8, -10, -18, c-FLIP) and three effector caspases (caspase-3, -6, -7) were 

evolved, respectively (Fig. 1A) (1, 4).  

All caspases are produced in the cell as inactive zymogens that must be 

activated following cell signaling changes. In general, initiator caspases are stable 

monomer, and proximity-induced dimerization is enough for activation whereas, effector 

caspases are stable dimer and are activated via cleavage of previously existing inactive 

dimer by initiator caspases (5). The oligomeric form of the zymogen and its activation 

mechanism is key to the regulation of apoptosis (6). Monomeric initiator caspases form 

either homodimer or heterodimer based on cell signaling to activate apoptotic or 

necroptosis pathways respectively (7). In contrast, effector caspases being an obligate 

homodimer, their cellular functions developed through their ability to cleave substrates 

(4, 8). Multiple studies in the enzyme families have identified the features that contribute 
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to the enzyme specificity (9, 10). Usually, the substrate-binding site of an enzyme 

provides the proper conformational scaffold, which facilitates substrate-binding, so 

mutation of any amino acids in that scaffold could change the enzyme specificity 

required by the cellular environment (11–13). 

All caspases recognize tetrapeptide sequences except caspase-2 (recognize 

pentapeptide) in their target substrate (14). In some caspases, exosite also plays a role 

in substrate binding and specificity (15–17). Tetrapeptide motifs (P1-P4) on the peptide 

sit well in the substrate-binding pocket (S1-S4) in the active site, where P1 residue is 

highly conserved and almost always an aspartate (4). Hence, specificity is mainly 

determined by the amino acid preference at the P4 position. On this basis, caspase are 

sub-categorized into three groups: group I prefers a bulky residue (W, H, Y); group II 

prefers hydrophilic residues (D, E); and group III prefers aliphatic residues (I, L, V) (Fig. 

1B). Although, substrate-binding site of effector caspases is relatively closely related, 

few mutations cause the change in specificity. Caspase-6 prefers hydrophobic residues 

(group III specificity), while caspase-3 and -7 prefer charged amino acids (group II 

specificity) at the P4 position (18). In the evolution of the chordate, caspase substrate 

specificities were important in the brain and nervous systems' developmental stages, so 

what may appear to be subtle changes in enzyme selection have enormous 

consequences in cellular development. 

Effector caspases have two distinct specificities-DxxD (caspase-3, and -7) versus 

VxxD (caspase-6) (4, 19). A previous study in caspase-6 lineage showed that modern 

enzymes evolved from promiscuous ancestral proteins through amino acid substitutions 

(1). VxxDase specificity of caspase-6 evolved earlier in the caspase-6 evolution from a 
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promiscuous common ancestor of caspase-3/6/7 due to the evolution of the charged 

network in the caspase-6 subfamily (1). However, the evolutionary trajectories that 

resulted in the distinct DxxDase substrate specificities in caspase-3 and -7 lineages 

from the promiscuous ancestor are unknown, which laid us to compare among modern 

caspases which have DxxDase specificity and their ancestors. Vertical and horizontal 

comparison among the effector caspase could help find the key active site residue or 

set of residues responsible for diversity in an evolutionary context.  

Vertical comparison can be made by inferring ancestral protein sequences using 

the ancestral state reconstruction (ASR) technique. ASR is a powerful computational 

tool used to study protein evolution which predicts the ancestral protein sequences 

inferring the sequences of ancestral proteins using multiple sequence alignment and 

phylogenetic relationship of modern proteins (20–23). Once the ancestral protein 

sequence is established, the corresponding coding DNA is synthesized. The ancestral 

protein is then expressed and characterized experimentally. ASR has been done with 

various proteins, but in vivo expression has yet to be studied. Hence, in this study, we 

have expressed resurrected proteins in C. elegans, intending to develop a model 

system to study ancestral proteins. 

C. elegans possesses a single caspase compared to multiple caspases and 

complex apoptotic machinery in mammals (24). Despite the discrepancy between the 

numbers of regulator proteins, the necessary apoptosis process is evolutionarily 

conserved (25, 26). The primary cell death regulators in C. elegans are EGL-1, CED-9, 

CED-4, and CED- 3 (24, 27). All of these regulators have their mammalian counterparts. 

To briefly summarize the apoptotic cascade in C. elegans: EGL-1 is the key activator of 
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apoptotic cell death and determines which cells die and survive (28) (Fig. 2). Generally, 

131/1090 of cells in C. elegans undergo programmed cell death (29, 30). Among these 

regulators, EGL-1 first binds with CED-9, causing a significant conformational change in 

CED-9 which releases CED-4 from the CED-9/CED-4 complex (31)(32). CED-4 

translocates from the mitochondria to the perinuclear membrane (33). The released 

CED-4 dimers then oligomerize to form a funnel-shaped CED-4 octamer, which may 

recruit two CED-3 zymogens and facilitate its auto-catalytic activation through zymogen 

dimerization (34) (Fig. 2). 

To determine the evolution of DxxD specificity in caspase-7, we reconstructed 

ancestral proteins for the common ancestor (CA) of all three effector caspases (called 

AncCP-Ef1 and AncCP-Ef2) (1), CA of the caspase-3/7 branch (AncCP-3/7), CA of 

caspase-7 (AncCP-7), CA of caspase-7 from amniotes (reptiles/birds/mammals) 

(AncCP-7Am, where ‘Am’ refers to amniotes), CA of caspase-7 from mammals (AncCP-

7M, where ‘M’ refers to mammals) (Fig. 3A). We then expressed AncCP-Ef2 and 

AncCP-7 in C. elegans germline and showed that they rescued cell death function. 

Moreover, enzyme activity assay and substrate phage display indicate that the selection 

of Asp over Val occurred early in the evolution before duplication into caspase-3 and -7 

lineages. After duplication, catalytic efficiency increased in AncCP-7. Later on, decrease 

up to the human caspase-7 due to an increase in KM.  
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Results 

Ancestral state reconstruction of effector caspases and caspase-7 lineage 

Reconstruction of ancestral effector caspases was done as described in our 

previous publication (1). To examine the evolution of changes in substrate specificity 

from a common ancestor of effector caspase to the extant caspases, we reconstructed 

the ancestral proteins for the effector caspases and caspase-7, which include common 

ancestor (CA) of mammalian caspases (AncCP-M), CA of caspase-7 from mammals, 

reptiles, and birds (AncCP-Am), CA of caspase-7 including fishes (AncCP-7) and then 

to the common ancestor of caspase-3, and -7 (AncCP-3/7) (Fig. 3A). In the CA of 

effector caspases, we carried out two separate APR experiments by using two 

representative datasets and comparing their posterior probabilities to examine the 

robustness of AncCP-Ef reconstruction. The two CA of effector caspases, named 

AncCP-Ef1 and AncCP-Ef2, represent the same pool of possible ancestors from the 

different reconstructions with different sets of data, and both proteins were resurrected 

and characterized to corroborate the robustness of the APR. AncCP-Ef1 and AncCP-

Ef2 have 80% sequence identity and differ in 39 sites mainly in less conserved sites of 

the protein. The difference between AncCP-Ef1 and AncCP-Ef2 has little effect on 

enzyme activity (1). 

APR techniques can reveal change in protein sequences from ancestors to the 

modern proteins leading to the evolution of new functions, neofunctionalization. The 

caspase-3, -6 and, -7 diverged from a CA ∼650 Mya into the caspase-6 and caspase-

3/-7 lineages, which again diverged into caspase-3 and caspase-7 ∼450 Mya (1) (Fig. 

3A). In the horizontal comparison, caspase-7 has 56% amino acid sequence identity 
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with caspase-3 and 37% with caspase-6. In vertical comparison, caspase-7 has 83% 

sequence identity with AncCP-7M excluding prodomain then as evolutionary time 

increases. Sequence identity with caspase-7 decreases to 79%, 75%, 71% to AncCP-

7Am, AncCP-7, and AncCP-3/7, respectively (Fig. 3B). The common ancestors AncCP-

Ef1 and AncCP-Ef2 have 58% and 60% sequence identity with caspase-7, respectively. 

Prodomain sequences does not affect enzymatic function in vitro and are removed 

during zymogen maturation (8, 35). Since prodomain sequences are highly variable, we 

used the sequences from extant proteins for consistency. One hundred and twenty-five 

amino acids out of 260 were conserved in the protease domain. Active site and protein 

cores are conserved among all caspase-7 ancestors. Variable sequences are mostly 

prevalent in intersubunit linker and surface helices, particularly helices 2 and 3 (Fig. 4). 

 

Reconstructed ancestral caspase support cell death in vivo in C. elegans 

To examine whether resurrected ancestral caspases support programmed cell 

death in a cellular environment, we expressed two of the reconstructed proteins 

(AncCP-Ef2 and AncCP-7) in egl-1 (gf);ced-3 (lf) strains of C. elegans. In hermaphrodite 

worms, TRA-1 binds to the TRA-1 binding site downstream of the EGL-1 transcription 

unit, thereby blocking an HSN activity (hermaphrodite specific neuron) transcriptional 

activator of EGL-1 (36) (Fig. 2). This results in the repression of egl-1 transcription and 

ensures HSN survival. HSNs are essential for hermaphrodites to lay eggs. In egl-1 gain-

of-function allele hermaphrodites, TRA-1 is active but unable to bind to the mutant TRA-

1 binding site. This allows the HSN activator to mediate egl-1 transcriptional activation 

as in males, resulting in the inappropriate death of HSNs. Therefore, the egg-laying 
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muscles innervated by these neurons fail to contract, and the worm is unable to lay its 

eggs (36). This inappropriate cell death occurs in a CED-3- dependent manner. Our 

experiment took egl-1 (gf);ced-3 (lf) strain of worms to express our protein of interest 

and rescue the cell death function, thereby giving egg-laying defective phenotype. As 

expected, both ancestral caspases, AncCP-Ef2 and AncCP-7, rescue cell death 

function by giving egg-laying defective phenotype and proved that they execute the cell 

death function in vivo (Fig. 5C & 5D). As a control, we used egl-1 (gf), egl-1 (gf); ced-3 

(lf) as a positive and negative control of egg-laying defective phenotype. In addition, we 

injected ced-3 plasmid in egl-1 (gf);ced-3 (lf) to make sure ced-3 itself works in these 

experimental settings (Fig. 5A & 5B). 

 

The specificity of caspase-7 towards DxxDase evolved early before duplication 

We examined the enzyme activity of extant human caspase-7 leading up to a 

common ancestor of caspase-3/6/7 against two tetrapeptide sequences (DEVD and 

VEID), representing specificities of caspases-3/7, and -6, respectively (Fig. 6). The 

activity of all proteins tested here for VEID was below the detection limit (∼5×102 M−1 

s−1) for the assay due to high KM values. Catalytic efficiency (kcat/KM) values are as low 

as ∼2.8×103 M−1 s−1 for AncCP-Ef2 to as high as ∼1.1×106 M−1 s−1 for AncCP-7 (Fig. 

6A). The data shows that the common ancestor of all effector caspases has very low 

activity against tetrapeptide inhibitor, which increased by ∼200 fold in AncCP-3/7 and 

increased by ∼400 fold to the AncCP-7. Then, catalytic efficiency decreased from 

AncCP-7 to extant human caspase-7 linearly, with caspase-7 having kcat/KM value ∼4.8 

×104 M−1 s−1, ∼20 fold lower than AncCP-7. kcat value of caspase-7 ancestral proteins 
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is ∼5 s-1 while Km value of ∼10 mM (Figs. 6B & 6C). In extant human caspase-7, kcat 

decreased to 2.3 s-1, and Km value increased to 50.5 mM, suggesting low catalytic 

efficiency than ancestral protein is due to weak binding of the enzyme to the substrate 

in the ancestral proteins. Together, the data for AncCP-Ef2 show that the CA of effector 

caspases has a low activity for the tested tetrapeptides. Activity significantly improved to 

the caspase-7 ancestors and decreased to the extant caspase-7, particularly regarding 

aspartate at P4. 

We also compared the substrate specificity using substrate-phage selection. As 

shown in Figure 7A, HsCaspase-7 shows preference (P5–P1’) for GDYTDF. Similarly, 

all other caspase-7 ancestral proteins also select “Asp” in the P4 position (Figs. 7B-7D). 

AncCP-Ef2 showed a clear preference of Asp at P4, with an overall P5-P1’ selection of 

ED(V/E)PDS (Fig. 7F), although it has very low activity against DEVD tetrapeptide 

substrate. However, AncCP-Ef1 showed promiscuity with the selection of both valine 

and aspartate along with leucine, isoleucine, threonine, and alanine. AncCP-3/7 also 

prefers the Asp at the P4 position. An overall P5–P1’ selection of x(D/A/V)x(P/V)D(S/T) 

(Fig. 7E) (x, refers to any amino acids), but it also selects Alanine and Valine. However, 

it didn’t cleave VEID tetrapeptide substrate and had the highest catalytic efficiency 

against DEVD substrate among modern and ancestral caspase-7. Along with AncCP-

Ef2 and AncCP-3/7, all other caspase-7 lineage proteins follow similar specificity at the 

P4 position. There was no preference for a particular amino acid in the P3 position 

among all the proteins. However, Glu and Val are the most prevalent ones. Similarly, at 

the P2 position not a particular amino acid preference for any amino acids, while 

surprisingly, proline is the most frequent one following threonine, valine, and methionine 
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(Fig. 7). Overall, all the caspase-7 lineage ancestor prefers aspartate at P4 position with 

no specific preference in P3 and P2 position and selecting small amino acids in P1’ and 

P5 position, consistent with the caspase-3 and -6 (1, 37, 38). Together, the ancestor of 

effector caspases was less active and not specific, which changed after duplication to 

caspase-6 and caspase-3/7 lineages. Caspase-3 and -7 specificity towards “Asp” at P4 

position evolved before their own duplication. 

 

Discussion 

Over 50 years ago, Zuckerkandl and Pauling pioneered the research in 

evolutionary biochemistry of protein to understand structure-function (39, 40). The 

evolutionary study helps determine the cause of change in function along the 

phylogeny, which could be due to random chance, changes in energy landscapes, and 

selection pressure (41). Comparative study of the structure and function of the extant 

proteins is somewhat limited in finding the evolutionary map of genetic changes. This is 

where APR comes into play as it adds the dimension of evolutionary time and fitness to 

the structure-function relationship. In addition, it provides powerful tools to characterize 

evolutionary changes in proteins experimentally. Thus, after inferring ancestral protein 

using APR, biochemical and biophysical methods can be applied to determine the 

evolutionary trajectory of proteins (42, 43). 

In this study, along with the biochemical characterization, we also expressed two 

ancestral proteins in C. elegans. It is a unique system for studying the components of 

apoptosis since the apoptotic mechanism is conserved, and it has fewer apoptotic 

cellular machinery than humans and other vertebrates (25, 44). We expressed ancestral 
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caspase in egl-1(gf); ced-3(lf) strain of the with an expectation of getting egg-laying 

defective worms in the case of ancestral protein executing the apoptosis. As expected, 

the cell death function of ced-3 in worms was rescued by AncCP-Ef2 and AncCP-7, 

which proved that they are functional in vivo. In comparing the bagging size or the 

number of hatched eggs in the belly of worms, a positive control (ced-3) and AncCP-7 

had relatively more hatched eggs than AncCP-Ef2, reflection of the activity and 

specificity of an enzyme. Further study can be done in worms to understand the effect 

of specificity and tissue-specific expression in detail. The main finding of this particular 

experiment of ced-3 and ancestral proteins is despite being evolutionarily very far apart, 

the basic mechanism of the cell death is conserved. Across species, studies like this 

could give us insight into the evolutionary changes in protein at different times. More 

specifically, C. elegans study helps to correlate the characteristics of proteins in 

mammals and invertebrates. 

Caspase-7 prefers “Asp” at the P4 position, and kcat/KM against DEVD 

tetrapeptide was 4.8×104 M-1 s-1 which is similar to the previous studies (37). Relative to 

the extant human caspase-7, AncCP-Ef2 was ∼20-fold less active, which then 

increased by ∼200 and ∼400-fold to the AncCP-3/7 and AncCP-7, respectively, or 

AncCP-7 is ∼20-fold more active than extant human caspase-7. Several studies 

suggest that proteins have changed from lower to higher specificity over a long 

evolutionary time (45, 46), which looks to be true for caspase-7 ancestral proteins until 

its duplication to the caspase-3 and -7. Evolutionary study suggests, promiscuity of an 

enzyme might have provided the ability to perform diverse functions in primordial 

organisms (47). Another study suggested, substrate specificity increases following gene 
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duplication (48), which is in agreement with our data. The duplication of caspase-6 and 

3/7 lineage followed the change in specificity of VxxDase and DxxDase, respectively, 

which then become more specific and more active after duplication to the caspase-3 

and -7. However, few nodes after duplication rate of catalysis of caspase-7 decreased. 

It is not clear yet what causes the decrease of activity in extant human caspase-7 and 

other functional changes related to catalysis. We also speculate that caspase-7 in other 

species than a human could be as active as AncCP-7 and be a major executioner 

instead of caspase-3. 

Overall, the data suggest that the conformational landscape of the ancestral 

effector caspase remains in modern caspases. Few substitutions in the ancestral 

protein sequence cause the neofunctionalization in the extant enzymes. For example, 

out of forty-two evolutionary changes among AncCP-Ef1 and AncCP-6An (the common 

ancestor of caspase-6), only three vertical substitutions were responsible for the change 

in specificity of promiscuous AncCP-Ef1 to VxxDase in caspase-6 lineage (1). Directed 

evolution study by Hill et al. altered the caspase-7 specificity to mirror the caspase-6 

with just four mutations [CP-158 (Y230V), CP-160 (W232Y), CP-162 (S234V), and CP-

GP-03 (Q276D)] (37). Here we found three of those four amino acids are not conserved 

in the ancestral effector, supporting those amino acids' substitutions to be more 

substrate-specific. Substrate phage display results show that AncCP-Ef2 selected Asp 

at the P4 site, which could be due to its low reactivity rather than being highly specific. 

However, into the next node, AncCP-3/7, it mostly selected Asp along with Ala and Val. 

The proportion of valine at the P4 site decreased in the AncCP-7 and AncCP-7An. In 

contrast, it again decreased to the AncCP-7M and extant caspase-7, which supports the 
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enzyme activity data and suggests that catalytic efficiency decreased, and specificity is 

compromised. Besides, other substrate positions P2, P3, and P5, are not that specific, 

as shown in our phage display data. 

In summary, the APR study is effective for characterizing evolutionary changes to 

infer functional changes in the extant proteases. Determination of substitution of amino 

acids from the ancestor to the extant proteins and their role in substrate selection may 

provide the strategies for engineering caspases with desired substrate selection as well 

as manipulation of their activity. In terms of caspase specificity, the data show that 

enzyme specificity was established early in the evolution of caspase-7 and that 

allosteric regulation likely followed through subsequent evolution, which may have 

caused the changes in catalytic efficiency of modern protein. A significant decrease in 

the catalytic efficiency of modern caspase-7 could be due to the overlapping function of 

the caspase-7 with caspase-3. In other words, it could be an indication of redundancy. 

Furthermore, ancestral caspases rescued the cell death function in C. elegans, and C. 

elegans can be developed as a model to further the detailed study of resurrected 

proteins. 

 

Materials and methods 

Ancestral protein reconstruction, enzyme activity assay and substrate-phage display 

methodology were similar as stated in chapter 2. 

 

Bacterial strain for feeding worms and seeding plates 
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The worms were grown and maintained on standard Nematode Growth Medium 

(NGM) (49) plates seeded with E.coli OP50 strain at 20°C. A single colony of E.coli 

OP50 on LB plate was inoculated in LB broth and grown overnight at 37°C. Liquid 

culture of E.coli OP50 was disseminated onto NGM plates and left to dry at room 

temperature for 4-5 days. Seeded plates were stored at 4°C. 

 

C. elegans strains 

C. elegans strains were obtained from the Caenorhabditis Genetics Center 

(CGC) and include: N2 Bristol, MT1082: egl-1(n487), and MT2563: ced-3(n1165); egl-

1(n487). 

 

Cloning  

Plasmids were constructed using standard genetic techniques. The PCR 

fragments of a ced-3 promotor (ced-3p) and ced-3 cDNA were generated from the N2 

strain genome and inserted in pPD49.26 (L754, Addgene number) between PstI and 

XmaI, and XmaI and SacI respectively, to make ced-3p::ced-3 construct. Similarly, we 

designed ced-3p::AncCP-7 and ced-3p::AncCP-Ef2 insert in the L754 vector. Primer 

sequences used to PCR amplify each rescue fragment were as follows: ced-3p: 

tttctgcagacgtctctttctatatata and tatcccgggcttcggctgatggttgacct, ced-3: 

aaacccgggatgatgcgtcaagatagaa and tttgagctcttagacggcagagtttcgt, AncCP-7: 

tatacccgggatggcggacgatcagg and atagagctcttaaaaatacagctctttggtca, and AncCP-Ef2: 

tatacccgggatggagaacaccgaaaacag and tatagagctcttacggcgggaagtacagtt. 

 



 133 

Germline transformation 

We used germline transformation to rescue the egg-laying defective phenotype 

associated with apoptosis executed by caspase using standard techniques. All three 

clones mentioned above were microinjected at 10 ng/μl concentration along with myo-

2p::mCherry plasmid at 5 ng/μl as a transgenic marker in the egl-1 (gf); ced-3 (lf) strain. 

At least two independent transgenic lines with the myo-2p::mCherry marker in the 

pharynx were used to test for rescue.  

 

Microscopy 

All transgenic animals were imaged using a Zeiss AxioCam MRm mounted on a 

Zeiss Imager Z2 microscope based on the expression of mCherry fluorescence in the 

pharynx. To visualize the phenotype and imaging, worms were anesthetized using 2.5 

mM sodium azide in S-Basal and arranged on agarose pad-lined glass microscopy 

slides in Zeiss Observer Z1 upright microscope with differential interface contrast (DIC). 
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Figure 1: Caspase phylogeny, domain organization and specificity. (A) Evolutionary relationship 
of initiator (monomer) and effector (dimer) caspases. AncCP-Ef is the CA to effector caspases-
3, -6, and -7. AncCP-6An is the CA to the caspase-6 lineage. (B) Domain organization and 
enzyme specificity for 10 human caspases. DED refers to death effector domain, and CARD 
refers to caspase activation and recruitment domain. The caspase protomer consists of a large 
and small subunit separated by an intersubunit linker (IL), which is cleaved upon maturation, 
and the active caspase is a dimer of protomers. All caspases recognize aspartate at the P1 
position of the substrate, and specficity is primarily determined by the amino acid at the P4 
position. 
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Figure 2: Apoptotic pathway in C. elegans. (perpendicular line indicates inhibition and arrow 
indicates activation. 
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Figure 3: Ancestral caspase reconstruction and their amino acid identity. (A) Reconstructed 
protein nodes and their phylogenetic relationship with modern caspases. (AncCP-Ef – common 
ancestor (CA) of caspase-3/6/7, AncCP-3/7 – CA of caspase 3/7, AncCP-6 – CA of caspase-6, 
AncCP-3 - CA of caspase-3, AncCP-7 – CA of caspase-7, AncCP-7Am – CA of caspase-7 of 
amniotes, AncCP-7M – CA of caspase-7 of mammals. (B) Comparison of ancestral and human 
caspase-7 percent amino acid identity. 
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Figure 4: Sequence of human caspase-7 (HsCasp7) compared with caspase-7 ancestral 
proteins. Numbering refers to CP, secondary structural elements and active site loops are 
indicated. 
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Figure 5: Differential Interface Contrast (DIC) image of gravid adult C. elegans strains egl-1 (gf) 
(positive control) (A), egl-1 (gf); ced-3 (lf) (negative control) (B) and worms expressing AncCP-7 
(C), and AncCP-Ef2 (D) in egl-1(gf); ced-3 (lf) background. AncCP-7 and AncCP-Ef2 both 
rescued the cell death function giving the egg-laying defective phenotype. The arrows indicate 
“bagging” morphological changes that occur when embryos are hatched in utero. 



 139 

 

Figure 6: Enzyme activity of ancestral caspase-7. Catalytic parameters kcat/Km (A), kcat (B) 
and Km (C) of DEVD substrate cleavage.  
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Figure 7: Substrate preferences determined by substrate-phage display. Amino acid 
preferences shown for substrate positions P5-P1′ for HsCaspase-7 (A), AncCP-7M (B), AncCP-
7Am (C), AncCP-7 (D), AncCP-3/7 (E), and AncCP-Ef2 (F). Values on the Y-axes indicate 
number of phage sequences containing the specified amino acid. 
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Chapter 5 

Discussion and conclusions 

Our study of two reef-building corals, Orbicella faveolata and Porites astreoides, 

has confirmed the presence of multiple copies of caspases in corals. Biochemical 

characterization of caspases from these two species proved that corals have both 

initiator and effector apoptotic caspases. Although this study did not characterize, O. 

faveolata also contains caspase-8-like protein with death effector domains (DED), 

suggesting the existence of extrinsic apoptotic pathways in corals. Similarly, other 

studies in coral reported the presence of many caspases and other apoptotic 

components like in humans and other vertebrates (1–5). Studies also showed that 

evolution of caspase was strongly influenced by gene duplication and gene loss (6, 7). 

Gene loss could be why model organisms C. elegans and Drosophila have fewer 

caspases than some coral species and vertebrates. For example, a primitive species 

Hydra magnipapillata consists of 17 caspases in total (4), Danio rerio consists of three 

copies of caspase-3 (8), Lethenteron reissneri consists of two copies of caspase-3 and 

three copies of caspase-7 (9). Nevertheless, all these findings suggest (i) Cnidarian 

apoptotic network is complex like vertebrates and can be a model to study evolution 

caspase and apoptosis overall (ii) It emphasizes the view of complex apoptotic 

pathways evolved early in metazoan evolution and that they may have contributed 

significantly to stabilizing the multicellular state (iii) Simple network seen in present-day 

nematodes and insects are misleading and hints that complex apoptotic pathways on 

vertebrates are not due to a gradual increase in network complexity. 
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Furthermore, coral caspases characterized in our study have two types of 

substrate specificities: DxxDase and VxxDase, similar to the human apoptotic caspase 

that emphasize functional conservation. Based on similar domain organization and 

substrate specificity of initiator caspases, PaCasp7a and OfCasp3a with vertebrate 

initiator caspases, we can speculate that coral apoptotic cascade is initiated either by 

forming apoptosome or PIDDosome. It suggests that coral response towards both death 

ligand and metabolic changes and confirms the presence of extrinsic and intrinsic 

apoptotic pathways. We also reported the structure of PaCasp7a, which confirms that 

the caspase-hemoglobinase fold conservation for millions of years. Interestingly, we 

found a potential regulatory exosite in the structure of PaCasp7a which is conserved in 

caspases of other species such as C. elegans, Drosophila, human caspase-2, giving 

another line of evidence of the conservation of structure and function. 

In another study, we investigated how the folding landscape of caspases evolved 

using ancestral state reconstruction (ASR) and determining the equilibrium 

folding/unfolding process. Folding properties of a common ancestor of effector 

caspases (PCP-CA) and extant human effector caspases show that the folding 

landscape is conserved for over 650 million years. The data show the folding and 

stability of PCP7, which is evolutionarily more similar to the ancestor, remains 

comparable to the common ancestor (10). At the same time, PCP3 and PCP6 dimers 

become more stable, overall reflecting higher stability. At optimal pH, all proteins 

demonstrated a three-state equilibrium unfolding process with either monomeric or 

dimeric intermediate. The folding intermediate present in PCP6 is a dimer while a 

monomer in PCP7 and PCP-CA. A previous study in the folding landscape of PCP3 
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showed the four-state unfolding pathway with a dimer and a monomeric intermediate 

(11). So, we suggest that the two intermediates are most likely present in the ancestor. 

However, only the monomeric intermediate is sufficiently stable to appear in our 

spectroscopic assays. In addition, the intermediates may have been preferentially 

stabilized during evolution, such that PCP6 stabilized the dimeric intermediate while 

PCP7 retained the monomer as the most stable intermediate. In PCP3, both the 

partially folded monomer and dimer were stabilized sufficiently to populate both species. 

However, it is not clear when the changes occurred in the evolution of each subfamily 

and how these changes affect their functions.  

In the pH study, at pH 4 significant fraction of PCP6 remains dimeric with 27.6 

kcal/mol total free energy change (ΔG°conf), while PCP3, PCP7, and PCP-CA mostly 

dissociated to the monomers with ~6 kcal/mol free energy change (12). This difference 

suggests that caspase-6 could be the main executioner caspase in a low pH 

environment instead of caspase-3. Caspase-6 having more specialized roles in specific 

physiological contexts than caspase-3 and -7 would support the idea of caspase-6 

being a major effector at low pH. Furthermore, the study of the difference in the dimeric 

interface among effector caspases could answer why caspase-6 remains dimer at lower 

pH. Proper cellular function of proteins is related to the stability and structural 

conformations; therefore, selective pressures that shape the protein folds may have 

resulted in the adaptive advantage to the caspase-6 to be stable at low pH. Additionally, 

pH-dependent stability difference among the proteins illustrates energy landscape 

contributes to the physicochemical mechanisms of proteins. 
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In the study of evolution substrate specificity, we used ASR techniques to map 

the substrate specificity and activity of the common ancestor of effector caspases 

(AncCP-Ef) to the extant human caspases with four nodes in between. AncCP-Ef was 

promiscuous with low activity (10). After duplication to the caspase-6 lineage and 

caspase-3/7 lineage, proteins became more specific with increased catalytic efficiency 

while it again decreased in caspase-7 lineage after duplication to the caspase-3 and -7. 

At this time, we do not know which amino acids are responsible for activity and 

specificity change. Hill et al. altered the caspase-7 specificity to mirror the caspase-6 

with just four mutations near the active site (13). Three of those mutated residues are 

not conserved in the promiscuous AncCP-EF, suggesting the importance of those 

residues on substrate specificity. Recent studies underscored that exosites and 

allosteric sites are critical to substrate recognition by several proteases (14, 15). 

Therefore, caspase-7 exosite or allosteric sites must be responsible for the change in 

specificity and increase or decrease in catalytic efficiency. It was clear from the study 

that caspase-7 is becoming less active and less specific than its ancestors. It could be 

due to the overlapping function of caspase-7 with the main executioner caspase-3. 

Together, the substitution of amino acids from the ancestor to the extant proteins over 

time has changed the functions of proteins to adapt to the cellular environment and 

execute their roles.  

In summary, our study in coral showed that corals have complex apoptotic 

signaling cascades, similar to those of vertebrates suggesting that caspases are ancient 

and well conserved in metazoans. Given that corals are declining due to coral 

bleaching, further study of corals is vital to dissect the apoptotic pathways and study 
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apoptosis evolution. The study of the evolutionary folding landscape showed that the 

native fold of effector caspases is robust to sequence changes and has been 

maintained throughout >650 million years of evolution. A study of the evolution of 

caspase-7 specificity showed that enzyme specificity was established early in the 

evolution of caspase-7 and that allosteric regulation likely followed through subsequent 

evolution, which may have caused the changes in catalytic efficiency of modern protein. 

Overall, caspase is an attractive model to study protein evolution. Understanding 

caspase and its functions using multiple approaches would help us develop 

therapeutics against diseases caused by caspase disorders. 
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Appendix-1 

 
Folding study of common ancestor of caspase-7 (AncCP-7) 

A protomer of AncCP-7 consists of 304 amino acids. It has two tryptophan 

residues, both in loop 3 and 11 tyrosine residues distributed in the primary sequence. 

 

Equilibrium unfolding of extant and ancestor caspases 

In this study, we examined the equilibrium unfolding of AncCP-7 at pH 7.5 and 6 

by fluorescence emission and circular dichroism (pH 7.5 only) as a function of urea 

concentration. We collected fluorescence emission data of 4 different concentration 

(0.5, 1, 2, and 4 µM) at pH 7.5 and all other experiments with three concentrations (1, 2, 

and 4 µM). Renaturation experiments of all three proteins demonstrated the folding 

transitions are reversible. 

At both pH 7.5 and 6, the data show little to no change in signal between 0 and 

∼2.5 M urea. One then observes a cooperative increase in the signal and demonstrates 

a plateau between ∼3.5 and 5.5 M urea. A second cooperative transition occurs 

between ∼5.5 M and 7 M urea (Figs. 1A-1C & Figs. 2A-2B). The fluorescence emission 

data are similar regardless of excitation at 280 nm or 295 nm at both pH. The 

cooperative transitions through CD signal are similar to the fluorescence signal with a 

notable difference. At first transition, CD signal decreased while it increased significantly 

in fluorescence emission. At all cases protein concentration dependence was observed 

in second transition. Overall, the data suggest cooperative changes in both the tertiary 

and secondary structures during each unfolding transition. 
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Global fitting of equilibrium unfolding data 

The 11 different datasets at pH 7.5 and 6 different datasets at pH 6 were fitted 

globally to determine the free energy and the cooperativity indices (m-values) for each 

unfolding transition. The data were best fit to the three-state equilibrium model. In this 

model, the dimeric native conformation, N2, isomerizes to a dimeric intermediate, I2, and 

the dimeric intermediate dissociates and unfolds to monomers. The dissociation of I2 to 

2U leads to a protein-concentration dependent change in the mid-point of the second 

transition, as shown in (Figs. 1A-1C & Figs. 2A-2B). Based on this model, we have 

determined the conformational free energy, ΔG°conf, and the m-values for each step of 

unfolding. The solid lines in (Figs. 1A-1C & Figs. 2A-2B) are the results of global fits of 

the model to the data. The free energy change at pH 7.5, ∆𝐺#
$"%	and the cooperativity 

index, m1, for the first step of unfolding, the isomerization of N2 to I2, are 14.7 ± 1.8 

kcal/mol and 5.0 ± 0.6 kcal mol-1 M-1, respectively (Table 1). The free energy change, 

∆𝐺!
$"%, and cooperativity index, m2, for the dissociation and complete unfolding of the 

dimeric intermediate to two unfolded monomeric proteins (I2 ⇄ 2U) are 28.3 ± 0.6 

kcal/mol and 3.3 ± 0.1 kcal mol-1 M-1, respectively. At pH 6, ∆𝐺#
$"% and m1 decreased to 

half while ∆𝐺!
$"% and m2 remains similar (Table 1). Overall, the data demonstrate that 

AncCP-7 unfolds by three-state process with dimeric intermediate and is very stable, 

with the total conformational free energy of 43 kcal/mol at pH 7.5 which decreased 

slightly to 36.4 kcal/mol at pH 6 (Table 1). 

For both pH, we calculated the equilibrium distribution of species over the urea 

concentration using the values of the free energies, the cooperativity indices determined 

for each transition. The fraction of species corresponding to the global fits are shown in 
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Figs. 1D & 2C. At pH 7.5, protein remains in native form up to 2 M urea while it started 

to dissociate into intermediate at pH 6. The mid-point of first transition is ~3 M at pH 7.5 

which decreased slightly at pH6 while in second transition mid-point is similar at both pH 

(~6 M urea). With the addition of ~2 M urea native protein decreased cooperatively with 

a concomitant increase in the partially folded intermediate population between 2 and 

∼3.5 M urea. The dimeric intermediate reaches a maximum at ∼3.5 M urea and remains 

predominant up to ∼5 M urea (Figs. 1D & 2C). Furthermore, the protein was completely 

unfolded by 7 M urea. 
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Table 3: Thermodynamic parameters of each step of folding/unfolding of AncCP-7. 

pH Free energy changes ∆𝑮𝒄𝒐𝒏𝒇𝒐  m-values 

∆𝐺#
$"% 

(kcal/mol) 

∆𝐺!
$"% 

(kcal/mol) 

∆𝐺*+*,-
$"%  

(kcal/mol) 

m1 

(kcal/mol/M) 

m2 

(kcal/mol/M) 

mtotal 

(kcal/mol/M) 

7.5 14.7 ± 1.8 28.3 ± 0.6 43 ± 2.4 5.0 ± 0.6 3.3 ± 0.1 8.3 ± 0.7 

6 7.2 ± 1.6 29.2 ± 1.7 36.4 ± 3.3 2.7 ± 0.6 3.5 ± 0.3 6.2 ± 0.9 
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Figure 1: Equilibrium unfolding of AncCP-7 at pH 7.5. Relative signal of fluorescence emission 
with excitation at 280 nm (A), 295 nm (B) and CD (C). Fraction of species as a function of urea 
(D). Colored solid symbols represent raw data and corresponding solid lines represent the 
global fits of the data in an appropriate model described in text. Symbols are represented as 
follows. 0.5 µM (●), 1 µM (◼), 2 µM (◆), and 4 µM (▲). Orange square (◼) represents 
refolding data of 1 µM protein. N2 refers to dimeric native protein, I2 is a dimeric intermediate, 
and U refers to unfolded species. 

 

N2 
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Figure 2: Equilibrium unfolding of AncCP-7 at pH 6.5. Relative signal of fluorescence emission 
with excitation at 280 nm (A), and 295 nm (B). Colored solid symbols represent raw data and 
corresponding solid lines represent the global fits of the data in an appropriate model described 
in text. Fraction of species as a function of urea concentrations (C). Symbols and colors are 
consistent with previous figure.  

N2 I2 U 


