ABSTRACT
MILAM, SARA LIS. Kinetic Folding Studies of Apaf-1 CARD and Procaspase-3. (Under
the direction of A. Clay Clark.)

Apoptosis regulates the balance between cell growth and death. Apoptosis consists of
two main signaling pathways, extrinsic and intrinsic. We have examined the kinetic folding
mechanism of two proteins, Apaf-1 CARD and procaspase-3, which play a major part in
these signaling cascades.

The caspase recruitment domain (CARD) of Apaf-1 (apoptotic protease activating
factor) is the 97 amino acid N-terminal domain involved in protein-protein interactions,
allowing for the activation of procaspase-9. Apaf-1 CARD consists of six antiparallel a-
helices arranged in a Greek key topology. Single and sequential mixing stopped-flow studies
showed that Apaf-1 CARD folds and unfolds rapidly and suggest a folding mechanism that
contains parallel channels with two unfolded conformations folding to the native
conformation. KINSIM simulations show that a slow folding phase is described by a third
conformation in the unfolded ensemble that interconverts with one or both unfolded species.
Overall, the native ensemble is formed rapidly upon refolding.

Procaspase-3, like all other caspases, exists in the cell as an inactive zymogen and is
the final step in the apoptotic pathway. Once activated it cleaves numerous substrates,
leading to the dismantling of the cell. The refolding pathway of homodimeric procaspase-3 is
complex, consisting of multiple monomeric intermediates with a slow rate of dimerization.
The refolding and unfolding burst phase revealed multiple species formed within

milliseconds of folding. Kinetic data support the hypothesis of two native conformations, one



of which is enzymatically active. Collectively, these results demonstrate that dimerization is
an important aspect in both folding and activation of procaspase-3.

Overall, the kinetic folding data for Apaf-1 CARD and procaspase-3 provide an
improved picture of the function and regulation of apoptosis. These studies propose new

targets for therapeutic design to combat diseases associated with apoptosis.
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CHAPTER |

Introduction



A. The importance of cell death

Apoptosis is one of the pathways by which cell death can occur (MacKenzie and
Clark, 2008). Cell population is kept relatively constant through the opposing processes of
cell death and division. It is, therefore, of crucial importance that the balance between cell
death and proliferation be tightly regulated. If this balancing process is skewed in either
direction, diseased state results (Table I). For example, excessive apoptosis can lead to
neurodegenerative disorders (such as Alzheimer’s Parkinson’s and Huntington’s),
cardiovascular disease and autoimmune disorders, such as diabetes. On the other hand,
deficient apoptosis can lead to cancer and other autoimmune disorders, such as rheumatoid
arthritis (Chamond et al., 1999; Saikumar et al., 1999). Since apoptosis is such a critical
pathway in the cell, further understanding of this process is essential for development of

therapeutic strategies to combat these diseases.

Table 1. Diseases with Dysregulated Apoptosis (Saikumar et al., 1999)

Excessive Apoptosis Deficient Apoptosis
Degenerative neurclogical diseases { Alzheimer’s, Autoimmune lymphoproliferative syndrome {Canale-Smith
Huntington’s, Parkinson’s) syndrome)
Aplastic anemia Graves' disease
Acquired immunodeficiency syndrome Hypereosinophilia syndrome
Hashimoto's thyroiditis Hashimoto’s thyroiditis
Lupus erythematosus Lupus erythematosus
Liver failure Lymphoma
Multiple sclerosis Leukemia
Myelodysplastic syndrome Solid tumors
Type I diabetes mellitus Type I diabetes mellitus
Ulcerative colitis Osteoporosis
Wilson's disease Developmental defects

Chronic neutropenia
Developmental defects




B. The apoptotic pathway

The apoptotic pathway consists of two main signaling pathways; extrinsic and
intrinsic (Figure 1). The extrinsic pathway is initiated by extracellular pro-apoptotic ligands,
while the intrinsic pathway is initiated by cellular stress, such as DNA damage,
chemotherapeutic agents, cytokines and reactive oxygen species (MacKenzie and Clark,
2008). Both pathways result in the activation of caspase-3, which is the commitment step in
cell death (Taylor et al., 2008). Once activated, caspase-3 is able to cleave over 400
substrates involved in a variety of cellular functions ranging from structural proteins to
regulators of transcription, ultimately leading to the dismantling of the cell (Luthi and
Martin, 2007; Saikumar et al., 1999; Taylor et al., 2008).
B.1. Extrinsic pathway

The extrinsic pathway is initiated by pro-apoptotic ligands, such as FasL (also known
as CD95L), which binds to a transmembrane death receptor, such as Fas (also known as
APO-1/CD95) (Peter and Krammer, 2003; Riedl and Salvesen, 2007). The death receptors
belong to the tumor necrosis factor (TNF) family, which contain a single DD (death effector)
in the intracellular compartment. The binding of the death ligand to the receptor promotes
oligomerization of the receptor and formation of the death-inducing signaling complex
(DISC). The adaptor protein FADD, which contains DED (death effector domain) and DD
domains, mediates the interaction between the death receptor and initiator caspase-8 or -10

(Peter and Krammer, 2003). The DISC complex activates caspase-8 and -10 through



dimerization (Bao and Shi, 2006). These proteins are then able to activate downstream

executioner caspases.
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Figure 1. Apoptosis. There are two death pathways: an extrinsic (death-receptor) and intrinsic
(mitochondrial) pathway. The extrinsic pathway is mediated by caspase-8 whereas the
intrinsic pathway is mediated by caspase-9. FADD (FAS-associated via death domain) is an
adapter protein that couples death receptors, such as CD95, to caspase-8. Cytochrome c is
released from the mitochondria and together with Apaf-1 and procaspase-9 form the
apoptosome. Both pathways activate the downstream caspase, caspase-3. (Hotchkiss and
Nicholson, 2006) adapted




B.2. Intrinsic pathway

Initiation of the intrinsic pathway, results in the increase in permeability of the
mitochondrial membrane and release of pro-apoptotic factors, such as cytochrome c.
Cytochrome c binds to monomeric Apaf-1 and in the presence of dATP/ATP promotes the
assembly of the apoptosome. The apoptosome is a ~1 MDa wheel-like particle with seven
spokes that radiate from a central hub (Acehan et al., 2002; Riedl and Salvesen, 2007). Once
formed, this complex binds procaspase-9, which increases the local concentration of
monomeric procaspase-9, promoting dimerization and activation the protein (Renatus et al.,
2001; Shiozaki et al., 2002). Caspase-9 is then able to activate procaspase-3.
C. Apaf-1
C.1. Death Domain superfamily

Apaf-1 CARD is a member of the death domain superfamily (Weber and Vincenz,
2001). This superfamily is subdivided into 4 families consisting of CARD (caspase
recruitment domain), DD (death domain), DED (death effector domain) and PYD (pyrin
domain) (Fairbrother et al., 2001; Weber and Vincenz, 2001). Collectively, these domains
mediate homotypic protein-protein interactions in the apoptotic pathway. Within the death
domain superfamily there is low sequence identity, but all share a common “death fold”
composed of six antiparallel a-helices arranged in a Greek key folding topology (Vaughn et
al., 1999; Weber and Vincenz, 2001). The Death Domain superfamily has a similar structural

topology with different contact surfaces, which allow for specificity in binding. In addition,



these domains are composed of a hydrophobic core (Vaughn et al., 1999; Weber and
Vincenz, 2001).
C.2. Apaf-1 domains

Apaf-1 (apoptotic protease activating factor 1) is a ~130 kDa protein that consists of
an N-terminal CARD (caspase recruitment domain), a central ATPase domain and 13 WD40
repeats at the C-terminus (Acehan et al., 2002; Zou et al., 1997) (Figure 2A). Each domain
has its own function in the apoptosome. The WDA40 repeats bind cytochrome c that is
released from the mitochondria upon induction of the intrinsic apoptosis pathway (Riedl and
Salvesen, 2007; Zou et al., 1997). The ATPase domain, which consists of Walker’s A- and
B-box consensus sequences, can then bind dATP/ATP (Zou et al., 1997). Apaf-1 exists as an
inactive monomer in the cell. The binding of cytochrome ¢ and dATP/ATP promotes
oligomerization of Apaf-1 (Acehan et al., 2002). Finally, the CARD domain of Apaf-1 binds
the procaspase-9 CARD in a 1:1 stochiometry, which allows for the activation of procaspase-
9 (Shiozaki et al., 2002).
C.3. Apaf-1 CARD

The N-terminus of Apaf-1 consists of a small, 97 amino acid domain, which exists as
a monomer in solution (Shiozaki et al., 2002). Apaf-1 CARD adopts a tightly packed six
helix bundle, as shown in Figure 2B (Vaughn et al., 1999). The secondary structure is
primarily a-helical and surrounds a hydrophobic core. The six helices are arranged in an
antiparallel bundle with Greek key folding topology (Figure 2C) (Weber and Vincenz, 2001;

Zhou et al., 1999). The Greek key structural motif was based on a design on Greek vases,



H6

linker 1 linker 2 H
CARD l WD-40 (7) l WD-40 (6)
1 98A B 424 1248
= )] F
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H1/H4/H3 Face H21‘H5H6 Face

Figure 2: Apaf-1 structure. A) Domain layout of Apaf-1. The protein consists of a CARD
(green), ATPase (purple, Walker A- and B-boxes are marked) and 13 WDA40 repeats (blue)
(Acehan et al., 2002). B) Apaf-1 CARD structure. The 6 a-helices are labeled. C) Greek key
motif. Cylinders represent the helices are arrows represent the direction of the polypeptide
chain. D and E) The surfaces are semitransparent with the C® trace of the molecule drawn in
a white line. The basic H1/H3/H4 face (panel D) and acidic H2/H5/H6 face (panel E) of
Apaf-1 CARD. (Vaughn et al., 1999)

which illustrates the connection of the B-strands or a-helices, in this case (Richardson,
1977a). The surface of Apaf-1 CARD includes both electrostatic and hydrophobic surfaces.
The H1/H4/H3 surface is primarily comprised of basic residues, while H2/H5/H6 (the
opposing face) is primarily acidic, as shown in Figure 2D and E (Vaughn et al., 1999; Zhou

etal., 1999).



Apaf-1 CARD and the CARD of procaspase-9 have been shown to interact in the
apoptosome and in solution (Acehan et al., 2002; Shiozaki et al., 2002). The specificity of
binding is due to the electrostatic interaction between the complementary charged surfaces on
each CARD. Helices 2 and 3 are primarily acidic in Apaf-1 CARD, while helices 1 and 4 of
the CARD of procaspase-9 are basic. These four helices form an antiparallel four helix
bundle between Apaf-1 CARD and the CARD of procaspase-9 (Weber and Vincenz, 2001;
Zhou et al., 1999).

Chapter 111 focuses of the kinetic pathway of Apaf-1 CARD. As mentioned above,
this CARD is completely a-helical. Therefore, far-UV circular dichroism (CD) was utilized
to examine the secondary structure of the protein. In addition, Apaf-1 CARD contains 4
tyrosine residues. Therefore, fluorescence emission (with excitation at 280 nm, which excites
the tyrosine residues) is utilized to monitor the tertiary structure of the protein. The results of
these studies were published in the Journal of Molecular Biology (Milam et al., 2007).

D. Caspases in apoptosis

Caspases (cysteine-dependent aspartate-specific proteases) are highly specific
proteases that recognize their substrates after specific tetrapeptide motifs (P4-P3-P2-P1),
where cleavage occurs after P1, which is an aspartate residue (Riedl and Salvesen, 2007;
Taylor et al., 2008). Caspases involved in the apoptotic pathway are divided into two groups
based on their function in the apoptotic pathway. These groups are termed initiators and
executioners (Figure 3) (Bao and Shi, 2006). Both groups of caspases have similar domain

structures; an N-terminal prodomain, large subunit, intersubunit linker and a small subunit.



The two groups differ in their inactive oligomeric state of the enzyme, the length and

function of the prodomain, their function in apoptosis and the maturation processes of these

enzymes.
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Figure 3. Caspase domains. Four initiator caspases and three effector (executioner) caspases
are drawn to scale. The position of the first intrachain cleavage (between the large and small
subunits) is highlighted by a large arrow whereas additional cleavages are represented by
medium and small arrows. The prodomains in initiator caspases invariably contain
homotypic interaction motifs, such as the CARD and the DED. The four surface loops,
labeled L1 through L4, form the active site of a caspase. The catalytic cysteine residue is
shown as a red line at the beginning of loop L2. The p20 and p10 subunits together form a
caspase monomer. (Bao and Shi, 2006)

D.1. Inactive oligomeric state of the protein

Caspases exist in the cell as catalytically inactive zymogens, which allow the cell to



regulate their activity. In the inactive form of the enzyme, the active sites are not aligned
properly for catalysis (Riedl and Salvesen, 2007). Initiator caspases, such as -2, -8, -9 and -
10, exist in the cell in a monomeric state (Pop et al., 2007; Renatus et al., 2001). Executioner
caspases, on the other hand, (such as -3, -6 and -7) exist in the cell in a dimeric state (Pop et
al., 2001; Taylor et al., 2008). The maturation processes allow for full activation of the
enzymes and are described below.
D.2. Prodomain: length and function

All caspases contain an N-terminal prodomain. For initiator caspases, the prodomain
is long (152-219 amino acids) and contains death domains, such as CARD (caspase
recruitment domain) or DED (death effector domain) (Bao and Shi, 2006; Taylor et al.,
2008). These domains mediate protein-protein interactions that are necessary for
dimerization and activation of initiator caspases. The prodomain of executioner caspases is
shorter (23-28 amino acids) (Bao and Shi, 2006; Taylor et al., 2008). The function of these
prodomains is unknown. However, the procaspase-3 prodomain has been shown to act as a
intramolecular chaperone during assembly of the (pro)caspase subunits and increases the
efficiency of formation of the native conformation (Feeney and Clark, 2005).
D.3. Function in apoptosis

Initiator caspases are activated through the extrinsic and intrinsic apoptotic pathways.
The activation of initiator caspases depends on the formation of multiprotein complexes,
such as the PIDDosome, the death-inducing signaling complex (DISC) and the apoptosome

(Acehan et al., 2002; Peter and Krammer, 2003). These multiprotein complexes recruit the
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initiator caspases through the prodomain, as shown in Figure 4. Briefly, caspase-2 is
recruited to the PIDDosome by its CARD domain, though the mechanism by which caspase-
2 is activated is unknown (Bao and Shi, 2006). As described above, caspase-8 and -10 and
caspase-9 are recruited to the DISC through their DED and to the apoptosome through its
CARD, respectively. Once recruited to the appropriate multiprotein complex, the
dimerization/activation is induced via the induced proximity model (Bao and Shi, 2006). The
initiator caspases then activate downstream executioner caspases by proteolytic cleaveage in

the intersubunit linker (Riedl and Salvesen, 2007; Taylor et al., 2008).

a PIDDosome b C Apoptosome
FasL Apaf-1
Cyt.c
— (m
SARD FADD p. ).
Casp-2 CARD

Casp-8

Figure 4. Adaptor protein complexes are responsible for the activation of initiator caspases.
The activation of caspase-2, caspase-8, and caspase-9 in mammalian cells are mediated by
the PIDDosome (panel A), the DISC (panel B), and the apoptosome (panel C), respectively.
PIDDosome contains at least three components, PIDD, RAIDD, and caspase-2. DISC is
assembled following binding of death ligand to its receptor and contains FADD and caspase-
8 (or —10). Apoptosome is composed of seven molecules of Apaf-1 bound to cytochrome ¢ in
the presence of ATP/dATP. (Bao and Shi, 2006)
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D.4. Maturation process

The maturation process for both groups of apoptotic caspases is shown in Figure 5.
Initiator caspases, inactive monomers, require adaptor molecules in order to dimerize.
Dimerization of initiator caspases results in activation of the enzyme (Bao and Shi, 2006).
Cleavage of the protein in the intersubunit linker further stabilizes the protein, but is not
required for activation (Renatus et al., 2001).

On the other hand, executioner caspases, inactive dimers, require cleavage in the
intersubunit linker for full catalytic activity (Riedl and Salvesen, 2007; Taylor et al., 2008).
The cleavage event allows for rearrangement of the active site loop, including the cleaved
loop, L2’, from one monomer helping to form the active site of the other monomer. The
resulting active site is formed properly for catalysis in the mature form of the enzyme.

D.5. The importance of protein dimerization in cell death

Despite similar domain structure among initiator and executioner caspases, the
functions and maturation processes for these proteins are different. Both apoptotic caspase
groups exist as inactive zymogens. The collective differences in the oligomeric states of both
groups the prodomain length and its function in activation stress the importance of
maturation as a way to regulate apoptotic activity.

Once the initiator caspases are activated, the apoptotic signal is relayed to the
executioner caspases. This activation signal needs to be controlled to prevent unintentional

activation. Initiator caspases need to be sensitive to upstream activation signals as well as
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deactivation (activated reversibly). Therefore, these proteins are activated by dimerization,

which is induced by an upstream signal, and not by cleavage of the intersubunit linker.

a Activation of executioner caspases b Execution: caspase-7
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Figure 5. Caspases: architecture and activation. A) Activation of executioner caspases. An
executioner caspase is typically cleaved twice, leading to the release of a short N-terminal
peptide. The actual activation cleavage divides the catalytic unit into a large and small
subunit. The position of the active-site Cys residue is indicated in orange. B) Surface
rendering of an executioner caspase, caspase-7, before and after activation cleavage. The
same color code as in panel A is used, and important loop regions are shown as ribbons.
Cleavage releases strains on surface loops (red and orange) and the chains rearrange. The
newly formed termini of the large and small subunits (orange) interact with each other across
the other catalytic unit and with the red loops to align the substrate-binding pockets at the
bottom of the active-site cleft. This results in a highly active caspase (right). C) Although
they can be cleaved, initiator caspases, such as caspase-9, show full activity in their
uncleaved forms. Their activity is regulated by dimerization instead of by cleavage. Initiator
caspases exist as inactive monomers (left). Dimerization allows for the formation of a
productive active site, shown here in the structure of cleaved, dimeric caspase-9 (right).
(Riedl and Salvesen, 2007)
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Executioner caspases, however, are the last step in the apoptotic pathway. These
proteins must exist in the cell in a form that is easily activated. Cleavage of the intersubunit
linker by initiator caspases, allows for irreversible activation of these proteins. The
irreversibility of this step is important for the total execution of apoptosis. Therefore, these
proteins are activated by cleavage and not dimerization.

E. Procaspase-3

As mentioned above, procaspase-3 exists in the cell as an inactive zymogen. This
executioner caspase can be activated through the intrinsic and/or extrinsic apoptotic pathway.
Chapter IV discusses on the kinetic pathway of procaspase-3. A homology model of
procaspase-3 is shown in Figure 6. This homodimeric protein contains 10 tyrosines located
throughout its sequence and 2 tryptophans located in the active site of each monomer.
Therefore, we are able to utilize the intrinsic fluorescence of the protein to monitor the
folding pathway of the protein. Monitoring fluorescence with excitation at 280 nm (excites
the aromatic residues of the protein) provides information on the tertiary structure of the
protein, while excitation at 295 nm (excites the tryptophan residues) provides information on
the active site formation of the protein. We are also able to monitor the secondary structure

by use of far-UV circular dichroism (CD).
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Figure 6: Homology model of procaspase-3 (panel A) and crystal structure of caspase-3
(panel B). Loops are colored; loop 1 is yellow, loop 2 is red and cyan, loop 3 is blue and loop
4 is brown. During maturation, D175 is cleaved in the intersubunit linker, loop 2 (panel A),
creating loops L2 and L2’ (panel B). This cleavage is followed by conformational changes in
the protein, which allow for rearrangement of loops 1-4 and proper active site formation.

F. Project Aims

The following discussion focuses on elucidation of the kinetic folding pathway of two
proteins involved in the apoptotic pathway; Apaf-1 CARD and procaspase-3. Chatpter Il
discusses the sample preparation and data analysis procedures for kinetic folding

experiments, while Chapters Il and 1V examine the kinetic folding mechanism of Apaf-1

15



CARD and procaspase-3, respectively. The following questions will be addressed in these
chapters. Does the folding pathway of Apaf-1 CARD contain kinetic traps, as was detected
for other CARDs (RICK and procaspase-1 CARD)? How quickly does the monomer of
procaspase-3 form? Are there intermediates in the folding pathway of procaspase-3? If so,
what are the roles of the intermediates? When does the procaspase-3 dimer form? The
appendices contain additional information on the folding pathways of Apaf-1 CARD and

procaspase-3 and protocols for buffers and KINSIM simulations.
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ABSTRACT

We describe here the use of several spectroscopies, such as fluorescence emission,
circular dichroism and differential quenching by acrylamide, in examining the kinetic folding
of proteins. This paper focuses on the experimental design and interpretation of kinetic data,
such as burst phase analysis and exponential fits, used in elucidating kinetic folding
pathways. In addition, simulation programs are used routinely to support folding models

generated by kinetic experiments, and the fundamentals of simulations are covered.
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INTRODUCTION

Protein folding is a central theme in structural biochemistry and in biotechnology. While
the forces that stabilize protein structure have been examined for over one hundred years
(Clark, 2008), protein chemists still are unable to predict the native structure of a protein
from a known amino acid sequence. Under physiological conditions, proteins exist in
equilibrium between ensembles of unfolded states (U) and native states (N), where each
ensemble is characterized by a closely related set of structures that fluctuate around a local
(or global) energy minimum. Protein function depends upon attaining the native
conformation. While the forces that drive proteins to adopt their native conformations are, in
general, defined as the difference between the unfavorable chain entropy and the favorable
enthalpic interactions, the stability of protein native structures can vary drastically.
Moreover, the kinetic pathway a protein utilizes to adopt its native conformation can vary
from a relatively simple two-state process, where only the native and unfolded ensembles are
populated significantly, to more complex reactions where the structure passes through one or
more non-native, partially folded, intermediates before reaching the native conformation. It
has been well documented that the pathways can be sequential, in which the intermediates
are found between the unfolded and native ensembles, or parallel, where multiple
intermediates form simultaneously, eventually coalescing to the native ensemble (Wallace,
2002). In addition, not all intermediates lead to the native conformation but rather can lead to

misfolded, or off-pathway, structures (Ikai and Tanford, 1971). Finally,
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proteins have been shown to fold over a wide range of time regimes, from microseconds to
hours (Creighton, 1990). Consequently, characterizing the kinetic and thermodynamic
folding of proteins can be a daunting task. However, the benefits to understanding the folding
process can prove to be invaluable, for example, in revealing motifs or regions of the protein
that are critical to function, as potential drug targets, or in determining the mechanisms for
protein misfolding or aggregation (Cohen and Kelly, 2003; Soto, 2003)

Outlined in this chapter is practical information for characterizing the kinetic folding
properties of a protein, exploiting intrinsic probes such as fluorescence emission and circular
dichroism. One should note other excellent sources that describe the use of extrinsic probes
in protein folding (Lakowicz, 2006; Weber, 1951; Waggoner, 1995). Fluorescence
techniques are extremely useful for this application, and the advantages of fluorescence
emission in comparison with other techniques make it an attractive method of choice to
examine protein tertiary structure. These include high sensitivity, the use of low protein
concentrations, the ability to selectively monitor regions or motifs within a protein, and the
use of a multitude of solution conditions (Eftink, 2000). Circular dichroism also is employed
to examine the protein secondary structure and/or tertiary structure during unfolding and
refolding and to validate the findings from the fluorescence emission experiments. While
proteins can be unfolded using a variety of agents, the focus here will be on a well identified
chaotrope, urea. The Kkinetic techniques will aid in deciphering the folding pathway and in
examining intermediates that may not be detectable in equilibrium experiments.

This chapter aims to provide a comprehensive protocol for examining the kinetic folding
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properties of simple systems, so-called two-state, as well as more complex systems where
multiple intermediates are present. More complex analyses for parsing the conformational
free energy into component parts (entropy, enthalpy, heat capacity) as well as studies of the
transition state can be found elsewhere (Dill, 1990; Privalov, 1989; Royer, 2008). Often, it is
of interest not only to examine the conformational stability of wild-type proteins, but also of
mutants or other proteins that differ slightly in structure. This type of analysis can be useful
in comparing proteins within the same family or comparing structural motifs in general. Such
studies have revealed critical residues and regions of proteins that make significant
contributions to the overall stability (Wilson and Wittung-Stafshede, 2005). The protocols

outlined in this chapter also are useful for comparing multiple proteins in a family.
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MEASURING FOLDING KINETICS

In contrast to the equilibrium experiments, kinetic experiments examine refolding or
unfolding processes by monitoring changes in a spectroscopic signal over time following the
initiation of the reaction. A number of methods have been developed to examine protein
folding kinetics, from continuous flow instruments, which measure reactions on the
microsecond time scale (Shastry et al., 1998), to stopped-flow instruments, which measure
reactions on the millisecond to minute time scale. Stopped-flow instruments, the focus of this
section, can employ absorbance, fluorescence emission, circular dichroism or other
spectroscopies as a detection method. We describe here experimental protocols and data
fitting procedures for kinetic folding experiments utilizing stopped-flow fluorescence
emission and circular dichroism spectroscopies.

A. Experimental Protocol.
A.1. General Considerations.

Kinetic experiments with a stopped-flow instrument require rapid mixing of two
solutions. For both refolding and unfolding studies, one routinely uses asymmetric mixing,
1:10 for example, either to dilute (refolding) or increase (unfolding) the amount of denaturant
to span the unfolding/refolding transition region that was determined from equilibrium
folding experiments. The 1:10 ratio is obtained typically by using one small drive syringe
(250 pL, for example) and one large drive syringe (2.5 mL, for example). One should consult

the instrument manufacturer to determine the mixing dead-time, which is the shortest time at
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which one can measure the kinetic signal due to the time required to mix the two solutions,
typically 1-10 msec.

While the instrumental setup will vary depending on the manufacturer, there are several
parameters common to all instruments, including signal detection, temperature, slit widths,
wavelengths and time scale. Each parameter will be discussed briefly. As described above, it
is recommended to use multiple spectroscopic probes to study protein folding because each
detection method provides different information about the structures formed during refolding
or unfolding. For fluorescence emission studies, there are two options available. The
detection photomultiplier tube can be attached directly to the sample handing unit, or it can
be attached to a monochromator. The advantage to the latter method is that it allows the user
to select a particular detection wavelength. The disadvantage is that the overall signal will be
decreased because other emission wavelengths are filtered out such that only a fraction of the
total emission is detected. In contrast, a cut-off filter is used if the photomultiplier tube is
attached to the sample handling unit. For this case, there are a variety of filters available,
where the most common for intrinsic protein fluorescence emission use cut-off wavelengths
of 305 nm or 320 nm.

It is important to maintain a constant temperature around the observation cell and drive
syringes. The most common temperature for kinetic folding experiments reported in the
literature is 25 °C (Maxwell et al., 2005; Zarrine-Afsar and Davidson, 2004). This is due to
the fact that 25 °C is slightly above room temperature, which allows easy control with

heating, and it is an adequate endpoint for temperature-jump studies. If a reaction is too fast
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to be detected by a stopped-flow instrument, it may be helpful to slow the chemistry by
lowering the temperature. One should note that studies at low temperatures (<10 °C) will
require low temperature syringes to prevent sample leakage during injections.

Kinetic traces should be collected until the signal reaches that of the native or unfolded
control in order to examine the full time course for the reaction. Depending on the protein,
equilibration could occur in milliseconds or in hours. One should note that longer collection
times can result in artifacts due to re-mixing of solutions of different densities in the
observation cell and flow lines. One can test for mixing artifacts using various fluorescent
compounds, such as tryptophan. Hand mixing experiments, which are performed on a steady-
state instrument set for time-based data collection, also can verify slow reactions.

All experiments described below should be completed at multiple protein concentrations
in (at least) duplicate experiments in order to verify the apparent kinetic rates and amplitude
changes. One should use a 10-fold or greater variation in protein concentration, which will
allow for the identification of protein concentration-dependent steps if the protein is an
oligomer. If the protein is a monomer, then the apparent rate(s) should not depend on the
protein concentration. If one observes this experimentally, then the data from the various
protein concentrations can be averaged. If one observes a protein concentration-dependent
rate during the folding or unfolding of a monomer, then the data indicate that the protein
forms aggregates during the reaction.

A.2. Initial Parameterization.

Two samples are used to determine the initial parameters (final protein concentration and
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slit widths) needed for a kinetic experiment: native protein in buffer and unfolded protein in
urea-containing buffer. First, native protein stock is placed in the small syringe, mixed with
buffer (from the large syringe), and data are collected for several seconds. Second, unfolded
protein stock is placed in the small syringe, mixed with urea-containing buffer (from the
large syringe), such that there is no dilution of the urea, and data are collected for several
seconds. For each experiment, there should be no change in signal over time because the
samples serve as controls for the native and unfolded signals. The unfolded protein stock
should contain the same final urea concentration as the urea-containing buffer to which it is
mixed. The general procedure for these initial experiments is to examine one protein
concentration and slit width for various time scales, then to change the slit widths and repeat
the experiment until the maximum difference is observed between the native and unfolded
control samples. One may find that the optimized slit widths and protein concentrations are
similar to those used in equilibrium unfolding experiments. In general, total volumes of 1 mL
protein and 10 mL buffer solutions are sufficient for determining one set of parameters (slit
width and voltage used for a particular final protein concentration, for example).

In the experiments described below, unfolded protein will be mixed with different urea-
containing buffers in order to examine refolding at several final urea concentrations. The
number of urea steps and volumes required will vary, depending on the protein and on the
refolding conditions. The procedure outlined here is useful for examining burst-phase
kinetics, apparent rates and amplitudes of observable phases, and for generating chevron

plots of the apparent rate constants.
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A.3. Sample Preparation for Measuring Refolding and Unfolding Kinetics.
First, one should determine the final urea and protein concentrations. Equation (1)

describes the necessary calculation assuming a 1:10 mixing ratio.

([U r-ea‘] proteinstock Xl) + ([urea]ureastock X 10)
11

= final urea concentration D

For example, if the protein stock solution is in 8 M urea-containing buffer (1 part = 250 puL
syringe) and is mixed with a 0 M urea-containing buffer (10 parts = 2.5 mL syringe), then the
final urea concentration will be 0.73 M using Eqg. (1). Similar calculations are used to
determine the final protein concentration as well.

To measure refolding kinetics, one should prepare two stock protein samples (unfolded
and native protein) and various urea-containing buffers that encompass the refolding
transition. For example, in a typical experiment that measures the refolding of procaspase-3,
we routinely use 17 urea concentrations between 0 M and 8 M at 0.5 M increments, and we
average ~20 injections per urea step. This requires 10 mL urea-containing buffer for each
final urea concentration and 15 mL protein stock. Table I shows the procedure for preparing
urea-containing buffer solutions as well as the final urea concentration calculated using Eq.
(1). If necessary, the urea concentrations should be adjusted in order to cover all regions of
the equilibrium unfolding curve. Table Il shows the calculations for making the unfolded and

native protein stocks, assuming that the protein unfolds in 8 M urea-containing buffer and
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that the final protein concentration in the observation cell is 5 pM.

A native protein stock is used as a control in order to determine the final signal in the
refolding process (Table I1). The native stock should contain the same buffer as the final
refolding sample, 0.73 M urea-containing buffer in this example. Incubate the protein
samples for the predetermined equilibration time, and then follow the instrument procedure
below.

To measure unfolding kinetics, one will mix native protein with different urea-containing
buffers. The sample preparation basically is the same as for the refolding experiment except
for the initial protein stock. Prepare the urea-containing buffers as described above (Table I)
and the unfolded protein and controls as shown in Table I1. Note that the unfolded control
should contain the same urea concentration as the final unfolding sample, 8 M in this
example. Incubate the protein samples for the predetermined equilibration time, and then
follow the instrument procedure below.

A.4. Instrument Procedure.

The general procedure for a kinetic refolding experiment on a stopped-flow instrument is
outlined here. The experimental protocol for unfolding follows the same steps except that one
starts with native rather than unfolded protein. The basic idea is to refold/unfold the protein
at several final urea concentrations and to monitor the signal until no further change occurs.
Final signals for the lowest and highest urea concentrations should match those of the
controls (native and unfolded protein).

1) Flush the system with distilled, deionized water and then with buffer. Make sure
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2)

3)

4)

5)

6)

7)

that the drive syringes contain no air bubbles as this will cause mixing artifacts in
the data. For 1:10 asymmetric mixing, ~10 injections are required to move
samples and/or buffers completely through the system, depending on the tubing
length and stop syringe volume.

Place the unfolded protein stock in the small drive syringe and the 8 M urea-
containing buffer in the large drive syringe.

Fill the drive syringes and flush the system.

Set the instrument parameters determined above (wavelength, temperature, slit
width, signal detection of choice, voltage).

Obtain data by acquiring multiple injections at one set of conditions. The goal is
to collect enough repetitions to average, the final number of which will depend on
the signal-to-noise ratio. The averages also depend on the final protein
concentration and detection method. Collect data for various time frames, such as
1, 10, 100 and 500 seconds, as needed.

Once the unfolded control sample is completed, remove the 8 M urea-containing
buffer. For a refolding experiment, fill the large drive syringe with the next urea-
containing buffer, in this case 7.5 M urea. One should note that whenever the
solution conditions are drastically changed, one should rinse the syringe either
with distilled, deionized water or with buffer to remove any remaining solution in
the syringe.

Flush the system and acquire data as in step 5.
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8) Continue to change the urea-containing buffer in the large drive syringe and
acquire data by repeating steps 5-7 until the final buffer (O M urea) is reached.

9) Remove unfolded protein and buffer solutions from the syringes.

10) For the native control, add the native protein (Table 1) to the small syringe and
0.73 M urea-containing buffer to the large syringe.

11) Flush the system and acquire data as in step 5.

12) Once the experiment is complete, clean the instrument by removing the protein
and urea-containing buffer solutions from the reservoir syringes. Flush the system
with buffer and distilled, deionized water as before.

B. Differential Quenching by Acrylamide.

Differential quenching describes the relative solvent accessibility of aromatic residues
during refolding/unfolding compared to the same residues in the native or unfolded states.
The technique of differential quenching may allow one to identify and characterize folding
intermediates not detected by other methods such as stopped-flow fluorescence emission or
CD spectroscopies. For example, Vanhove et al. (1998) used this technique to investigate a
non-native intermediate formed during the refolding of TEM-1 B-lactamase. Four tryptophan
residues are located on the protein surface in the native state, and it is proposed that the
tryptophans are less accessible to solvent during refolding than in the native state. This group
verified, through quenching by acrylamide and other techniques, the presence of a
hydrophobic collapse in the non-native intermediate.

One should first identify the quencher of choice. It is desirable to use a quencher that
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reacts differentially to the native and unfolded states of the protein. Equilibrium quenching
measurements should be conducted first to provide the optimal concentration of quencher for
use in kinetic studies. In the case of procaspase-3, for example, it was shown that 0.7 M
acrylamide provided the greatest difference between quenching of native and unfolded
protein fluorescence emission (Bose et al., 2003). In kinetic experiments, however, it is
important to verify that the quencher does not affect the kinetic folding process. One should
test a variety of quencher concentrations and, if necessary, different quenchers. Also, if an
ionic quencher (such as iodide) is used, it is important to verify that the increased ionic
strength has no effect on the folding process. One can do this simply by increasing the ionic
strength in the folding experiments described above (in the absence of quencher).

B.1. Sample Preparation.

Sample preparation for differential quenching by acrylamide is performed as described
above for the refolding and unfolding experiments except that acrylamide is included in the
urea-containing buffers (Table 1). Protein stock solutions should be prepared as described in
Table 11. Equation (1) is used to determine the initial concentration of acrylamide needed in
the urea-containing buffers. Using procaspase-3 as a model, a final acrylamide concentration
of 0.7 M requires the initial concentration to be 0.77 M, so the 0.77 M acrylamide urea-
containing buffers are made as shown in Table I. The acrylamide stock solution (8 M) is
made by weighing 11.37 g of acrylamide (wear a mask) and bringing the volume up to 20

mL with buffer.
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B.2. Experimental Procedure.

The experimental procedure for stopped-flow differential quenching is the same as those
for the refolding and unfolding experiments described above for stopped-flow fluorescence
emission. Briefly, unfolded or native protein (Table I1) is placed in the small syringe and is
mixed 1:10 with acrylamide- and urea-containing buffers (Table I). Data also are collected
for controls of native and unfolded protein (Table I1). In the examples shown here, the
fluorescence emission of the native protein control is examined in 0.7 M acrylamide, 0.73 M
urea-containing buffer, and that of the unfolded protein control is examined in 0.7 M
acrylamide, 8 M urea-containing buffer. The excitation wavelength should be set to 295 nm
in order to avoid inner filter effects from acrylamide (Lakowicz, 2006).

The kinetic data in the presence of quencher and at various final urea concentrations are
plotted with the native and unfolded controls, which also are in the presence of quencher
(Fig. 1A). In this way, one observes the differential quenching of tryptophan fluorescence
emission during refolding/unfolding as compared to the quenching of the native and unfolded
proteins.

C. Data Analysis.

The first step in data analysis is to determine the number of kinetic phases in the
experimental data. To achieve this, there are multiple data analysis programs available
including KaleidaGraph (Synergy Software), Excel (Microsoft Corporation) and Origin
(Origin Lab).

A phase is defined here as any change in signal over time. A phase can be described by a
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single rate constant, or, in the case of a burst phase, a change in amplitude. In order to
determine the number of kinetic phases, plot the signal versus time in seconds. A logarithmic
scale can be used for short times (1 to 100 milliseconds) or for combining multiple time
scales. An example of a refolding experiment is shown in Figure 1B, which shows the signal
acquired versus time at six different final urea concentrations. One should note that the data
will vary for different proteins. In this hypothetical refolding experiment, three phases are
detected and are referred to here as the burst, fast and slow phases in order to illustrate the
analysis below. The burst phase occurs within the mixing dead-time for the instrument and is
observed at all final urea concentrations shown here. The fast phase, from ~2 milliseconds to
~100 milliseconds, occurs at 3.45, 4.36, 5.27 and 6.18 M urea. The slow phase, from ~200
milliseconds to ~10 seconds, occurs at 3.45 and 4.36 M urea.

C.1. Burst Phase.

The burst phase is defined as the change in signal that occurs during the mixing dead-
time, and while illustrated here, not all kinetic experiments will display a burst phase. If the
data display a change in the initial signal with different final urea concentrations, as shown in
Figure 1B, then one should plot the burst phase signal versus final urea concentration (Fig.
1C). In order to determine the signal, extrapolate the data from ~1 to 5 milliseconds (the
boxed area in Fig. 1B) to a time of zero seconds (arrows in Fig. 1B). These times are chosen
because the signal typically is too noisy at shorter times.

A plot of the burst phase signals versus urea (Fig. 1C) may show linear or non-linear

transitions. A linear transition indicates a non-cooperative process and simply may represent
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a change in signal for the unfolded protein with a change in final urea concentration. In
contrast, a non-linear transition (Fig. 1C) indicates a cooperative folding process. In this case,
one can determine the free energy and m-value for the formation of the burst phase species
by fitting the data to a relevant equilibrium folding model. Typically, one uses a two-state
equilibrium model, although more complicated models also can be used. An examination of
data determined by fluorescence emission, following excitation at 280 nm and 295 nm, CD,
and/or differential quenching may show whether multiple species form in the burst phase
(Zaidi et al., 1997; Georgescu et al., 1998). By comparing the free energy and m-values to
those obtained from equilibrium unfolding experiments, one will obtain further information
regarding the species formed during the burst phase.

C.2. Exponential Fits.

Most observable phases comprise exponential increases or decreases in signal. Therefore,
this section will focus on the use of multiple exponential equations to fit the experimental
data. Two valuable pieces of information will be obtained from these fits: the amplitude and
the apparent rate of each phase. The amplitude provides information on the change in signal
with each phase and is related to the population of species that occurs in a phase (Wallace
and Matthews, 2002). The apparent rate constant provides the rate at which the transition
occurs. One should note that since only the rate limiting step is detected, a single phase may
consist of multiple transitions with multiple rate constants. In addition, the amplitude of a
particular phase may differ based on the detection method used, while the rate will be

consistent between all methods (so long as the phase is detected by each method). As stated
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above, kinetic measurements are collected until the equilibrium signal is reached. So, in
general, the total change in amplitudes of the kinetic phases should equal the difference in
signals between native and unfolded control proteins.

The data are fit as a sum of exponentials, as shown in Eq. (2).
At) — Ale) = DS Ae™ )
i=1

In this case, A(t) is the amplitude at time t, A() is the offset value, A; is the change in signal
for phase i, k is the apparent rate, and t is time (Bieri and Kiefhaber, 2000; Utiyama and
Baldwin, 1986). To fit exponential phases, it is best to use a nonlinear least squares fitting
program, such as those mentioned above. Two and three (or more) exponential equations
have the same format as a single exponential but with additional terms to account for the total
number of phases. That is, data that contain more than one phase are fit to a sum of
exponentials.

As an example, for the refolding experiment shown in Figure 1B, each urea step is
plotted and analyzed individually. Figure 2 shows a plot of data collected at a final urea
concentration of 4.36 M fit to either a one (Fig. 2A), two (Fig. 2B) or three (Fig. 2C)
exponential equation. An analysis of the residuals to the fits (below each plot) shows the
difference between the fit and the experimental data, where the distribution of the points
should be random around zero. A single exponential (Fig. 2A) does not adequately describe
the data, and the residuals for the three exponential fit (Fig. 2C) are not significantly different

from those of the two exponential fit (Fig. 2B). Thus, using the simplest model, one would
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describe the experimental data as containing two phases, each defined by an apparent rate
constant and amplitude.

Continue the fitting process until all of the urea steps are analyzed, and then plot the rates
and amplitudes from the different phases and detection methods versus denaturant
concentration. Using a monomeric protein as a simple example (all observed phases are first
order reactions), we generated a plot of the log of apparent rate constant versus denaturant
concentration. The data display a VV-shape, and this plot is referred to as a chevron plot (Fig.
3A). The chevron analysis has been described extensively for a simple 2-state folding model
(Wallace and Matthews, 2002; Ferguson et al., 1999; Parker et al., 1995; Zarrine-Asfar and
Davidson, 2004), and the reader is referred to previous reviews on the subject. The
information obtained from the chevron analysis includes the folding rates (both refolding and
unfolding) in the absence of denaturant, the m-values for refolding and unfolding, and
information on the transition state for folding.

For an oligomeric protein, the phase in which the protein forms the oligomer will display
a protein concentration dependence to the apparent rate constant. For a dimeric protein, for
example, the apparent rate will be second order with regard to the protein concentration. To
determine the rate of dimerization, plot the apparent rate (sec™) versus the protein
concentration (uM). The second order rate plot should show a linear dependence on protein
concentration, with a slope equal to the rate of dimerization (Jaenicke and Rudolph, 1986).
C.3. Simulations.

Creating a kinetic folding model is outside of the scope of this article but is covered in
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other reviews (Wallace and Matthews, 2002; Utiyama and Baldwin, 1986; Creighton, 1988;
Bieri and Kiefhaber, 2000). Once a model is created, it can be tested using other stopped-
flow techniques, such as sequential mixing (Wallace and Matthews, 2002; Schmid, 1986;
Eftink and Shastry, 1997). The protein folding mechanism could be very complex, depending
on the number of kinetic phases and the oligomeric properties of the protein, and analysis of
the data may yield several possible folding mechanisms. The overall goal is to devise the
simplest mechanism that adequately explains the experimental data. In this regard, simulation
programs are useful for distinguishing between possible mechanisms. It is important to note
that simulations cannot prove a mechanism, but rather they allow one to determine whether a
mechanism is supported by the experimental data. This section will describe the use of the
simulation program KINSIM (Barshop et al., 1982) but other programs also are available,
such as KinTekSim (KinTek Corp.), KINFITSIM (Svir et al., 2002) and DynaFit (BioKin,
Ltd.).

There are various examples in the literature of the use of KINSIM in the field of protein
folding, ranging from determining if an intermediate is on- or off-pathway (Heidary et al.,
2000) to examining the complex parallel folding pathway of a homodimeric protein (Mallam
and Jackson, 2006). KINSIM is a free program available at the following website:

http://www.biochem.wustl.edu/cflab/message.html. The website also has a help manual with

instructions for the program, but a brief overview will be described here.
KINSIM allows the user to define a mechanism in a text file. A simple example is shown

in Figure 3B for the folding of a monomer with one on-pathway intermediate (U<>I«<>N). In
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this sequential mechanism, the unfolded protein (U) folds to an intermediate species (1)
before forming the native structure (N). As shown in Figure 3B, a reversible reaction is
described by two equal signs (= =). The concentration of each species is multiplied by an
output factor (X1-X3 in Fig. 3B), and the signal observed is the sum of the contribution of
each species.

Once the mechanism is loaded into KINSIM, the user can change protein concentration
(LM), rate constants (sec™), output factors (signal/[protein]) and simulation time (sec). The
protein concentration and simulation time are chosen based on the experimental conditions.
The rate constants determined from fits of the experimental data (described above) are used
as initial guesses for the simulated rate constants. For example, if the data analysis reveals a
rate of 50 sec™ for the transition of U to I, then one would use 50 for k;. Output factors are
calculated by dividing the signal of the species, taken from the experimental data, by the
protein concentration. Finally, one can output any combination of species. As an example,
using the sequential mechanism in Figure 3, the simulation screen will show four lines based
on the four specified outputs, U, I, N and U+I+N (Fig. 3C). Experimental data also can be
uploaded in order to examine the agreement between simulated and real data, which allows
the user to fine tune rate constants and output factors and to distinguish between possible
mechanisms.

As an example, KINSIM simulations were used to investigate several potential kinetic
folding pathways of the caspase recruitment domain (CARD) of apoptotic protease activating

factor 1 (Apaf-1) (Milam et al., 2007). Apaf-1 CARD is a small (<100 amino acids),
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monomeric protein consisting of six a-helices arranged in an a-Greek key folding topology
(Weber and Vincenz, 2001). One sequential (Fig. 4A) and two parallel (Fig. 4B-C) kinetic
mechanisms were proposed based on three phases present in the experimental data (burst,
fast and slow). In order to demonstrate the ability of KINSIM to discriminate between
possible mechanisms, this brief discussion will focus on simulations of the slow phase in the
Apaf-1 CARD kinetic folding pathway. In the sequential folding model (Fig. 4A), the
unfolded protein folds through two intermediates before forming the native conformation.
KINSIM simulations with this mechanism agree with the experimental data (Fig. 4D).
However, more complicated mechanisms were proposed based on stopped-flow sequential
mixing studies that showed the presence of multiple unfolded species (Milam et al., 2007).
The proposed parallel mechanisms, shown in Figure 4B and C, consist of multiple unfolded
and/or native conformations. In the model shown in Figure 4B, two unfolded conformations,
U; and U,, form two native conformations, N; and N, and the unfolded and native species
are able to interconvert. Simulations with this mechanism were not able to recapitulate the
slow phase of refolding, assuming that the slow phase was due to the interconversion of U; to
U, or of N; to N (Fig. 4E). As a result, the folding model in Figure 4C was proposed, with
the inclusion of a third unfolded species, Us. In this parallel pathway, both unfolded
conformations, U; and U,, can form the native species (N). The conversion of U3z to U; or to
U, represents the slow phase, as shown in Figure 4F. Therefore the models in Figures 4A and
4C adequately explain the single mixing stopped-flow data (Fig. 4D and F, respectively), but

only the model in Figure 4C agrees with the sequential mixing stopped-flow data, which
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showed multiple unfolded species.
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TABLES AND FIGURES

Table I. Example Calculations for Urea and 0.77 M Acrylamide/Urea Stock Solutions

10 M Urea Buffer 8M Final Urea
Stock (mL) Acrylamide Concentration
(mL) Stock (mL) (M)
Urea Stocks (M)
0 0 10 0.73
1 1 9 1.64
2 2 8 2.55
3 3 7 3.45
4 4 6 4.36
5 5 5 5.27
6 6 4 6.18
7 7 3 7.09
8 8 2 8
0.77 M Acrylamide/Urea
Stocks (M)

0 0 9.037 0.963 0.73
1 1 8.037 0.963 1.64
2 2 7.037 0.963 2.55
3 3 6.037 0.963 3.45
4 4 5.037 0.963 4.36
5 5 4.037 0.963 5.27
6 6 3.037 0.963 6.18
7 7 2.037 0.963 7.09
8 8 1.037 0.963 8

Table I1. Example Calculations for 55 pM Procaspase-3 Protein Stock Solutions for
Refolding/Unfolding Kinetic Experiments

Protein Stock Solutions 10 Murea 1MDTT 825 uM Buffer
(mL) (uL) protein® (uL) (mL)

Unfolded Control (1 mL) 0.8 1 66.7 0.1323

Native (15 mL) 0 15 1000 13.985

Native Control (1 mL) 0.073 1 66.7 0.8593
Unfolded (15 mL) 12 15 1000 1.985

& Initial protein concentration of 825 uM is diluted to 55 pM for kinetic folding experiments.
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Figure 1. Data analysis. A. Hypothetical plot of fluorescence signal in the presence of 0.7 M
acrylamide versus time for a refolding reaction. The unfolded (+) and native (x) protein
signals in the presence of acrylamide are shown. Data at several final urea concentrations are
shown ([1,0,0,0). B. Hypothetical plot of the fluorescence emission signal versus time for a
refolding reaction. The unfolded (m) and native ([1) protein signals are shown. Final urea
concentrations of 3.45 M (o), 4.36 M (o), 5.27 M (0), and 6.18 M (A) are shown. The boxed
area marks the time from one to five milliseconds. The arrows show the extrapolation of the
signal to time zero. C. Plot of burst phase signal versus final urea concentration. The
continuous line represents a fit to a two-state equilibrium folding model as described in the
text.
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Figure 2. The 4.36 M refolding data from Fig. 1B were fit to a one (A), two (B) or three (C)
exponential equation. Residuals to the fits are shown below each panel. A. A single
exponential fit of the data provides an amplitude of 0.22 and rate of 33 sec™. B. A two
exponential fit of the data provides amplitudes of 0.20 and 0.08 and rates of 50 and 0.3 sec™,
respectively. C. A three exponential fit of the data provides amplitudes of 0.2, 0.08, and 0.05
and rates of 50, 0.3 and 3.3x10” sec™, respectively.
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Figure 3.Chevron and KINSIM analysis. A. Hypothetical chevron plot of the apparent
refolding and unfolding rates versus the final urea concentration. The continuous line
represents a fit to a two-state kinetic folding model (Ferguson et al., 1999) with the following
parameters: k° =200 sec™, k/'*° =0.015 sec™, my.1s = 0.7, my.rs = 0.6, AG"*° =562
kcal/mol, m-value = 1.3 kcal/mol/M, urea,, = 4.3 M. B. Example of a sequential pathway
with one on-pathway intermediate written in the text format for KINSIM. X1, X2 and X3 are
the extinction coefficients of U, I and N, respectively. C. Hypothetical example of a refolding
reaction of 10 uM protein for 10 seconds. The populations of species, shown by the
continuous lines, are labeled as U, I, N and U+1+N. The rates of the U to I and | to N
transitions are 1 and 0.3 sec™, respectively. The values of X1, X2 and X3 are 0.01, 0.05 and
0.06, respectively.
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Figure 4. One sequential (A) and two parallel folding pathways (B and C) used in KINSIM
simulations. A. The unfolded species folds through two intermediates before forming the
native species. B. Two unfolded and native species exist and interconvert. C. Three unfolded
species exist, where U; and U, fold to the native state and Us interconverts with U; or U,. D-
F. Plots of an Apaf-1 CARD refolding reaction in 3.64 M urea. KINSIM simulations for each
plot are shown as a continuous line. For pathway A, the concentration of I; was 10 uM. The
extinction coefficient for U, I5, 1, and N were 0, 0.0007, 0.0058 and 0.0063, respectively. The
rates for 11 to I, and I, to N were 45 and 0.6 sec™, respectively. For pathway B, the
concentrations of U; and U, were 1 and 9 uM, respectively. The extinction coefficients for
N; and N, were 0.0074 and 0.0064. The rates of U; to N3, U; to Uy, U, to N, and N; to N,
were 500, 100, 50 and 0.4 sec™, respectively. For pathway C, the concentrations of Uy, U,
and Uz were 0.7, 8.3 and 1 puM. The extinction coefficient of N was 0.0086. The rates of U
to N, U, to N and Us to U; or U, were 5000, 37 (back rate of 13) and 0.6 (back rate of 0.01)
per second.
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ABSTRACT

Caspase recruitment domains (CARDs) are members of the death domain superfamily
and contain six antiparallel helices in an a-helical Greek key topology. We have examined
the equilibrium and kinetic folding of the CARD of Apaf-1 (apoptotic protease activating
factor 1), which consists of 97 amino acid residues, at pH 6 and pH 8. The results showed
that an apparent two state equilibrium mechanism is not adequate to describe the folding of
Apaf-1 CARD at either pH, suggesting the presence of intermediates in equilibrium
unfolding. Interestingly, the results showed that the secondary structure is less stable than the
tertiary structure, based on the transition mid-points for unfolding. Single mixing and
sequential mixing stopped-flow studies showed that Apaf-1 CARD folds and unfolds rapidly
and suggest a folding mechanism that contains parallel channels with two unfolded
conformations folding to the native conformation. Kinetic simulations show that a slow
folding phase is described by a third conformation in the unfolded ensemble that
interconverts with one or both unfolded species. Overall, the native ensemble is formed
rapidly upon refolding. This is in contrast to other CARDs in which folding appears to be

dominated by formation of kinetic traps.
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INTRODUCTION

Studies with several small helical bundle proteins (Huang and Oas, 1995; Kragelund
et al., 1996; Kubelka et al., 2004; Sosnick et al., 1996) have shown that folding can be very
fast, on the order of 300 s * to >5000 s, and in many cases folding rates can be predicted by
the contact order, an algorithm based on the average sequence distance between all
contacting residues in the native conformation (Plaxco et al., 1998). The correlations suggest
a relationship between the rate of folding and the topology of the native state (Plaxco et al.,
1998). For the more complex topology found in the caspase recruitment domain (CARD) of
RICK (RIP-like interacting CLARP kinase) or of procaspase-1 (CP1-CARD), which consists
of six antiparallel a- helices in the Greek key topology, folding is too slow to be accounted
for by the contact order (Chen and Clark, 2003; Chen and Clark, 2004). For those CARDs,
the folding pathways appear to contain kinetically trapped species that significantly slow the
folding rate. Kinetic traps in folding have been observed for many other proteins (Capaldi et
al., 1999; Chang et al., 2001; Hoyer et al., 2002; Hua et al., 2002; Kiefhaber, 1995).

While relatively little is known about the folding of a-Greek key proteins, much more
is known about B-Greek key proteins, as the folding of proteins in this class has been studied
for many years. For proteins such as By-crystallin, superoxide dismutase, fibronectin type Ill
domain and azurin (Bosissinot et al., 1997; Capaldi et al., 1999; Hamill et al., 2000; Rajini et
al., 2001), several nucleation models have been proposed to explain the folding properties.

The models focus on early formation of a B-hairpin (Richardson et al., 1992), hydrophobic

56



zippers (Hazes and Hol, 1992), tyrosine corner motifs (Bosissinot et al., 1997; Hemmingsen
et al., 1994), or hydrogen bonding (Richardson, 1977b). For example, a highly conserved
“tyrosine corner” motif is found in several B-Greek key proteins and is important for early
structure formation or stability (Bosissinot et al., 1997; Richardson et al., 1992). However, no
such folding models have been proposed for the a-Greek key family, and the tyrosine corner
motif is not found in this family.

At present, the nature of the intermediates found in the folding of the CARDs is not
known, nor is it known why the folding process is so complex. In order to further examine
this issue, we studied the folding of Apaf-1 CARD, a 97 amino acid residue domain found at
the amino terminus of apoptotic protease-activating factor 1 (Apaf-1). Apaf-1 isa ~130 kDa
multidomain protein that is involved in the intrinsic apoptotic pathway (Zou et al., 1997),
which is activated when cytochrome c is released from the mitochondria into the cytoplasm
(Shiozaki et al., 2002; Zou et al., 1997). The binding of cytochrome ¢ and of ATP cause
Apaf-1 to oligomerize into a complex called the apoptosome (Acehan et al., 2002; Hajra and
Liu, 2004), a 1 MDa wheel-like particle with seven spokes that radiate from a central hub
(Acehan et al., 2002). The Apaf-1 CARD binds the CARD of procaspase-9 (Acehan et al.,
2002; Shiozaki et al., 2002; Zhou et al., 1999) and results in dimerization of the inactive
procaspase-9 to form the active protease, which in turn activates executioner caspases such as
caspases-3 and -7 (Zou et al., 1997). Apaf-1 CARD is a member of the death domain

superfamily, which is subdivided into four families consisting of CARD, DD (death
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domain), DED (death effector domain) and the PYD (pyrin domain) (Fairbrother et al., 2001,
Weber and Vincenz, 2001). To date, the a-Greek key proteins have been found only in this
superfamily. The function of these domains is to mediate homo- and heterotypic protein—
protein interactions in apoptotic pathways. Within the death domain superfamily there is a
low sequence identity, but all members share a common “death fold” consisting of six
antiparallel a-helices arranged in a Greek key topology (Weber and Vincenz, 2001).

We show here that the equilibrium folding of Apaf-1 CARD at pH 6 and at pH 8 is
not well described by a two-state process, in contrast to RICK-CARD and CP1-CARD,
demonstrating the presence of non-native folding intermediate(s) during equilibrium folding.
Single mixing kinetic studies indicate that both folding and unfolding occur rapidly, while
sequential mixing kinetic studies show that both reactions apparently occur without the
presence of folding intermediates. Contrary to RICK-CARD, kinetically trapped or misfolded
species are not present in the folding of Apaf-1 CARD, so the protein both folds and unfolds

rapidly.
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RESULTS

A. Structural studies

The structure of Apaf-1 CARD was determined previously by crystallography
(Vaughn et al., 1999) and NMR (Zhou et al., 1999). In addition, a structure of the complex of
Apaf-1 CARD bound to caspase-9 (CP9-) CARD was determined (Qin et al., 1999; Zhou et
al., 1999). Our clone of Apaf-1 CARD contains two extra residues at the amino terminus, a
GS sequence that arises from the cloning vector (Feeney et al., 2006). These residue
positions are labeled -2 and -1, respectively (Figure 1). Since the side-chain of M1 forms part
of the hydrophobic core (Vaughn et al., 1999), it was important to determine whether the two
residues affected the structure in any significant way. We were able to grow crystals of the
new Apaf-1 CARD construct using the published crystallization conditions (Vaughn et al.,
1999), and they were isomorphous with those previously reported, with symmetry of the
space group P212;2; and one molecule in the asymmetric unit (Table 1). Diffraction data
were collected at the SER-CAT beam line at APS (Argonne National Laboratory, Argonne,
IL) and the structure was refined to 2.0 A resolution using the published model for initial
phases (PDB code 1CY5). While the N-terminal G and S residues were both clearly visible in
the electron density maps, they did not make hydrogen bonds or van der Waals contacts with
other protein atoms. The sidechain of M1 contributed to the hydrophobic core of the protein
exactly as in the published structure where the GS segment is not present. The backbone root

mean square deviation (RMSD) between our model and the previously published 1CY5
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model was 0.36 A, demonstrating that the GS sequence had no significant effect on the
protein structure.
B. Equilibrium unfolding

We examined the secondary structure of Apaf-1 CARD by far-UV circular dichroism
(CD) (data not shown), and the results demonstrated double minima at 206 nm and 218 nm,
consistent with the a-helical CARD proteins (Chen and Clark, 2003; Chen and Clark, 2004).
In the presence of 6 M urea-containing buffer, the signal decreased to that of a random coil,
and the spectrum was consistent with that of an unfolded protein.

The equilibrium unfolding of Apaf-1 CARD was examined by monitoring changes in
CD at 222 nm and fluorescence emission at 305 nm following incubation of the protein in
urea-containing buffers. The experiments were performed using three protein concentrations
and two different buffers as described in Materials and Methods. In addition, the experiments
were performed at pH 6, which is near the isoelectric point of the protein, and pH 8. The data
collected at pH 8 allow for a comparison with that of RICK-CARD and CP1-CARD (Chen
and Clark, 2003; Chen and Clark, 2004; Chen and Clark, 2006), while the data collected at
pH 6 should provide the stability of the protein where the net charge is approximately zero
(Pace et al., 1990). Overall, the data demonstrate that Apaf-1 CARD does not form an
oligomer under these conditions (25 °C, pH 6 or pH 8, <20 uM protein) (data not shown).
Based on the midpoints of the transitions, the results showed that the protein was more
stable at pH 6 than at pH 8 in both CD and fluorescence emission measurements (Figure 2(a)

and (b)). While the individual data sets could be fit to a two-state equilibrium model (Table
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2), an overlay of the CD and fluorescence emission data showed that the curves are not
coincident (Figure 2(c) and (d)). This demonstrated that a two-state folding model was not
adequate to explain the equilibrium folding of Apaf-1 CARD. Interestingly, the tertiary
structure, as measured by fluorescence emission, appeared to be more stable than the
secondary structure. At both pH values, the midpoint of the transition as monitored by
fluorescence emission was greater than that monitored by CD, and the difference between the
two curves was greater at pH 8 than at pH 6 (Figure 2(c) and (d)). In addition, the free energy
values, determined from fits of the data to a two-state equilibrium model, were higher for the
fluorescence emission data than for the CD data (Table 2).We note that the data were not
better fit to a three-state model that included an equilibrium intermediate (U 15 N), so at
present the conformational free energy of Apaf-1 CARD is not known. The thermodynamic
parameters obtained from fits of the equilibrium data are listed in Table 2 as a comparison to
the kinetic data described below.

C. Single mixing refolding studies

The protein was unfolded initially in 6 M urea-containing buffer, and it was refolded
by rapid dilution to conditions that favor the native conformation. As with the equilibrium
folding studies described above, the experiments were performed at pH 6 and 8, and both
fluorescence emission (>305 nm) and far-UV CD (222 nm) were used to monitor the time-
course for refolding. Unless otherwise noted, the results from fluorescence emission at pH 6
are presented in Figure 3, and those using CD at pH 6 as well as both probes at pH 8 are

shown in the Supplementary Data Figures. As shown in Figure 3(a) (circles), refolding
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occurred within the mixing dead-time as the signal at 1 millisecond was similar to that of the
native protein control. Following this burst phase, a small increase in signal occurred in the
first 10 seconds that encompassed less than 10% of the total signal change. This phase is
described in more detail below. Stopped-flow CD studies at pH 6 showed similar results
(Supplementary Data Figure 1A), and results of fluorescence emission and CD studies at pH
8 were similar to those at pH 6 (Supplementary Data Figures 2 and 3).

We monitored the amplitude of the refolding burst phase at several final urea
concentrations, from 0.55 M to 6.9 M, and representative data are shown in Figure 3(b) for
fluorescence emission at pH 6. Data collected by CD at pH 6 and by fluorescence emission
and CD at pH 8 are presented in Supplementary Data Figures 1, 2, 3. The data show a
cooperative decrease in signal so that the burst phase of refolding was no longer observed
beyond 4 M urea (Figure 3(b)) at pH 6 or 3 M urea at pH 8 (Supplementary Data Figures),
demonstrating that the protein folds cooperatively during the burst phase. The results were fit
to a two-state equilibrium folding model (Santoro and Bolen, 1988), and the conformational
free energies, AG™2°, and m-values are presented in Table 2. At both pH values, the
conformational free energy determined by fluorescence emission was greater than that

determined by CD by >1 kcal/mol. This is consistent with the equilibrium unfolding data
(Figure 2, Table 2) that showed the secondary structure unfolded prior to the tertiary
structure. Overall, the mid-points for the transitions were lower at pH 8 compared to pH 6,
again consistent with the equilibrium unfolding data.

In addition to the burst phase amplitudes, the final signals at 10 seconds were
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determined at several final urea concentrations (Figure 3(b), squares) (Supplementary Data
Figures 1, 2, 3). The data showed that the transition mid-point was significantly higher than
that observed for the burst phase amplitude. The data also were fit to a two-state folding
model, and the parameters obtained from the fits are presented in Table 2. In contrast to the
burst phase amplitudes, the AG™?° and m-values determined from fluorescence emission or
CD were similar at pH 6, 5 kcal mol™* and 1.3 kcal mol™ M™, respectively, although we note
that the m-values were similar for the burst phase refolding and the final signals, within
experimental error of 1.2 kcal mol™* M™%, The same was true for data collected at pH 8 (Table
2).

The mid-points for the transitions of the burst phase and final amplitudes (Figure
3(b)) are not coincident because of a kinetic phase that occurs at intermediate urea
concentrations. For example, an increase in fluorescence emission was observed over 10
seconds when the protein was refolded in 3.6 M urea-containing buffer (Figure 3(a),
diamonds). Under these conditions, the amplitude of the burst phase was small (see also
Figure 3(b)), although it still was present, and most of the signal change occurred from the
observable kinetic phase. Similar results were obtained by CD at pH 6 (Supplementary Data
Figure 1) and by both probes at pH 8 (Supplementary Data Figures 2 and 3). The data were
best fit to a two exponential process (Figure 3(a), lower panels), where the slower phase was
the same as that described above for refolding at low urea concentrations. Therefore, the data
showed that the protein refolded rapidly (burst phase) when it was refolded in low urea

concentrations, and refolded through a somewhat slower kinetic phase (half-time of
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approximately 20 milliseconds) at higher urea concentrations. Under the latter conditions,
the amplitude of the burst phase was low. In both cases, a slow kinetic phase was observed
that encompassed less than 10% of the total signal change.

In order to further study refolding at higher urea concentrations, where the burst
phase amplitude is low, the two apparent rate constants and their associated amplitudes were
determined at several final urea concentrations. While the observed rate associated with the
first phase is described in detail later (Figure 3(f)), the amplitude of this phase reached a
maximum at 3.6 M urea (pH 6) or 2.6 M urea (pH 8) (Figure 3(c)) and decreased at lower
and higher urea concentrations. Although the experiments in Figure 3(c) used fluorescence
emission as a probe, the amplitude maxima determined from the data were similar to the mid-
point of unfolding determined from equilibrium experiments when the secondary structure
was monitored by CD (Figure 2 and Table 2). Overall, the data showed that during refolding
under intermediate urea concentrations (~2 M to ~4 M urea), both the burst phase and the
two kinetic phases were observed, and the amplitudes of the burst and fast phases depended
on the final urea concentration. In contrast, only the burst and the slower kinetic phases were
observed under conditions that strongly favor the native conformation (0.55 M urea).We note
that neither the rate associated with the slowest phase (0.6 s ™) (data not shown) nor the
amplitude of this phase (Figure 3 (c), squares) varied with final urea concentration or with
pH.

D. Single mixing unfolding studies

We monitored the time-course for unfolding Apaf-1 CARD by rapidly mixing
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nativeprotein with urea-containing buffer. Representative data are shown in Figure
3(a) for protein unfolded in 6 M urea at pH 6 (triangles). Unfolding monitored by CD at pH 6
or by both probes at pH 8 is presented in Supplementary Data Figures 1-3. The data showed
that unfolding occurred in a single phase that encompassed the entire signal between native
and unfolded protein. There was no further change in signal between 0.1 and 200 seconds
(data not shown), suggesting that the protein unfolded rapidly under these conditions, with a
half-time of about 10 milliseconds.

We determined both the amplitude and the rate of the unfolding transition from fits of
the unfolding data to a single exponential equation, and this was done at several final urea
concentrations. We also monitored the final signal at each final urea concentration. As shown
in Figure 3(d), the amplitude of the unfolding phase increased cooperatively as the urea
concentration increased. The data were fit to a two-state equilibrium process, and the AG™2°
and m-value were determined to be 5.1(+0.8) kcal mol™ and 1.2(+0.4) kcal mol™* M™%,
respectively, at pH 6 (Table 2). The parameters were similar at pH 8 (Supplementary Data
Figure 3 and Table 2). The final signals in unfolding (Figure 3(e) and Supplementary Data

G"%° and m-value determined from the

Figures) also were fit to a two-state process, and the A
fits were 5 kcal mol ™ and 1.20 kcal mol™ M™%, respectively, at pH 6 (Table 2). The
conformational free energy was somewhat lower at pH 8 (4.5 kcal mol ™), but the m-value

was similar to that at pH 6. Because the thermodynamic parameters were the same regardless

of whether one monitored the amplitude of the unfolding phase or the final signal of
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unfolding versus urea, the data showed that the protein unfolded in a single transition that
reached equilibrium within 100 milliseconds.

The apparent rate constants, Kqps, Of the fast phase of refolding and of unfolding,
obtained from fits of the data as described above, generate a chevron plot (Figure 3(f)),
demonstrating that these phases represent the folding and unfolding of the same species.
Similar rates were obtained regardless of whether fluorescence emission or CD was used to
monitor refolding or unfolding (Table 2). In addition, the minimum of the chevron was
similar to that determined from equilibrium unfolding at pH 6 (4.3 M versus 4.4 M urea,
respectively). At pH 8, however, this was true only for the fluorescence emission data (3.9 M
versus 3.5 M urea, respectively). In contrast, the data collected by CD at pH 8 demonstrated a
mid-point that was significantly higher than that determined by equilibrium unfolding (3.8 M
versus 2.8 M, respectively). The data were fit to a two-state kinetic mechanism (Ferguson et
al., 1999a; Jackson and Fersht, 1991) using equation (1):

Kops = Kun €Xp(—my_1s x [urea]/ RT) + Kk, exp(my_;s x [urea]/RT) (1)
where Kqps is the observed rate constant of the refolding or unfolding phase, and kyn and Kny
are the rate constants for refolding and for unfolding, respectively, in the absence of urea.
The parameters my_ts and my.ts reflect the change in solvent exposed surface area between
the unfolded or refolded states, respectively, and the transition state ensemble. At pH 6,
values of 3537(+640) s * and 0.72(+0.05) kcal mol™* M™ were obtained for kyn and my.rs,

respectively, while values of 0.4(+0.3) s * and 0.50(0.11) kcal mol™ M were obtained for

knu and my.ts, respectively. Overall, the data show that the higher pH affects both the rate of
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refolding and of unfolding. At pH 8, values of 1427(+174) s * and 0.68(+0.04) kcal mol*M™*
were obtained for kyn and my.ts, respectively, while values of 0.21(+0.3) s and 0.64(+0.19)
kcal mol™* M™* were obtained for kyy and my.-ts, respectively. Although there are large errors
in these values due to the long extrapolations to zero urea, the conformational free energy
and total m-value were calculated from these parameters, where AG"%° = _RTIn (kun/knu) =
-5.3 kcal mol™* at pH 6 and -5.1 kcal mol™* at pH 8. The m-values were calculated as M =
Mu-ts+ Mx-1s = 1.22 kcal mol™ M™ at pH 6 and 1.32 kcal mol™ M™ at pH 8. These results
suggest that the fast phase represents rapid folding to the native conformation, since the
conformational free energy and m-value are similar to those obtained from equilibrium
unfolding data (Table 2).

The compactness (B*) of the transition state ensemble relative to the native (*=1)
and unfolded ensembles (B*=0) can be calculated from the ratio of my.ts/M (Tanford,
1968). For Apaf-1 CARD, p*=0.59 at pH 6, and p* =0.52 at pH 8, demonstrating that the
transition state for folding is somewhat more like the native ensemble than the unfolded
ensemble.
E. Proposed folding models

The single mixing kinetic studies show that three phases are observed during
refolding, two of which depend on the final urea concentration: a burst phase, a fast phase
with a time constant of about 10 milliseconds, and a slow phase with a time constant of about
1 second. A minimal model that might explain these results is presented in Scheme 1, which

shows that the unfolded protein folds sequentially through two non-native intermediate
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structures prior to forming the native conformation. In this Scheme, the burst phase is
represented by the transition of U to I, the fast phase is represented by the transition of I, to
I,, and the slow phase is represented by the transition of I, to N. There are features of the
kinetic data, however, that are not compatible with this sequential folding scheme. Under
conditions that strongly favor the native conformation, Apaf-1 CARD folded within the
mixing dead-time to a conformation, presumably the native structure that had a AG"*° and
m-value similar to those determined from equilibrium unfolding data. Thus, a significant
amount of hydrophobic surface area was buried in the burst phase. As shown in Scheme 1, if
the hydrophobic surface is buried in the burst phase, then there should be little buried in the
fast and slow phases. The data show, however, that a significant amount of hydrophobic
surface area was buried during the fast folding phase as well. In fact, the conformational free
energy and m-value derived from the observed rate constants of the fast phase also were
similar to those determined from equilibrium folding studies, suggesting that the native
conformation formed during this phase. Consequently, there is seemingly a paradox in which
two separate refolding transitions result in burial of surface area that is approximately
equivalent to that of the native protein. We note that this is not due to formation of transient
aggregates because the kinetic data were independent of protein concentration between 5 and
20 uM (data not shown).

A second model that might explain the single mixing kinetic data is the parallel
folding model shown in Scheme 2. In this Scheme, the unfolded ensemble consists of two

conformations, U; and U,, each of which fold to native conformations, N1 and N». This
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Scheme allows refolding in the burst phase or in the fast phase to be separated into parallel
folding channels. For example, folding in the burst phase yielded a species with a
conformational free energy of 3-4 kcal mol™*, depending on the probe used to monitor
refolding, and an m-value of 1.2— 1.4 kcal mol™* M*. Regardless of the probe, the
conformational free energy was about 1 kcal mol™* lower than that obtained from fitting the
equilibrium unfolding data to a two-state model, although the m-values were similar.
Likewise, folding in the fast phase yielded a species with a conformational free energy of 5.3
kcal mol™* and an m-value of 1.22 kcal mol™ M™%, also similar to those determined from
equilibrium unfolding. If the transition of U;—Nj represents folding that occurs in the burst
phase, then the transition of U,—Nj represents folding in the fast phase. Under conditions
that strongly favor the native conformation, that is, low urea concentrations, the protein folds
from U;—N; in the burst phase. At intermediate urea concentrations, refolding occurs from
both channels, and at higher urea concentrations (>4 M), the protein refolds from U,—Nj in
the fast phase. This simple scheme explains the burial of hydrophobic surface area from two
major transitions and the urea dependence to each major folding phase. The slow phase,
which is independent of urea concentration, could represent isomerizations in the unfolded
ensemble or the native ensemble. We performed sequential mixing stopped-flow studies,
described below, to further examine the proposed folding schemes.
F. Sequential mixing kinetic studies

Initially, we examined the transitions using double jump studies. In these

experiments, the native protein was mixed rapidly with urea, and after a specified time of
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unfolding (delay time), the protein was returned to native conditions (Brandts et al., 1975;
Kiefhaber et al., 1990a). The fluorescence signal was monitored experimentally after the
second mix. This experiment examined the formation of unfolded species that were able to
fold to the native conformation upon dilution of the denaturant, and the refolding traces
should resemble those shown in Figure 3(a) only when those species are formed. As
described above for single mixing refolding studies, when the protein was refolded in buffer
containing low urea concentrations, only the burst phase and slow refolding phases were
observed. Thus, in the double jump experiment, one should monitor the formation of the
unfolded conformation by monitoring these two phases as a function of unfolding delay
time. A measure of the refolding burst phase signal versus unfolding delay time showed that
the signal reached that of the native conformation within 100 milliseconds of unfolding
(Figure 4, circles). That is, when the protein was unfolded for 100 milliseconds, it formed a
species that could refold to the native conformation. This was true at pH 6 and pH 8 (Figure
4). The data are in agreement with the single mixing unfolding studies (Figure 3(a)), which
showed that Apaf-1 CARD unfolded rapidly in a single transition. The double jump
experiments showed that the signal of the refolding burst phase remained constant even after
extended periods of unfolding (>200 seconds). In addition, the amplitude of the slow phase
reached a maximum at 1 second and did not change with longer delay times (data not
shown).

The double jump experiment was repeated to monitor refolding in 4 M urea. In this

experiment, the protein was initially unfolded in 5 M urea-containing buffer for various delay
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times, and then the urea was diluted to 4 M. As shown in Figure 3(b), the burst phase of
refolding was not observed at urea concentrations of 4 M or greater; although the fast and
slow phases were observed under these conditions (Figure 3(a) and (c)). The amplitude of the
fast phase versus delay time is shown in Figure 4 (triangles) for data collected at pH 6
(Figure 4(a)) or pH 8 (Figure 4(b)). The results showed that the fast phase of refolding
appeared at short unfolding delay times (100 milliseconds), and the amplitude of the phase
did not change with longer times of unfolding. Therefore, the unfolded species that refolds
via this phase formed fully within 100 milliseconds of unfolding. As described above, the
amplitude of the slow phase reached a maximum at 1 second and did not vary with longer
delay times (data not shown).

In addition to double jump experiments, we examined the refolding pathways in
interrupted refolding sequential mixing studies (Pappenberger et al., 2001; Schmid, 1983). In
these experiments, the unfolded protein was rapidly mixed with buffer, conditions that favor
the native conformation, and the protein was returned to denaturing conditions after a
specified time of refolding (delay time). The fluorescence signal was monitored
experimentally following the second mix. This experiment monitored formation of the native
conformation as a function of refolding time, and the unfolding traces should resemble those
shown in Figure 3(a) when the native species is formed. As shown in Figure 3(a), unfolding
occurred from a single transition with a half-time of 10 milliseconds, so in the interrupted
refolding experiment one should observe the fast unfolding transition only when the native

conformation is formed. The results from this experiment are summarized in Figure 4
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(squares) for data collected at pH 6 (Figure 4(a)) or pH 8 (Figure 4(b)). The amplitude of the
unfolding transition and the apparent rate constant, Koy, were obtained by fitting the raw data
to a single exponential process. We note that kqps did not vary with refolding delay time and
was similar to that determined from the single mixing unfolding studies (Figure 3(a)). In
addition, the maximum amplitude of the phase was obtained within 1 millisecond of
refolding, and the amplitude did not change with longer refolding delay times (Figure 4).
Attaining the maximum amplitude within 100 milliseconds of refolding showed that the
native conformation was fully populated within this time and further demonstrated the
absence of slow folding species on the folding pathway.
G. Kinetic simulations

The sequential mixing kinetic studies described above ruled out the sequential folding
model shown in Scheme 1 because the native ensemble formed rapidly upon refolding, either
in low urea concentrations or in 4 M urea. As described for the single mixing studies, these
refolding phases were observed as burst phase or as fast phase kinetics, respectively.
Furthermore, the unfolded ensemble formed within 100 milliseconds of unfolding. Together,
the results showed that the native ensemble was directly accessible from the unfolded
ensemble. Formally, we have presented evidence for three kinetic phases during refolding: a
burst phase, in which the native ensemble formed at low concentrations of urea, a fast phase,
in which the native ensemble also formed at higher urea concentrations, and a slow phase,
which encompassed less than 10% of the total signal change but was observed at all urea

concentrations examined. In intermediate concentrations of urea, the native conformation
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formed simultaneously from the burst phase and the fast phase of refolding. While the data
are consistent with parallel folding channels, there is no direct evidence for four species as
presented in Scheme 2. We further examined this folding model, as well as variations of the
model, using kinetic simulations (Barshop et al., 1983).

We used the following reasoning in the simulations. The rate of refolding in the burst
phase was assumed to be 5000 s %, which is sufficiently fast to allow for a burst phase in the
simulations. In simulating refolding in 0.55 M urea, the final conditions in low urea
concentrations, the fast phase was calculated to be 1800 s * (Figure 3(f)). The rate of
refolding in 3.6 M urea was calculated to be 41 s * (Figure 3(f)). Those values were used to
simulate refolding in low urea or in higher urea concentrations, respectively. In addition,
simulations with a single unfolded species demonstrated that refolding occurred primarily in
the burst phase, since the rate was significantly faster than that of the fast phase in 3.6 M urea
(5000 s * versus 41 s 1). Thus, in order to observe refolding in the burst phase and the fast
phase simultaneously, which is detected at intermediate urea concentrations, two unfolded
species were populated.

We used a single native conformation in the simulations. This assumption was
supported by single mixing unfolding experiments that showed that the protein unfolded in a
single transition (Figure 3(a)). Furthermore, unfolding occurred from the native species that
formed during the fast phase of refolding (Figure 3(f)). Therefore, regardless of whether the
protein was refolded in low urea concentrations or in 4 M urea, unfolding occurred from a

single species. If two native species were present at equilibrium, as suggested in Scheme 2,
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one might expect two transitions during unfolding. Otherwise, one must assume either that
the two native species share the same rate-limiting step in unfolding or that one native
species rapidly relaxes to the second native species prior to unfolding. Without further
evidence to support these assumptions, we elected to use a single native conformation in the
simulations. We note that sequential mixing unfolding experiments (that is, interrupted
refolding studies) (Figure 4) demonstrated that the burst phase species was not positioned on-
pathway between the unfolded and native ensembles. Indeed, those results showed that the
native conformation formed within 100 milliseconds of refolding. Likewise, sequential
mixing refolding studies (that is, double jump experiments) (Figure 4) demonstrated that the
unfolded ensemble formed rapidly from the native species. This was true also when the
experiments were carried out in 4 M urea. In addition, structural studies of Apaf-1 CARD
using NMR (Zhou et al., 1999) did not support the presence of two native conformations.

The slow phase in refolding was somewhat more problematic to simulate. For
example, the slow phase was observed under conditions where the burst phase was not
observed (Figure 3(b)). The slow phase also was observed when refolding occurred under
conditions that favored the burst phase (Figure 3(a) and (c)). Neither the amplitude nor the
rate of the slow phase was affected by urea concentration (Figure 3(c)). The simplest
explanation for the slow refolding phase is the presence of slowly interconverting species in
the unfolded ensemble. The simulations suggested, however, that the slow phase was not due
to interconversion of the two unfolded species that yield the native conformation. Because

the refolding rates were significantly faster than that of the slow phase, all of the unfolded
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species rapidly converted to the native conformation upon simulated refolding, leaving no
species in the unfolded conformation to interconvert. In order to simulate the slow phase, we
assumed that the unfolded ensemble contained a third unfolded conformation, Us, that slowly
interconverted with U; and U,.

Based on those rationales, we propose the model shown in Scheme 3. In this model,
the native conformation is accessible either from U; or U,. Refolding from U; to N occurs in
the burst phase, and refolding from U, to N occurs in the fast phase. The slow phase is
represented by the transition of U either to U; or to U,. Furthermore, in this model, N
unfolds to U, regardless of whether the protein was refolded in 0.55 M urea (U;SN) or in 3.6
M urea (U,SN). Thus, under the conditions used here to unfold the protein (6 M urea-
containing buffer at pH 6), U, is the preferred conformation of the unfolded ensemble, with
~10% found as Us. In the simulations, we assumed that the protein unfolded through a single
channel (NsU,), so we have no information on the rate constant k_,, that is, unfolding from
N to U;. Upon refolding in 3.6 M urea, approximately 80% of the protein refolds from Uy,
and about 10% refolds from U;. Thus, by changing the distribution of U; and U, at
intermediate urea concentrations, the burst phase and the fast phase are observed
simultaneously during refolding. At low urea concentrations, the protein refolds primarily
from U; (~80%). We note that the rates of interconversion between U; and U, are not known
at present (k. and k— in Table 3), although the formation of U; from U, upon dilution from
urea must be rapid in order to observe the burst phase. Under all conditions, about 10% of the

protein refolds from Us. The rate constants determined from simulations of the data at pH 6
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and at pH 8 are presented in Table 3 and are compared to those calculated from the
experimental data. In addition, simulations of the refolding and unfolding data are shown in
Figure 5(a) and (b) for data at pH 6 and 8, respectively, and are compared to the experimental
data. Overall, the results show good agreement between the simulated and experimental data

at both pH values.
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DISCUSSION

Since our Apaf-1 CARD construct contained two extra residues at the amino
terminus, we crystallized the protein and determined the structure to 2 A resolution in order
to examine the effect of the residues on the structure. The results showed that the GS
sequence does not hydrogen bond, nor does it form van der Waals contacts, with other atoms
of the protein and thus does not significantly affect the structure of the protein.

We showed that refolding and unfolding of Apaf-1 CARD occurred rapidly. For
example, at low urea concentrations, refolding occurred within the dead-time for mixing. An
examination of the burst phase signals versus urea concentration showed that the mid-point
of the transition was significantly lower than that of equilibrium unfolding regardless of
whether fluorescence emission or CD kinetic studies were performed. At higher urea
concentrations, the protein folded to the native conformation simultaneously through two
distinct phases. Together the kinetic data strongly suggest that the protein folds through
parallel pathways, and the flux through each pathway depends on the final urea
concentration. Simulations of the data suggested the model shown in Scheme 3 in which the
unfolded ensemble consists of three conformations. The native conformation is accessible
from U; and/or U,, depending on the final urea concentration, and isomerizations from U;
account for the slow phase observed in the refolding experiments. At high urea
concentrations (>5 M), the majority of the protein favored one unfolded conformation, which

we designated U,.
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We also have shown that equilibrium unfolding of Apaf-1 CARD is not consistent
with a two-state process, since unfolding of the secondary and tertiary structures were not
coincident. Interestingly, the tertiary structure appeared to be more stable than the secondary
structure, since the midpoint of the unfolding transition (ureas;) was higher when
fluorescence emission was monitored compared to far-UV CD. These results are contrary to
those for RICK-CARD (Chen and Clark, 2003) and CP1-CARD (Chen and Clark, 2004),
where there was no evidence for partially folded intermediates at equilibrium.

The equilibrium and kinetic studies of Apaf-1 CARD were carried out at pH 6, in
order to examine folding near the isoelectric point, and at pH 8, in order to compare to the
folding of other CARD proteins. The equilibrium data suggested that Apaf-1 CARD is less
stable at pH 8 than at pH 6, since the mid-points of the unfolding transitions were lower
compared to those at pH 6. In addition, there were larger differences between the two
structural probes, CD and fluorescence emission, at pH 8 compared to pH 6. Because of the
differences over this pH range, we suggest that charged histidine residues favor stability at
pH 6. An examination of the structure shows that one histidine resides on each of helices 1,
2, 5, and 6 (Figure 1(c)). The tyrosine residues reside on helix 2 (Y24), helix 5 (Y68 and
Y72), and turn 5 (Y80), which is located between helices 5 and 6. Based on the positioning
of the tyrosine residues on one half of the protein, as shown in Figure 1, our equilibrium
unfolding data suggest that helices 2 and 5, and possibly helix 6, are more stable than helices
1, 3 and 4, since the fluorescence emission unfolding profiles demonstrated a higher ureas,

than did the CD unfolding profiles, which monitor changes in secondary structure. The

78



intermediates observed at equilibrium (Figure 2) likely represent the heterogeneity observed
in the unfolded ensemble (Scheme 3). Changes in the final urea concentration affect the
relative populations of U; and of Uy, and we speculate that this also affects the rates at which
helices 1, 3, and 4 fold and dock against the core. This interpretation is consistent with
structural studies of the pyrin domain of Nalp1, which showed that helix 3 is disordered
(Hiller et al., 2003). For Apaf-1 CARD at pH 8, where the histidine residues are uncharged,
the secondary structure appeared much less stable than the tertiary structure. This may be due
to loss of interactions between histidine 88, on helix 6, and tyrosine 72, on helix 5, which are
4.6 A apart (Figure 1(c)). Although this requires further study, the loss of these putative
interactions may destabilize helices 5 and 6.

When compared to previous results for RICK-CARD (Chen and Clark, 2003) or CP1-
CARD (Chen and Clark, 2004), the results described here show that the folding of Apaf-1
CARD is complex, as it is for the other CARDs. Although the rates differed, the folding
pathways were similar at pH 6 and pH 8 for Apaf-1 CARD, and the data collected at pH 8
allow a direct comparison of the three proteins. As noted above, there is no evidence to date
for equilibrium intermediates in the folding of RICK or CP1 CARDs, and both proteins are
adequately described by an apparent two-state equilibrium folding model. In addition, the
apparent m-value for Apaf-1 CARD, as shown in Table 2, is similar to that of RICK-CARD
(~1.3 kcal mol™ M) and is much larger than that of CP1-CARD (0.65 kcal mol™ M™). As
noted previously (Chen and Clark, 2003), the m-values of RICK-CARD and of Apaf-1

CARD are consistent with proteins of 97 amino acid residues, based on the work of Scholtz
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and co-workers (Myers et al., 1995b). It was suggested, however, that CP1-CARD contains
non-native structure in the native ensemble (Chen and Clark, 2004), explaining the low m-
value. The folding pathways of CP1-CARD and of RICK-CARD are complex and contain
misfolded or kinetically trapped species. While CP1-CARD appeared to fold rapidly in single
mixing kinetic studies, sequential mixing studies showed that the native conformation formed
fully only after about 100 seconds of refolding (Chen and Clark, 2004). This was true also for
RICK-CARD, except that several phases were observed during folding (Chen and Clark,
2003). In the case of RICK-CARD, an analysis of several proline-to-alanine replacement
mutants demonstrated that the kinetic complexity was not due to the three proline residues
present in that protein (Chen and Clark, 2006). That is, the kinetically trapped species was
present in a triple mutant that lacked proline residues. As noted, the data for RICK-CARD
are difficult to reconcile with a sequential folding pathway, and it was suggested that the
protein folds via parallel channels (Chen and Clark, 2006). Like RICK-CARD, Apaf-1
CARD also appears to fold via parallel channels. Apaf-1 CARD contains two proline
residues, P47, in turn three, and P92 near the C terminus of the protein (Figure 1), although at
present it is not clear whether either proline is responsible for the slow isomerization
observed in the refolding of Apaf-1 CARD. P47 is conserved between Apaf-1 CARD and
RICK-CARD but is not conserved in other CARDs. While removal of P47 destabilized
RICK-CARD, the folding kinetics were similar to those of the wild-type protein. The results
described here show that folding of Apaf-1 CARD is complex, as observed with other

CARDs, although the complexity does not result from formation of kinetically trapped
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conformations. In contrast to Apaf-1 CARD, we showed previously that the fast phase in
refolding of RICK-CARD has an apparent rate of ~32 s, and this transition represents the
primary folding phase in terms of burial of hydrophobic surface area (Chen and Clark, 2003).
Interestingly, the transition state placements of Apaf-1 CARD (Bi=my-rs/myn=0.52 at pH 8)
and of RICKCARD (B=0.71) (Chen and Clark, 2003) correlate with their refolding rates. As
described previously (Plaxco et al., 1998), this suggests that the more poorly packed
transition state for Apaf-1CARD results in a lower loss in chain entropy while overcoming
the rate-limiting step to folding. In contrast, the more highly organized folding transition
state for RICK-CARD may result in higher chain entropy losses and hence a decrease in the
folding rate. To date, this is the best correlation that explains the differences in folding rates
between the CARDs, although it does not explain the formation of kinetically trapped species

in the folding of RICK-CARD or CP1-CARD.
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METHODS

Materials

Ultrapure urea was purchased from ICN. Dithiothreitol (DTT) was from Acros. 2-(4-
morpholino)-ethane sulfonic acid (Mes), sodium chloride (NaCl), 2-mercaptoethanol, trizma
base (Tris), and reduced glutathione were from Fisher. Acetic acid was from VWR. DEAE
Sepharose, monobasic and dibasic potassium phosphate (KH,PO,4, K;HPO,), ampicillin, and
molecular weight markers were from Sigma. Isopropyl -D-1-thiogalactopyranoside
(IPTG) was from Anatrace. All buffers were filtered through either 0.45 or 0.22 um filter
membranes. The urea-containing buffers were prepared as described (Pace et al., 1989).
Apaf-1 CARD was expressed and purified from Escherichia coli BL21(DE3) pLysS cells
harboring plasmid pApaf-1CARD+GS as described (Feeney et al., 2006). An extinction
coefficient (¢280) of 5120 M * cm* was used to determine protein concentration. Caspase-3
was purified as described (Feeney et al., 2004; Pop et al., 2001).
Crystallography

Apaf-1 CARD was dialyzed at a concentration of 5 mg/ml in a buffer of 10 mM Tris-
HCI (pH 7.5), 10 mM NaCl. The best crystals were formed using the hanging-drop method
by mixing 2 ul of protein with 2 pl of reservoir buffer containing 200 mM Tris-HCI (pH 6.1),
200 mM zinc acetate, 17% (w/v) PEG 6000. Crystals were grown for approximately one
week at 18 °C and flash frozen using glycerol (10%, v/v) as a cryoprotectant. Data sets were

collected at 100 K at the SER-CAT synchrotron beamline (Advance Photon Source, Argonne
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National Laboratory, Argonne, IL) and processed with HKL2000 (Otwinowski and Minor,
1997). Ten percent of the unique reflections were randomly selected and reserved for the
calculation of Rfree (Briinger, 1997). The crystal structure was solved by the molecular
replacement method using the CNS software package (Brunger et al., 1998) with the
previously published coordinates (PDB code 1CY5 (Vaughn et al., 1999)) as the search
model. The model was refined with alternating rounds of manual rebuilding in O (Jones et
al., 1991) with visualization of Fo—Fc and 2Fo—Fc electron density maps and crystallographic
refinement in CNS (Brunger et al., 1998). The final structure was checked with the online
resource MolProbity (Lovell et al., 2003) and deposited in the Protein Data Bank.
Equilibrium unfolding

Equilibrium unfolding experiments were performed as described (Chen and Clark,
2003; Chen and Clark, 2004) by mixing native protein with urea-containing MTA (10 mM

Mes, 20 mM Tris, 10 mM acetate (pH 6.0 or pH 8.0), 1 mM DTT) or potassium phosphate
(50 MM KH2PO4/K2HPO4 (pH 6.0), 1 mM DTT) buffers. The final protein concentrations
were 5, 10 or 15 uM, and a quartz cuvette with a 1 cm path length was used for data
collection. The CD signal at 222 nm was measured for 20 seconds, and the data were
averaged. In addition, fluorescence emission was measured at 305 nm following excitation at
280 nm. The data versus urea concentration were fit globally to a two-state equilibrium
process (Santoro and Bolen, 1988) using the program IgorPro (Wavemetrics Inc.). All
samples were maintained at a constant temperature of 25 °C using a circulating water bath. In

control experiments, stock protein was initially unfolded in 6 M urea-containing
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MTA or phosphate buffer, the samples were diluted to several final urea concentrations that
encompass the folding transition, and the samples were incubated overnight at 25 °C. The
signals were identical to those shown in Figure 2, in which the protein stock was not initially
unfolded (data not shown).
Single mixing stopped-flow fluorescence

Single mixing unfolding and refolding fluorescence (SX18, Applied Photophysics,
UK) and circular dichroism (PiStar, Applied Photophysics, UK) experiments were
performed as described (Chen and Clark, 2003) with the following modifications. For
refolding experiments, protein stock solutions (55, 110 or 220 uM) that had been prepared in
MTA buffer containing 6 M urea were rapidly diluted into MTA buffer containing urea
between 0 and 7 M. For unfolding experiments, protein stock solutions (55, 110 or 220 uM)
in MTA buffer were mixed with MTA buffer containing urea between 0 and 7M. For both
refolding and unfolding, a mixing ratio of 1:10 was used, the final protein concentrations
were 5, 10, or 20 uM, and the final urea concentrations are shown in the Figures.
Sequential mixing stopped-flow experiments

Double jump stopped-flow experiments were performed as described (Chen and
Clark, 2003) with the following modifications. For experiments at pH 6 or at pH 8, native
protein (120 uM) in MTA buffer was mixed 1:1 with 10 M urea-containing MTA buffer for
the first jump. After various delay times, as described in the text, the protein solution was
mixed 1:5 with MTA buffer, and the signal trace was monitored for 10 seconds. The final

protein concentration was 10 uM, and the final urea concentration was 0.83 M. For the native
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protein signal, a protein stock solution (120 uM) in 0.83 M urea-containing MTA buffer was
mixed with 0.83 M urea-containing MTA buffer. For the unfolded protein signal, a protein
stock solution (120 uM) in 5 M urea-containing buffer was mixed with 5 M urea-containing
MTA buffer.

For sequential mixing double jump studies in 4 M urea (pH 6) or 3.18 M urea (pH 8)
(final concentrations), native protein (120 uM) in MTA buffer (pH 6 or pH 8) was mixed 1:1
with 10 M urea-containing buffer for the first jump. After various delay times, as described
in the text, the protein solution was mixed 1:5 with 3.8 M (pH 6.0) or 2.82 M (pH 8.0) urea-
containing MTA buffer, and the signal trace was monitored for 10 s. The final protein
concentration was 10 uM, and the final urea concentration was 4 M (pH 6) or 3.18 M (pH 8).
For the native protein signal at pH 6, a protein stock solution (120 uM) in 4 M urea-
containing MTA buffer was mixed with 4 M urea-containing MTA buffer. For the native
protein signal at pH 8, a protein stock solution (120 uM) in 3.18 M urea-containing
MTA buffer was mixed with 3.18 M urea-containing MTA buffer. For the unfolded protein
signal at pH 6 and pH 8, a protein stock solution (120 pM) in 5 M urea-containing buffer was
mixed with 5 M urea-containing MTA buffer.
Interrupted refolding stopped-flow experiments were performed as described (Chen and
Clark, 2003) with the following modifications. Unfolded protein (360 uM) in 5 M urea-
containing MTA buffer was mixed 1:5 with MTA buffer (pH 6 or pH 8) for the first jump.
After various delay times, as described in the text, the protein solution was mixed 1:5 with

5.9 M urea-containing MTA buffer (pH 6 or pH 8). The final protein concentration was 10
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uM, and the final urea concentration was 5.1 M. For the native protein signal, a protein stock
solution (120 uM) in 0.83 M urea-containing MTA buffer (pH 6 or pH 8) was mixed with
0.83 M urea-containing MTA buffer. For the unfolded protein signal, a protein stock solution
(120 uM) in 5 M urea-containing buffer was mixed with 5 M urea-containing MTA buffer.
Protein Data Bank accession code

The atomic coordinates have been deposited in the RCSB Protein Data Bank and are

available under accession code 2P1H.
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TABLES AND FIGURES

Table 1. Summary of statistics for data collection and refinement for Apaf-1 CARD

Temperature (K) 100
Resolution (A) 35-2.0 (2.00-2.07)
Space group P21212¢
Unit cell (A, deg.)

a (A) 33.47

b (A) 47.52

¢ (A) 54.75
a, B, vy (deg.) 90
No. reflections 5981 (458)
Completeness (%) 96 (75)
I/ 24.4 (4.8)
Rmerge (%0)° 10.6 (23.1)
Redundancy 5.6 (1.4)
Ruork (%0)° 23.9 (31.7)
Réree (%0)° 29.7 (32.0)
Stereochemistry (r.m.s. deviation)
Bond lengths (A) 0.006
Bond angles (deg.) 1.14
Dihedral angles (deg.) 17.4
Improper (A) 0.6
Average B factor (A% 42.4
No. protein atoms 753
No. Zn** 6
No. water molecules 55

? Rmerge=ZnZi[l(h,i)-I(h)|/ZnZi I(h,i), where I(h,;) are symmetry-related intensities and I(h) is
the mean intensity of the reflection with unique index h.

b Rwork=Z||F obs|—|Fcaic|[/Z[Fobs|, Where Fops and Feac are observed and calculated structure
factors.

° Riree=27||Fobsl-|Fcaic/l/Z1|Fobs|, Where T is a test data set of 10% of the total reflections
randomly chosen and set aside prior to refinement.
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Table 2. Summary of thermodynamic parameters for Apaf-1 CARD

Experiment AG M0 AGH20 m (kcal m (kcal Urear, Urea,
(kcal (kcal mol™ M-l) mol* M'l) (M (M)?
mol™) mol™) FL CD FL  cD

FL CD
pH 6
Eu?#'c:;glrr'gf 52409 4206 117:020 112+017 44 38

Refolding burst phase®  4.2+0.6 2.9+0.8  1.40+0.43 1.23+0.30 3.0 2.4
Refolding final signal®  5.1+1.4 49104  1.10£0.28 1.18+0.11 4.6 4.2
Unfolding fast phase

amplitude! 5.1+0.8 1.20+0.40 4.3
Unfolding final signal®  4.9+0.9 5.1+0.2 1.20+0.21 1.31+054 41 3.9
Fast phase rates’ 5.3 1.22 4.3
pH 8
E{ﬁ}‘;‘;;gﬁ:&? 48+0.8  3.1+05 138+023 1.11+016 35 28

Refolding burst phase®  3.6+0.3 2.0+0.5 1.40+0.12 1.00+0.30 2.3 2.0
Refolding final signal®  5.0+0.5 4406  1.60+0.18 1.32+0.16 3.1 3.3
Unfolding fast phase

SRS 4.7+0.01 1.35+0.02 3.5
amplitude
Unfolding final signal®  4.4+1.8 4603 1264054 1.34+0.41 3.5 3.4
Fast phase rates’ 5.1 5.1 1.32 1.33 3.9 3.8

*Calculated as Ureay, = AG™°/m

°From fits of data in Figure 2

From fits of data in Figure 3B or Supplemental Figures 1-3
From fits of data in Figure 3D or Supplemental Figure 3C
*From fits of data in Figure 3E or Supplemental Figures 1-3
"From fits of data in Figure 3F
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Table 3. Summary of calculated and simulated rates using Scheme 3

ki (sh) ks(s) ka(s?) ke(s?) ka(s?) ks(sh) ks(s?)

Refolding pH 6

(3.6 M) calculated rate”  Burst 0.6 0.6 41 8.4
(3.6 M) simulated rate 5000 0.6 0.01 0.6 0.01 37 13
(0.55 M) calculated rate  Burst 0.6 0.6 1800 0.63

(0.55 M) simulated rate 5000 0.6 0.01 0.6 0.01 1800 0.6

Refolding pH 8

(3.2 M) calculated rate  Burst 0.6 0.6 37 6.6
(3.2 M) simulated rate 5000 0.6 0.01 0.6 0.01 35 8
(0.45 M) calculated rate  Burst 0.6 0.6 850 0.34

(0.45 M) simulated rate 5000 0.6 0.01 0.6 0.01 850 0.3

Unfolding pH 6

(6 M) calculated rate 61 2.3

(6 M) simulated rate 70
Unfolding pH 8

(5 M) calculated rate 48 4.6

(5 M) simulated rate 55

% Rates correspond to those shown in Scheme 3. k.1, ko, and k., are not shown since no
information was obtained in the simulations for these rates.
® Final urea concentration is indicated in parentheses for each experiment.
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Figure 1. Structure of Apaf-1 CARD with GS sequence at the amino terminus. Side view (a)
and top view (b) of Apaf-1 CARD. Helices 1 through 6 are labeled H1-H6. The four tyrosine
residues are colored blue, and the two proline residues are colored yellow and are labeled.
The first three residues (G-2, S-1, M1) are colored cpk and are labeled. (c) The four histidine
residues of Apaf-1 CARD (H12, H28, H77, H88) are highlighted relative to their position in
helices-1, -2, -5, and -6, respectively. The distances between H28 and H77 and between H88
and Y72 are shown. This Figure was generated with PyMol (Delano Scientific, San Carlos,
CA).
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Figure 2. Equilibrium studies of Apaf-1 CARD. (a) Equilibrium unfolding of Apaf-1 CARD
was measured by CD at 222 nm in urea-containing MTA buffer at pH 6 (o) or pH 8 (e).
Error bars show the standard deviation from three independent experiments. (b) Equilibrium
unfolding of Apaf-1 CARD was measured by fluorescence emission at 305 nm with
excitation at 280 nm in MTA buffer at pH 6 (o) or pH 8 (). Error bars show the standard
deviation from three independent experiments. (c) and (d) Normalized equilibrium unfolding
of Apaf-1 CARD was measured by CD at 222 nm (e) or by fluorescence emission at 305 nm
with excitation at 280 nm (o) in urea-containing MTA buffer at pH 6 (c) or pH 8 (d). Error
bars show the standard deviation from three independent experiments. For (a)—(d),
continuous lines represent fits of the data as described in the text.
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Figure 3. Single-mixing stopped-flow fluorescence emission experiments. (a) Refolding of
Apaf-1 CARD in 0.55 M(0) or 3.6 M (©) urea-containing MTA buffer at pH 6. Unfolding of
Apaf-1 CARD in 6 M urea-containing MTA buffer (). A control of Apaf-1 CARD in6 M
urea is shown (o0). Continuous lines represent fits to single (unfolding) or double (refolding)
exponential equations. Parameters obtained from the fits are described in the text. The upper
and lower panels are residuals of one or two exponential fits of 3.6 M refolding data (0),
respectively. (b) Burst phase (o) or final (o) fluorescence emission signal versus urea
concentration obtained from single-mixing stopped-flow refolding experiments. The final
signal was measured at 10 s. (¢) Amplitude of the fast (pH 6 (o) or pH 8 (®)) and slow (pH 6
(o) or pH 8 (*)) phases versus urea concentration from single-mixing stopped-flow refolding
experiments. Refolding data such as those in (a) were fit to a single or double exponential
equation, as described in the text, and the amplitudes obtained from the fits are plotted versus
urea concentration. (d) Single-mixing stopped-flow unfolding experiments were performed at
the urea concentrations shown in the Figure, and the data were fit to a single exponential
equation. The amplitude associated with the unfolding transition at each urea concentration is
shown. (e) Final fluorescence emission signal of stopped-flow unfolding experiments. The
final signals for the unfolding experiments shown in (d) were obtained after 10 seconds of
unfolding. In (b), (d) and (e) the continuous lines represent fits of the data to a two-state
equilibrium folding model. Parameters obtained from the fits are described in the text and are
shown in Table 2. (f) Apparent rates of refolding (pH 6 (©) and pH 8 (0)) and of unfolding
(pH 6 (®) and pH 8 (=)) versus urea concentration. The apparent rates are associated with the
refolding and unfolding data described in (c) and (d), respectively. The continuous lines
represent fits to a two-state kinetic folding model. Parameters obtained from the fits are
described in the text.
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Figure 4. Sequential-mixing stopped-flow fluorescence studies. (a) Double-jump experiments
were performed at final urea concentrations of 0.83 M (o) or 4 M (#) in MTA buffer at pH 6.
The fluorescence emission signal of the burst phase (o) and the amplitude of the fast
refolding phase (2) were determined versus unfolding delay time. Interrupted refolding
experiments (0) were performed at a final urea concentration of 5 M in MTA buffer at pH 6.
The amplitude versus refolding delay time was determined from fits of the unfolding
transition to a single exponential equation. The signals of the native protein in 0.83 M or in 4
M urea are 0.05 and 0.028, respectively. (b) Double-jump experiments were performed at
final urea concentrations of 0.83 M (o) or 3.18 M (#) in MTA buffer at pH 8. The
fluorescence emission signal of the burst phase (o) and the amplitude of the fast refolding
phase (+) were determined versus unfolding delay time. Interrupted refolding experiments
(o) were performed at a final urea concentration of 5 M in MTA buffer at pH 8. The
amplitude versus refolding delay time was determined from fits of the unfolding transition to
a single exponential equation. The signals of the native protein in 0.83 M or in 3.18 M urea
are —0.17 and —0.185, respectively.
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Figure 5. Simulations of single-mixing stopped-flow fluorescence emission experiments. (a)
Refolding and unfolding of Apaf-1 CARD are as shown in Figure 3(a) (pH 6). (b) Refolding
of Apaf-1 CARD in 0.45 M (o) or 3.2 M (©) urea-containing MTA buffer at pH 8. Unfolding
of Apaf-1 CARD in 5 M urea-containing MTA buffer (2). A control of Apaf-1 CARD in5 M
urea is shown (). For (a) and (b), the data were simulated as described in the text using the
model shown in Scheme 3. The rate constants used in the simulations are shown in Table 3,
and the results are represented by the continuous lines.
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SUPPLEMENTAL FIGURES

Figure 1. Single-mixing stopped-flow circular dichroism experiments in MTA buffer pH 6.
(A) Refolding of Apaf-1 CARD in 0.55 M (o) or 3.27 M () urea-containing MTA buffer.
Unfolding of Apaf-1 CARD in 6 M urea-containing MTA buffer (A). A control of Apaf- 1
CARD in 6 M urea is shown (0O). Solid lines represent fits to single (unfolding) or double
(refolding) exponential equations. Parameters obtained from the fits are described in the text.
The upper and lower panels are residuals of one or two exponential fits of the 3.27 M
refolding data (Q), respectively. (B) Burst phase (©) or final (o) CD signal versus urea
concentration obtained from single-mixing stopped-flow refolding experiments. The final
signal was measured at 10 seconds. (C) Final CD signal of stopped-flow unfolding
experiments. The final signals for the unfolding experiments shown in Panel C were obtained
after 10 seconds of unfolding. In Panels B and C, the solid lines represent fits of the data to a
two-state equilibrium folding model. Parameters obtained from the fits are described in the
text and are shown in Table 2.
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Figure 2. Single-mixing stopped-flow circular dichroism experiments in MTA buffer pH 8.
(A) Refolding of Apaf-1 CARD in 0.45 M (©) or 2.73 M () urea-containing MTA buffer.
Unfolding of Apaf-1 CARD in 5 M urea-containing MTA buffer (A). A control of Apaf- 1
CARD in 5 M urea is shown (O). Solid lines represent fits to single (unfolding) or double
(refolding) exponential equations. Parameters obtained from the fits are described in the text.
The upper and lower panels are residuals of one or two exponential fits of 2.73 M refolding
(0), respectively. (B) Burst phase (o) or final (o) CD signal versus urea concentration
obtained from single-mixing stopped-flow refolding experiments. The final signal was
measured at 10 seconds. (C) Final CD signal of stopped-flow unfolding experiments. The
final signals for the unfolding experiments shown in Panel C were obtained after 10 seconds
of unfolding. In Panels B and C, the solid lines represent fits of the data to a two-state
equilibrium folding model. Parameters obtained from the fits are described in the text and are
shown in Table 2.
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Figure 3. Single-mixing stopped-flow fluorescence emission experiments in MTA buffer pH
8. (A) Refolding of Apaf-1 CARD in 0.45 M (o) or 3.18 M (¥) urea-containing MTA buffer.
Unfolding of Apaf-1 CARD in 5 M urea-containing MTA buffer (A). A control of Apaf- 1
CARD in 5 M urea is shown (0). Solid lines represent fits to single (unfolding) or double
(refolding) exponential equations. Parameters obtained from the fits are described in the text.
The upper and lower panels are residuals of one or two exponential fits of 3.18 M refolding
data (0), respectively. (B) Burst phase (©) or final (0) fluorescence emission signal versus
urea concentration obtained from single-mixing stopped-flow refolding experiments. The
final signal was measured at 10 seconds. (C) Single-mixing stopped-flow unfolding
experiments were performed at the urea concentrations shown in the figure, and the data
were fit to a single exponential equation. The amplitude associated with the unfolding
transition at each urea concentration is shown. (D) Final fluorescence emission signal of
stopped-flow unfolding experiments. The final signals for the unfolding experiments shown
in Panel C were obtained after 10 seconds of unfolding. In Panels B, C and D, the solid lines
represent fits of the data to a two-state equilibrium folding model. Parameters obtained from
the fits are described in the text and are shown in Table 2.
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SCHEMES

Scheme 1 Ue—7 [[|&— [, —
Scheme 2 U — 5, N

Scheme 3 U, K
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Scheme 1. Sequential folding model in which the unfolded protein, U, folds through two
non-native intermediates, I, and I, prior to forming the native conformation, N.

Scheme 2. Parallel folding model in which the unfolded ensemble contains at least two
conformations, U; and U,. Both unfolded conformations fold to native conformations, N; and
Ny, respectively. In this scheme, both the unfolded and the native conformations interconvert.
Scheme 3. Parallel folding model in which the unfolded ensemble contains at least three
conformations, Uy, U,, and Us. Unfolded conformations U; and U, fold to a single native
conformation, N. Conversion of Us either to U; or Uy, or both, represent slow isomerizations
observed during refolding. Rate constants determined from kinetic experiments as well as
those estimated from simulations of the data are shown in Table 3.

108



CHAPTER IV

Folding and Assembly Kinetics of Procaspase-3
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ABSTRACT

Caspases are vital to the apoptotic pathway and exist in the cell as inactive zymogens
(termed procaspase). We have examined the kinetic folding of the homodimeric procaspase-3
with fluorescence, circular dichroism, differential quenching by acrylamide, anisotropy and
activity assays. Single-mixing refolding stopped-flow refolding studies showed a complex
burst phase, in which the protein forms multiple monomeric species within milliseconds. The
data also revealed several other monomeric intermediates, some of which appear to be off-
pathway or misfolded, that eventually form a dimerization-competent species. Return of
activity studies demonstrated slow rate of dimerization (~70 M™'s™). In addition, single-
mixing unfolding stopped-flow studies reveal a complex pathway with a slow rate of dimer
dissociation. Interestingly, multiple dimeric species were observed in the unfolding burst
phase, which support the theory of two native conformations of the protein. Collectively,
these results demonstrate that dimerization is an important aspect in both folding and

activation of procaspase-3.
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INTRODUCTION

The “protein folding problem” is to understand how the polypeptide chain encodes
the native structure of the protein. The majority of kinetic folding studies have focused on
small (<100 amino acid) monomeric proteins. These studies are advantageous as all observed
phases are first order processes. However, monomeric proteins are the minority, representing
~19% of the proteins in E. coli, while ~38% of the proteins are dimeric (Goodsell and Olson,
2000). A lot is unknown about the kinetic folding and assembly of dimeric proteins. Data
analysis of dimeric proteins is more complicated due to the fact that second order processes
are involved. Similar to monomeric proteins, dimeric proteins fold through a diverse array of
folding models ranging from simple two-state transitions to complex parallel pathways with
monomeric and/or dimeric intermediates (Rumfeldt et al., 2008). For example, the folding of
a small dimeric P22 arc repressor is best described by a two-state reaction with a
dimerization rate of ~10" M's™ (Milla and Sauer, 1994). The large dimeric SecA has also
been shown to dimerize near the diffusion limit (~10° Ms™), as well as fold through parallel
channels with sequential intermediates (Doyle et al., 2004).

To complicate these pathways further, monomeric or dimeric intermediates may exist
in the folding pathway. Intermediates have been shown to either slow (off-pathway) or
accelerate (on-pathway) the rate of forming the native ensemble (Baldwin, 1996). Chevron
analysis allows for the detection of intermediates in the folding pathway. A rollover (non-

linearity) in a chevron plot points to the presence of an intermediate and is interpreted as a
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change in the position of the rate-limiting transition state (Brockwell and Radford, 2007).
Intermediates may also be detected in the burst phase.

Cooperative burst phase transitions are associated with structural changes in the
protein during the first few milliseconds of the folding reaction. These data are typically best
described by a two-state equilibrium folding model, which reveal the thermodynamic
parameters associated with the transition. By comparing these values to those determined
from equilibrium experiments, additional information about the burst phase species is
acquired. For example, folding studies of monomeric Apaf-1 CARD revealed a cooperative
burst phase that was best described to a two-state equilibrium model. The free energy and m-
values obtained were similar to equilibrium values, indicating that the native species was
formed in the burst phase (Milam et al., 2007). Two-state transitions do not always indicate
the formation of a monomeric species. Topping et al. has observed the formation of a dimeric
intermediate in the burst phase for the folding of FIS (Topping et al., 2004). In addition, it is
best to use multiple probes to study protein folding because each detection method provides
different information about the structures formed during the folding process. Mann and
Matthews have shown that dimeric trp aporepressor folds through a monomeric intermediate.
The coincidence of the burst phase transitions monitored by far-UV CD and ANS
spectroscopy revealed that this intermediate consists of a significant amount of secondary
structure and hydrophobic surface (Mann and Matthews, 1993). If the burst phase data
monitored by multiple probes reveal non-coincident transitions, it suggests that at least two

intermediates exist during folding (Zaida et al., 1997). Bhuyan and Udgaonkar have shown

112



that the unfolding burst phase of horse cytochrome c in the oxidative state monitored by far-
UV CD and fluorescence quenching reveal non-coincident transitions, indicating the
accumulation of two kinetic intermediates during unfolding (Bhuyan and Udgaonkar, 1998).

Here we discuss the kinetic folding pathway of homodimeric procaspase-3.
Equilibrium unfolding studies reveal a four-state equilibrium folding process (Bose and
Clark, 2001). To further investigate the folding pathway of this protein, kinetic folding
studies were performed. Procaspase-3 exists in the cell as an inactive zymogen, which can be
activated through the intrinsic or extrinsic apoptotic pathway (Pop et al., 2001; Taylor et al.,
2008). Once activated, (pro)caspase-3 is able to cleave a variety of substrates, leading to the
dismantling of the cell (Luthi and Martin, 2007; Saikumar et al., 1999; Taylor et al., 2008).
Homodimeric procaspase-3 consists of an N-terminal prodomain, large subunit, intersubunit
linker and a small subunit with ten tyrosine and two tryptophan residues per monomer. The
tryptophans are both located in the active site, while the tyrosines are distributed throughout
the protein.

For these kinetic folding studies fluorescence and circular dichroim spectroscopies
were used to determine the folding mechanism of procaspase-3. These methods were unable
to detect the dimerization step in the folding pathway. For this reason other techniques were
employed, such as anisotropy, differential quenching by acrylamide and activity assays.
Refolding kinetic studies with procaspase-3 reveal a complex burst phase, multiple
monomeric intermediates and slow dimerization. Unfolding Kkinetic studies with procaspase-3

reveal multiple native species and slow dimer dissociation. In addition, the unfolding results
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support the hypothesis of two native conformations of the protein.
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RESULTS

Single mixing refolding and unfolding studies were performed using a variety of
detection methods in order to elucidate the folding mechanism of procaspase-3. Fluorescence
and circular dichroism (CD) studies were first performed to examine the refolding of
procaspase-3. Representative CD data are shown in Figure 1. The CD data displayed 4
phases: burst, lag, intermediate and slow. The fluorescence data (excitation at 280 nm)
displayed only 2 phases: burst and fast. All of these phases monitored the folding of
monomeric species of the protein (see below). Therefore, protein dimerization might only
slightly change the secondary or tertiary characteristics of the protein, which would account
for a small change in CD or fluorescence signal, respectively. As a result, other detection
methods, such as anisotropy, differential quenching by acrylamide and return of activity
studies, were used to examine the rate of dimerization of procaspase-3.

The rest of this chapter will be presented based on different time frames in the
refolding and unfolding reactions. Therefore, each detection method is briefly described here.

e Fluorescence (excitation at 280 nm): examines the global or tertiary structure
of the protein due to excitation of tryptophans and tyrosines

e Fluorescence (excitation at 295 nm): examines the formation of the active site
due to selective excitation of tryptophans

e CD (far-UV CD; 228 nm): examines the secondary structure of the protein
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e Anisotropy (excitation at 280 or 295 nm): examines the rotation or tumbling
of the protein
¢ Differential quenching by acrylamide (excitation at 295 nm): provides more
specific information about the orientation of tryptophan residues in the protein
e Return of activity studies: provides information on when the dimer is formed
since only the dimer is enzymatically active
The Kinetic studies presented here were performed with a catalytically inactive
mutant of procaspase-3 in which the active site cysteine has been mutated to a serine
(C1639). In the refolding studies, unfolded protein was mixed with various urea-containing
buffer solutions, which allows for the characterization of intermediates in the folding
pathway. The data for each detection method revealed multiple phases, which indicated the
possibility of multiple species formed during the folding pathway of procaspase-3. Further
analysis of each phase revealed a complex burst phase, multiple monomeric intermediates
and a slow dimerization step, as described below.
A. Multiple monomeric species are formed in the burst phase
The protein was unfolded in 8 M urea-containing buffer, followed by rapid dilution of
the urea, which allowed the protein to refold. The burst phase signal was collected at multiple
final urea concentrations using multiple detection methods, such as fluorescence emission
(excitation at 280 or 295 nm), far-UV CD (228 nm), anisotropy (excitation at 280 or 295 nm)

and differential quenching by acrylamide (excitation at 295 nm). The burst phase amplitudes
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were plotted versus the final urea concentration, shown in Figure 2A.

Each detection method was plotted separately for clarity in Figures 2B-E. The data
displayed a cooperative folding transition, indicating that the species formed in the burst
phase is associated with structural changes in the protein. The error bars represent the
standard deviation from at least two independent experiments and multiple protein
concentrations (ranging from 2-15 pM). These data were not protein concentration
dependent, demonstrating that the species formed in the burst phase is monomeric.
Furthermore, the burst phase studies with different detection methods reveal that the data
were non-coincident indicating the presence of multiple species. CD, anisotropy and
differential quenching by acrylamide burst phase signals were best described by a three-state
equilibrium folding model, whereas the fluorescence emission burst phase signal was best
described by a two-state equilibrium folding model. The conformational free
energies, AG™° , and m-values are presented in Table I. The AG"° values for the first
folding transition from CD, anisotropy and differential quenching by acrylamide were similar
~1.3, 0.8 and 1.4 kcal mol™, respectively. The AG"* values for the second folding transition
from CD, anisotropy, differential quenching by acrylamide and fluorescence emission were
also similar ~3.1, 3.1, 3 and 3.2 kcal mol™, respectively. The stability of the monomer, as
determined from equilibrium folding experiments is ~8 kcal mol™. Therefore, the species
formed in the burst phase has half the stability of the monomer (AG"™° ~4.3 kcal mol™).

In order to investigate the species formed in the burst phase, emission scanning
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experiments were performed. The refolding burst phase signal detected by fluorescence
emission was monitored at multiple emission wavelengths with excitation at either 280 (Fig
3A) or 295 nm (Fig 3B). The emission profiles of the native protein (open circles) had
maxima at 337 nm and 341 nm with excitation at 280 or 295 nm, respectively. The emission
profiles of the unfolded protein (open squares) had maxima at 342 nm (280 nm) and 345 nm
(295 nm). These data were similar to measurements obtained on a steady-state instrument
(Bose and Clark, 2001). The emission profile of the refolding burst phase (closed circles) was
different from the native and unfolded protein signals with a maxima at 335 nm (280 nm) or
338 nm (295 nm). Thus, within 1-2 milliseconds, the refolding protein signal was blue-
shifted compared to native and unfolded protein signals, indicating that the aromatic residues
are buried in this species.
B. Procaspase-3 folds through multiple monomeric intermediates

As mentioned above, refolding studies reveal multiple kinetic phases from
milliseconds to 100 seconds. The CD data (228 nm) revealed four phases; burst, lag,
intermediate and slow (Figure 1). The burst phase data were described above. The lag,
intermediate and slow phases for CD will be described in this section. The length of the lag
time at different final urea concentration and protein concentrations was determined (Figure
4A). The lag time increased with increasing urea concentration for all protein concentrations
investigated (ranging from 2-12 uM), indicating that this lag was not due to dimerization. In
order to investigate the lag in the CD data, other techniques were employed, such as

fluorescence emission and differential quenching by acrylamide.
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Shown in Figures 4B-D are examples of raw refolding data for fluorescence emission
with excitation at 280 (B) or 295 (C) nm and differential quenching by acrylamide (D). These
results show that multiple species formed during the lag phase observed by far-UV CD, and
the data were best fit to three exponentials as shown by the residuals below each plot. The
apparent rates of the three phases are shown in Figure 5A-C. For fluorescence emission with
excitation at 280 or 295 nm and differential quenching by acrylamide, two of the apparent
rates are independent of the final urea concentration (~40 and 0.2 sec™). In addition, none of
the three rates were dependent upon the protein concentration, which indicates that each
species is a monomer.

The second phase shown in Figure 5A-C is dependent on the final urea concentration,
and the apparent rates generated a chevron plot (Figure 5A-C). The data were fit to a two-
state kinetic mechanism (Ferguson et al., 1999; Jackson and Fersht, 1991) using Equation 1:

Kops = Koy €Xp(—my, 15 x[urea]/ RT) + k,, exp(m,_;s x [urea]/RT) 1)
where Kqps is the observed rate constant of the refolding phase, and kyyn and kyy are the rate
constants for refolding and unfolding, respectively, in the absence of urea. The parameters
my.ts and my.ts reflect the change in solvent exposed surface area between the unfolded or
refolded states, respectively, and the transition state ensemble. For differential quenching by
acrylamide (Figure 5C), values of 4.4 +0.90 sec™ and 0.50 + 0.24 kcal mol*M™ were
obtained for kyy and my.ts, respectively, while values of 0.78 + 0.43 sectand 0.23 + 0.074

kcal mol™ M™ were obtained for kyn and my.rs, respectively. The conformational free energy
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and total m-value were calculated from these parameters, where AG"° = -RT In (kun/knu) =
1.02 kcal mol™. The m-value was calculated as Mot = My-Ts + My.ts = 0.73 keal mol™ M,
Overall, this low conformational energy correlates with the lack of change in secondary
structure of the protein detected by CD.

On the other hand, the apparent rates for fluorescence emission with excitation at 280
or 295 nm (Figure 5A and B) displayed a rollover on the unfolding limb of the chevron plot.
The data were fit to a three-state kinetic mechanism (Ferguson et al., 1999; Parker et al.,
1995) using Equation 2:

Kops = Kui €Xp(—my s x [urea] / RT) + Kiy €xp(m, _3s xgurea] /RT) @)

1

" K, exp(—m,, x[urea] / RT)

where Kqps is the observed rate constant of the refolding phase, ky, and k,y are the rate
constants for refolding and unfolding between the unfolded and intermediate states,
respectively, in the absence of urea. The parameters my.ts and m,.ts reflect the change in
solvent exposed surface area between the unfolded and intermediate states, respectively, and
the transition state ensemble. In this analysis, it is assumed that the intermediate is a
prerequisite to achieving the native state and that a pre-equilibrium exists for formation of the
intermediate (defined as Ky = kin/kni), which occurs much faster than the rate-limiting step
to native state formation. Using fluorescence emission with excitation at 295 nm as an
example (Figure 5B), values of 6.7 + 0.68 sec* and 0.61 + 0.082 kcal mol™ M were

obtained for ky; and my_ts, respectively, while values of 0.016 + 0.013 sectand 1.3 +0.18
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kcal mol™ M™ were obtained for kjy and my.ts, respectively. Values of 208 + 128 and 1.2 +

0.16 kcal mol™ M™ were obtained for Ky and myy, respectively. The conformational free

energy and total m-value were calculated from these parameters, where AG"2° = 1.6 kcal
mol™ and 3.2 kcal mol™ and My = 1.9 kcal mol™ M™ and 1.2 kcal mol™ M™ for each
transition. The values from the first transition were similar to those calculated from the data
obtained by differential quenching by acrylamide, indicating that this transition monitors
formation of the active site since the tryptophan residues are located in the active site. The
rollover, which was not detected in the differential quenching by acrylamide studies,
represents a change in the rate-limiting step at high urea concentrations.

The next phase (termed the intermediate phase) observed in the CD data had a rate of
0.01 sec™ at low urea concentrations. This rate decreased with increasing urea as shown by
the open triangles in Figure 6C. There was no change in the fluorescence emission data with
excitation at 280 nm after 10 seconds (data not shown). However, both fluorescence emission
with excitation at 295 nm (Figure 6A) and differential quenching by acrylamide (Figure 6B)
revealed another, slower, phase. These data were best fit to a three exponential equation as
shown by the residuals below each plot. The first two phases were the same as those
described by the 10 second data. The rates of the intermediate phase versus the final urea
concentration are shown in Figure 6C. The rate of this phase in low urea as detected by
fluorescence emission (295 nm) and differential quenching with acrylamide was 0.015 sec™.

None of these phases were dependent upon the protein concentration.
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The last refolding phase detected by CD is the slow phase (Figure 7A). For these
experiments, unfolded protein was hand-mixed with buffer, and the data were collected on a
steady-state instrument. The CD data revealed a halftime of about 25 minutes, which was
independent of the protein concentration, and the data were fit to a single exponential. The
rate was also independent of the final urea concentration up to 4 M urea (Supplementary
Figure 1). Hand-mixing differential quenching by acrylamide studies were also performed
(Figure 7B). These studies revealed two additional phases, which were not protein
concentration dependent. In the first phase, the fluorescence emission signal increased, and
the halftime for the phase was about 8 minutes. These data indicate that the active site
tryptophans are in a more hydrophobic environment. The fluorescence emission signal
decreased during the second phase, and the halftime for the phase was about 25 minutes,
indicating exposure of the active site tryptophans to solvent.

It is important to note that all of the phases described in this section were not
dependent upon the protein concentration, indicating that all of these species are monomeric.
Five out of the six of these phases detected here are independent of the final urea
concentration, indicating that there are small changes in the accessible surface area in these
transitions. The phase that was dependent on the final urea concentration (Figure 5) revealed
a low free energy associated with the conformational transition. This phase was detected by
fluorescence emission and not CD, indicating that there are small structural changes in the

protein which only affect the tertiary structure and not the secondary structure of the protein.
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C. Dimerization occurs slowly in the folding of procaspase-3

In order to verify that the native protein was formed, activity studies were performed.
The aforementioned refolding studies were carried out with a catalytically inactive
procaspase-3 (C163S). In order to test for activity but still examine procaspase-3, a
catalytically active mutant was used in which the three processing sites were mutated to an
alanine (D9A, D28A, D175A). The above kinetic studies were also performed with this
mutant to verify that these mutations had no effect on the folding pathway (see Appendix).
Due to improper formation of the active sites, the monomeric form of procaspase-3 is not
active, while the dimeric form is active. Therefore, one will detect activity only once the
native dimer is formed. In this assay, unfolded protein in 8 M urea-containing buffer was
manually mixed with buffer in a 1:10 ratio to allow the protein to refold. Then activity was
measured in aliquots of the refolding protein using a fluorogenic substrate. These
experiments were performed at a 10-fold range of final protein concentration (0.5 -5 uM
procaspase-3 during refolding).

The return of activity data displayed two phases (Figure 8A). The first phase was a
lag of about 10 minutes in which there is no detectable activity, which was observable at all
protein concentrations examined. The lag phase is consistent with folding of the monomer
described above. The second phase was best fit to a single exponential. This phase also was
dependent upon the protein concentration. The apparent rates of this phase were plotted
against the protein concentration to create a second order rate plot (Figure 8B). A linear fit to

the data gave a second order rate of ~70 M's™.

123



KINSIM simulations were also performed to support this conclusion (Barshop et al.,
1983). The mechanism used in the simulations consisted of two steps; a protein
conformational change followed by protein dimerization. The conformational change
represented the transition of the monomeric intermediate to the dimerization-competent
monomeric intermediate, both of which are enzymatically inactive. The rate of this phase as
determined from hand-mixing CD and differential quenching by acrylamide studies was
0.0005 and 0.002 sec™, respectively. The value determined from KINSIM simulations for
this lag / conformational change was in good agreement with the experimental values,
0.00071 sec™. In addition, the rate of dimerization determined from KINSIM simulations,
115 M*s™, was similar to the rate obtained from activity studies. These results support the
conclusion that the rate of procaspase-3 dimerization is slow.
D. Proposed folding models for procapase-3

The simplest kinetic folding model to describe the single-mixing kinetic refolding
data is shown in Figure 9. In this sequential mechanism, the unfolded protein forms multiple
monomeric species in the burst phase, followed by a series of monomeric intermediates. At
longer times, the protein forms a dimerization competent species, which then slowly
dimerizes. The detection method(s) used to determine each step in the folding reaction are
listed. This mechanism is most likely not the accurate; however it does describe the refolding
kinetic data. Additional data, described below, suggest the presence of misfolded

intermediates and parallel pathways.
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E. Unfolding data reveal multiple species

Single mixing unfolding studies were performed using fluorescence emission
(excitation at 280 or 295 nm), CD and anisotropy (excitation at 280 and 295 nm) as detection
methods. Representative data are shown in Figure 10. In these studies, native protein was
mixed 1:10 with various urea-containing buffer solutions. The observed phases and the
corresponding detection method are listed in Table Il and briefly described here.
Fluorescence emission data (excitation at 280 or 295 nm) displayed five phases (Figure 10A
and B): burst, fast, lag and two slow phases. Anisotropy data (excitation at 280 or 295 nm)
did not display a burst phase but did display a lag phase, followed by a decrease in anisotropy
toward the unfolded protein signal (Figure 10C). The second phase was fit to two
exponentials. Overall, the unfolding reaction was slow (green, e, Figure 10C), reaching the
unfolded protein signal by ~500 seconds, suggesting that the protein is monomeric by 8
minutes. Far-UV CD (228 nm) data also did not contain a burst phase but rather displayed a
lag phase followed by an increase in signal toward the unfolded protein signal (Figure 10D).
The latter phase was best described by a single exponential. The CD signal during unfolding
(green, e, Figure 10D) reached that of the unfolded protein by ~200 seconds, suggesting that
the protein loses its secondary structure by ~3 minutes.

As mentioned above, the anisotropy and CD data did not display a burst phase
(Figure 10). On the other hand both fluorescence emission data sets displayed an increase in
fluorescence emission at higher urea concentrations. A plot of the burst phase amplitude

versus final urea concentration demonstrated a cooperative burst phase transition in which a
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hyperfluorescent species formed within the mixing dead-time. The data were best described
by a three-state equilibrium folding model (Figure 11), indicating that at least two species

formed in the burst phase for unfolding that, as described below, represents the formation of
multiple dimeric forms of the protein. The AG"2° and m-value for the first transition are 2.45

+ 0.55 kcal/mol and 0.70 + 0.21 kcal/mol/M, respectively. The AG"?° and m-value for the
second transition are 11.7 + 3.33 kcal/mol and 2.00 + 0.54 kcal/mol/M, respectively.

The fluorescence emission data also displayed a fast phase with an apparent rate of
~50 sec™ (Figure 12A). When examined as a function of final urea concentration, the data
show that this phase aligns with the fastest phase detected in the single-mixing refolding data
(Figure 5A and B), indicating that these phases describe the interconversion of the same
species. This fast phase did not exist in the anisotropy and CD data where there was no
change in signal for the first 5 seconds of unfolding. We believe that procaspase-3 is still a
dimer at this stage because both the anisotropy and CD unfolding signals are close to the
native dimer protein signal (Figure 10C and D).

After the lag phase, the far-UV CD data revealed an increase in signal, indicating the
loss of secondary structure, that was best fit to a single exponetial. Anisotropy (excitation at
280 or 295 nm) and fluorescence emission (excitation at 280 or 295 nm) data were best fit to
a two exponential equation. A representative plot of these apparent rates versus the final urea
concentration is shown in Figure 12B (Supplementary Figure 2). The first exponential
observed in the fluorescence emission and anisotropy data is associated with that observed by

CD, indicating a concomitant loss of tertiary and secondary structure. The slow phase
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observed by fluorescence emission and anisotropy was dependent on the final urea
concentration and displayed a chevron shape. As described above, these data were fit to a
two-state kinetic mechanism. For fluorescence emission, values of 0.0050 + 0.0020 sec™ and
0.11 #+ 0.075 kcal mol™ M™ were obtained for kyy and my.ts, respectively, while values of
6.7x10° + 1.3x10° sec™? and 0.50 + 0.13 kcal mol™* M were obtained for kyy and my.s,
respectively. For anisotropy, values of 0.014 + 0.0020 sec™ and 0.19 + 0.033 kcal mol™ M™
were obtained for kny and my.ts, respectively, while values of 3.1x10 + 3.8x10” sec™ and

0.37 + 0.09 kcal mol™ M™ were obtained for kyy and my.ts, respectively. The conformational

free energy and total m-value were calculated from these parameters, where AG™:° = -RT In
(kun/knu) = 3.9 kecal mol™ for fluorescence emission and 3.6 kcal mol™ for anisotropy. The
m-values were calculated as My = Mu.ts + My.ts = 0.6 kcal mol™ M™ for fluorescence and
0.56 kcal mol™ M™ for anisotropy. These results suggested that this phase represents partial
unfolding of the monomer, since the conformational free energy and m-value are about half
of those determined previously for the monomer (7.0 + 0.5 kcal mol™ and 1.2 kcal mol™* M™)
(Bose and Clark, 2001).

The proposed mechanism based on the single-mixing unfolding data presented here is
shown in Figure 13. In this sequential mechanism, the native protein forms multiple dimeric
species in the burst phase, followed by a series of dimeric intermediates, which then slowly
dissociate and unfold. The detection method(s) used to determine each step in the folding

reaction are listed.
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F. Procaspase-3 dimer dissociates slowly

Sequential-mixing studies were performed to further investigate the folding pathway
of procaspase-3. Double-jump studies consist of an unfolding and refolding jump. In this
experiment, native protein is mixed with a high concentration of urea, which allows the
protein to unfold. The protein is unfolded for various amounts of time (delay time), followed
by dilution of the urea to allow the protein to refold. The refolding signal is monitored over
time. The purpose of this experiment is to examine intermediates in the refolding pathway or
those intermediates that equilibrate with the unfolded protein ensemble due to cis-trans
proline isomerization (Brandts et al., 1975; Kiefhaber et al., 1990). In the experiments
presented here, the signal was monitored by fluorescence emission, CD and anisotropy.

Double-jump anisotropy data revealed a burst phase (Figure 14A), where a large
increase in signal was observed with delay times of less than ~0.1 min. This increase in
amplitude is similar to that observed with the burst and lag phases observed in the single
mixing unfolding data monitored by anisotropy. As described above, the protein is still in its
dimeric state during this phase. Therefore, the intermediate that forms during the burst phase
of unfolding persists to at least 0.1 minutes in 8 M urea and represents a conformational
transition of the dimer.

As the delay time (unfolding time) was increased, the burst phase amplitude
decreased. This decrease is associated with dimer dissociation. As described above, single
mixing anisotropy unfolding studies (Figure 10C) suggested that the protein is completely

unfolded within 8 minutes. As shown in Figure 14A, at delay times greater than 8 minutes,
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the double jump anisotropy burst phase signal is close to that of the native signal, consistent
with the results obtained in the single-mixing unfolding data. In addition, the anisotropy
signal from single-mixing anisotropy data revealed two phases (data not shown). Two phases
also were observed in the double-jump data (Figure 14B). These data were fit to one or two
exponentials and the amplitudes are shown in Figure 14C. The amplitude of the slow phase
increased over time, the half time of which is associated with the dimer dissociation. Overall,

these data suggest that the protein unfolds slowly in 8 M urea.
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DISSCUSSION

Stopped-flow fluorescence emission and CD refolding studies were employed in
order to elucidate the kinetic folding mechanism of procaspase-3. These experiments
revealed the formation of multiple monomeric species, but were unable to detect the rate of
dimerization of procaspase-3. Therefore, other detection methods (such as anisotropy,
differential quenching by acrylamide and return of activity studies) were used. All of these
methods revealed a complex burst phase. During these first few milliseconds of the folding
reaction, multiple monomeric species were formed that are associated with the burial of
aromatic residues, as indicated by a blue shift in fluorescence emission. Emission scans of an
equilibrium intermediate in 4 M urea also revealed a blue shift in fluorescence emission,
which shows that the burst phase species is not the native dimer (Bose and Clark, 2001).

The burst phase was followed by multiple phases, none of which are protein
concentration dependent. Therefore, these phases represent conformational changes in the
monomeric form of procaspase-3. For example, the far-UV CD data reveal a lag of about 100
seconds in which there was no change signal, indicating no change in secondary structure in
this phase. During this same time frame, three phases were observed in the fluorescence
emission data, indicating that there are structural changes in the protein that affect the tertiary
structure. Further analysis of these data revealed that these phases have low free energy
values, which correlates to the fact that there are no apparent secondary structural changes in

the protein as indicated by CD studies. Therefore, the monomeric intermediates that are
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formed during these phases consist of structural rearrangements to the protein that affect the
aromatic residues, but not the secondary structure of the protein. These monomeric
intermediate species are most likely off-pathway or misfolded forms of the protein.

As mentioned above, the observed phases were not dependent upon the protein
concentration, indicating the formation of monomeric species. These phases were also
associated with low free energy and m-values, indicating small structural changes for each
transition. Together, these results point toward the misfolding of these monomeric
intermediates before the dimerization-competent species is formed. Additional sequential
mixing studies are necessary to determine if these intermediate are on- or off-pathway.

Eventually procaspase-3 was able to form a dimerization-competent species, which
dimerized at a rate of ~70 M™s™ as determined by return of activity studies. This
dimerization rate is slow compared to the rate of dimerization of other homodimers, such as
SecA (~10° M's™) (Doyle et al., 2004), P22 arc repressor (~10" M*s™) (Milla and Sauer,
1994) and triosephosphate isomerase from Trypanosoma cruzi (~2.6x10° M*s™) and
Trypanosoma brucei (~2x10* M*s™) (Zomosa-Signoret et al., 2003). These proteins are
involved in a variety of functions, from transcriptional regulation to the breakdown of sugar
in glycolysis. The rate of dimerization has only been measured for only one other caspase.
The initiator procaspase-8 is mostly monomeric at physiological conditions, but forms dimers
in the presence of activating scaffolds in vivo (Kischkel et al., 1995; Medema et al., 1997) or
in the presence of kosmotropes in vitro(Boatright et al., 2003). Consequently, the rate of

dimerization of procaspase-8 was measured in high salt concentrations (Pop et al., 2007). In
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1 M sodium citrate, for example, the second order rate of dimerization was determined to be
5.03x10° M™s™. Extrapolation of the rates determined at several salt concentrations to the
absence of salt indicates a second order rate of dimerization of approximately zero for
procaspase-8. Therefore, even though the rate of dimerization of procaspase-3 is slow, that of
procaspase-8 is even slower. This conclusion supports the fact that procaspase-3 exists as a
stable dimer, whereas procaspase-8 exists as a stable monomer. Consistent with these results
is the fact that the dimer interfaces of these two proteins are extremely different (Figure 15).
The dimer interface of procaspase-3 is hydrophobic, while that of procaspase-8 contains a
proline in the dimer interface, which presumably hinders dimerization as a negative design
element. In addition, caspase-8 lacks charge-charge interactions in helices 5 and 5’ that are
thought to stabilize the dimer (MacKenzie and Clark, in press). Together, these two
differences may decrease the rate of dimerization of caspase-8.

The kinetic unfolding pathway was also complex, as was shown by the stopped-flow
fluorescence emission, CD and anisotropy data. Unfolding studies suggested that the dimer
dissociates slowly in high concentrations of urea. These results were confirmed by sequential
mixing studies. Equilibrium studies have shown that the dimerization and subsequent
conformational changes contribute about 70% of the total conformational stability of the
protein (Bose and Clark, 2001). Therefore, slow dissociation is expected. In addition, the
unfolding burst phase was complex consisting of multiple dimeric species. We proposed that
these species formed in the first few milliseconds of unfolding are N2, N>* and I,. The N, and

N,* species represent two conformations of the native protein: inactive (N) and active (N2*).

132



Evidence for the two native conformations of procaspase-3 will be discussed briefly,
beginning with the inactive form (N,). First, it had been shown that procaspase-3 exists in the
cell as an inactive dimer (Pop et al., 2001). Currently, there is no structure of procaspase-3.
However, there is a crystal structure of another executioner caspase, procaspase-7 (Chai et
al., 2001; Riedl et al., 2001). These two proteins have high sequence identity (55%), and their
mature enzyme structures are similar. Therefore, procaspase-7 has been used for a structural
model for procaspase-3. This structure is assumed to be in the inactive conformation due to
the fact that the active sites are misaligned for substrate binding and catalysis (Riedl and
Salvesen, 2007). Finally, there is a tripeptide sequence in the intersubunit linker of the
protein termed the “safety catch”, D179-D181. Mutations in this sequence lead to activation
of the enzyme (Roy et al., 2001).

The active form (N,*) of procaspase-3 was originally found by mutational studies in
the dimer interface. The procaspase-3 mutant V266E has a 60-fold increased level of activity,
which is 2-fold less than the activity of the fully mature wild-type caspase-3 (Pop et al.,
2003). These studies demonstrated that it is not necessary to cleave the intersubunit linker in
order to achieve maximum activity. Based on all of this evidence, homology models of the
active and inactive native forms of the protein were created (Figure 16) (Walters, et al.,
unpublished). In the inactive conformation the intersubunit linker is bound, as it is in the
procaspase-7 structure, in the dimer interface, preventing insertion of the active site loops
into the active site and formation of the substrate binding pocket. In the active conformation,

structural changes in the protein move the intersubunit linker out of the dimer interface,
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which allows for proper active site formation.

The kinetic unfolding burst phase data further support the theory of two native
conformations of proacaspae-3. From the previous enzymatic assays (Pop et al., 2003), we
calculated the AAG between the inactive (N3) and active (N2*) forms of procaspase-3 to be
2.23 kcal/mol at 25 °C. This value was similar to that obtained from the first transition in the
unfolding kinetic burst phase experiments, 2.45 + 0.55 kcal/mol. In addition, we calculated
the change in solvent accessible surface area between the two conformations by comparing
the two homology models (Novotny et al., 2007). The AASA was then correlated to the
number of residues effected by the transition and to the m-value for the transition using the
analysis described by Myers et al. (Myers et al., 1995a). Using their correlations, the m-value
and number of residues were determined for the homology models, and the results are
presented in Table I11. The experimental data for the unfolding kinetic burst phase provided
an m-value for the transition, and this also was correlated to the AASA and number of
effected residues (Myers et al., 1995a). The results also are presented in Table I1l. A
comparison of the values determined from the homology models and the kinetic burst phase
experiments were similar. The analysis shows that the number of residues affected by the
conformational transition is between 40 and 60, which correlates to the changes in the
intersubunit linker and active site upon the transition of N, to N>*. Together, the data
strongly suggest that the unfolding kinetic burst phase experiments monitor the
interconversion of two native conformations during unfolding, and based on our previous

data (Pop et al., 2003), we suggest that one conformation is enzymatically active. The
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unfolding burst phase results are important because, thus far, this is the only detection
method we have found that is able to monitor the two native conformations. Therefore, in
vivo the cell most likely maintains an apoptotic balance by keeping procaspase-3 locked in

the inactive conformation.
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METHODS

Materials

Ultrapure urea was purchased from ICN. Dithiothreitol (DTT), acrylamide and
imidazole were from Acros. Sodium chloride (NaCl), tryptone, yeast extract and trizma base
(Tris) were from Fisher. Q-Sepharose was from Amersham Biosciences. Monobasic and
dibasic potassium phosphate (KH,PQO,4, K;HPO,), ampicillin, and molecular weight markers
were from Sigma. IPTG (isopropyl B-D-1-thiogalactopyranoside) was from Anatrace. YM 10
membranes were from Millipore. His bind was from Novagen. Ac-DEVD-AFC (acetyl-
DEVD-7-amino-4-trifluoromethyl) was from Calbiochem. All buffers were filtered through
either 0.45 or 0.22 um filter membranes. Urea stock solutions were prepared as described
previously (see Appendix protocols).
Protein Purification

All steps were performed at 4 °C unless otherwise noted. Procaspase-3 (C163S and
D9A,D28A,D175A also termed D3A) were purified as C-terminal-(His)s-tagged proteins
from E. coli BL21(DES3) lys S cells. The purification protocol of both proteins was similar.
Cells were grown in Fernbach flasks containing 1 L of LB media with 50 pg/mL ampicillin
at 37 °C. When the cultures reached an absorbance (at 600 nm) of 1.2, protein expression
was induced with a final IPTG concentration of 0.6 mM (C163S) or 0.8 mM (D3A). The
temperature was reduced to 20 °C for 20 hours (C163S) or 25 °C for 6 hours (D3A). The

cells were harvested by centrifugation at 5000 rpm for 16 minutes. The cells were
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resuspended in lysis buffer (50 mM imidazole, 50 mM Tris, 50 mM NaCl pH 7.9) and lysed
with a French press. The supernatant was separated from cell debris by centrifugation at
20,000 rpm for 20 minutes. The protein was initially purified with a histidine affinity column
and eluted with 500 mM imidazole, 50 mM Tris, 50 mM NaCl pH 7.9. The protein was
dialyzed against 50 mM Tris, 50 mM NaCl pH 7.9 with 1 mM DTT overnight. The protein
was further purified with a Q-Sepharose column with a 50-350 mM NacCl salt gradient (50
mM Tris pH 7.9 plus 1 mM DTT). Fractions were collected and tested with a Bradford assay.
The positive fractions were analyzed by SDS-PAGE. The procaspase-3 fractions were
pooled, concentrated (YM 10 membrane) and dialyzed overnight against 50 mM potassium
phosphate pH 7.5. The protein was stored at -20 °C. The concentrations of procaspase-3

(C163S and D3A) were determined using &, of 26,500 M™* cm™.

Single mixing stopped-flow fluorescence and CD

Single mixing kinetic folding/unfolding experiments were performed using a stopped-
flow spectofluorometer (SX18) or spectrophotometer (PiStar) from Applied Photophysics.
The temperature was controlled at 25 °C using a circulating water bath. For fluorescence and
anisotropy studies, the samples were excited at 280 or 295 nm and fluorescence emission was
measured using a 305 nm cut-off filter. The CD signal was monitored at 228 nm. For the
differential quenching by acrylamide studies, samples were excited at 295 nm and
fluorescence emission was monitored using a 305 nm cut-off filter. The slits for fluorescence
and differential quenching by acrylamide, anisotropy and CD were 0.76 mm, 2 mm and 2

nm, respectively. The final concentration of DTT in the urea-containing buffers was 1 mM.
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The refolding experiments were performed by mixing unfolded protein (22, 44, 88 or
132 puM for fluorescence with excitation at 280 nm; 22, 55 or 165 pM for fluorescence with
excitation at 295 nm and differential quenching by acrylamide; 44, 88 or 132 uM for CD;
35.75, 55 or 165 puM for anisotropy with excitation at 280 or 295 nm) in 8 M urea-containing
buffer with 50 mM potassium phosphate buffer-containing urea between 0 and 8 M, as
shown in the figures. The final protein concentration was 2, 4, 8 or 12 uM for fluorescence
with excitation at 280 nm, 2, 5 or 15 uM for fluorescence and differential quenching by
acrylamide with excitation at 295 nm, 4, 8 or 12 uM for CD and 3.25, 5 or 15 uM for
anisotropy with excitation at 280 or 295 nm. A mixing ratio of 1:10 was used.

The unfolding experiments were performed by mixing native protein (44 or 165 pM
for CD; 38.5 or 143 uM for anisotropy and fluorescence with excitation at 280 or 295 nm) in
50 mM potassium phosphate buffer with urea-containing buffers, as shown in the figures.
The final protein concentration was 4 or 15 uM for CD and 3.5 or 13 uM for anisotropy and
fluorescence with excitation at 280 or 295 nm. A mixing ration of 1:10 was used.

Emission Scanning

Emission scanning experiments were performed using a stopped-flow (SX18 Applied
Photophysics). The emission photomultiplier tube was connected to a monochromator and
the signal was measured at multiple emission wavelengths. The excitation and emission slits
were 2 and 5 mm, respectively. 55 uM unfolded procaspase-3 C163S in 8 M urea-containing
buffer was mixed 1:10 with 50 mM potassium phosphate buffer pH 7.5. The fluorescence

burst phase signal was collected (excitation at 280 or 295 nm) at several emission
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wavelengths.
Hand-mixing fluorescence and CD spectroscopy

Hand-mixing refolding studies were performed with a C-61 spectrofluorometer
(differential quenching by acrylamide fluorescence, PTI) and J600A spectropolarimeter (CD,
Jasco Inc.) Unfolded protein (22, 55 or 110 uM for differential quenching by acrylamide and
20, 40 or 80 pM for CD) in 8 M urea-containing buffer was mixed with 50 mM potassium
phosphate buffer pH 7.5 (CD) or with 0.7 M acrylamide-containing phosphate buffer
(differential quenching by acrylamide). The dead time was ~10 seconds. The signal at 228
nm (CD) or excitation at 295 nm with emission at 335 nm (differential quenching by
acrylamide) was monitored continuously and discontinuously over time.
Return of activity assays

The activity of procaspase-3 D3A was examined using a C-61 spectrofluorometer
(PTI). Unfolded protein (88, 55, 44, 27.5, 22, 16.5 or 5.5 uM) in 8 M urea-containing buffer
was hand-mixed with 50 mM potassium phosphate buffer pH 7.5. Aliquots of the refolding
reaction were tested for activity. The activity reaction volume was 200 pL, with final
concentrations of 400 nM protein, 1 mM DTT, 100 uM substrate (Ac-DEVD-AFC) and 0.73
M urea-containing buffer. The fluorescence emission was measured at 505 nm after
excitation at 400 nm.
Sequential mixing stopped-flow experiments

Sequential mixing experiments were performed with the stopped-flow

spectrofluorometer (SX18, Applied Photophysics). The temperature was held constant at 25
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°C. In general for double jump experiments, the first jump was performed with a mixing ratio
of 1:5 (native protein : urea solution). After a specified delay time, the solution from the first
jump was rapidly mixed with a third solution using a mixing ratio of 1:5 (unfolding protein :

buffer). Delay times range from 0.01 to 900 seconds.

Native protein (126 or 396 uM) was mixed 1:5 with 10 M urea-containing buffer for
the first jump. After various delay times, the unfolding protein solution was mixed 1:5 with
50 mM potassium phosphate buffer for the second jump. The anisotropy signal (with
excitation at 280 or 295 nm) was monitored for 500 seconds. The final protein concentration
was 3.5 or 11 pM, and the final urea concentration was 1.38 M. For the native protein signal,
a protein stock solution (126 or 396 uM) in 1.38 M urea-containing buffer was mixed with
1.38 M urea-containing buffer. For the unfolded protein signal, a protein stock solution (126

or 396 uM) in 8.3 M urea-containing buffer was mixed with 8.3 M urea-containing buffer.
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FIGURES AND TABLES

Table I: Refolding burst phase signals fit to two- or three-state equilibrium folding models.

FL CD Anisotropy Quench
Two-State
AG (kcal mol™) 3.17+0.37 3.82+0.44 2.80+0.21 3.88+0.99
m (kcal mol* M™?) | 0.57+0.057  0.66+0.064 0.59+0.039 0.91+0.22
ureay, (M) 5.6 5.8 4.7 4.3
Three-State
AG; (kcal mol™) 1.34+0.0048 0.78+0.048 1.4+0.04
m; (kcal mol™ M) 0.52+0.013 0.31+0.16 0.50+0.10
ureay, (M) 2.6 2.5 2.8
AG; (kcal mol™) 3.11+0.031 3.14+0.066 3.00+0.11
m, (kcal mol™ M) 0.60+0.17 0.66+0.34 0.80+0.42
ureay, (M) 5.2 4.8 3.7

Table 11.Unfolding phases and detection methods.

Burst Fast(s!) Lag 1% exponential (s?) 2" exponential (s
Detection
Method
Fluoresecnce Yes ~40 Yes ~0.04 ~0.01
emission
Anisotropy Yes ~0.03 ~0.005
Far-UVv CD Yes ~0.018
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Table I11. Comparison of unfolding burst phase species and proposed native species.

homology models unfolding kinetic data
change in solvent accessible
surface area 4587 A? 3018 A?
m-value 0.87 0.7+£0.21
number of residues 59 42

=4 +<— Unfolded Protein Signal

CD Signal (mdeg)

| <— Native Protein Signal

n Lol n Lo n Lo
1 10 100 1000
Time (sec)

-14

Figure 1: Far-UV CD (228 nm) refolding data. The unfolded (green, A) and native protein
signals are marked. Unfolded protein is mixed 1:10 with 4.8 M urea-containing buffer, for a
final urea concentration of 4.36 M (blue, o). Unfolded protein is mixed 1:10 with buffer, for

a final urea concentration of 0.73 M (red, o).
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Figure 2: Complex burst phase. A) The burst phase signal for each detection method is
plotted versus the final urea concentration. Error bars represent the standard deviation of two
independent experiments at multiple protein concentrations. The differential quenching by
acrylamide burst phase signal (red, ¢) is shown in panel B. The fluorescence burst phase
signals (excitation at 280 nm (blue, 0) and 295 nm (purple, ®)) are shown in panel C. The
far-UV CD burst phase signal (228 nm, green, A) is shown in panel D. The anisotropy burst
phase signals (excitation at 280 nm (orange, ©) and 295 nm (black, m)) are shown in panel E.
The error bars represent the standard deviation from multiple protein concentrations in at
least 2 independent experiments.
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Figure 3: Emission scanning of the burst phase species. 5 uM unfolded (blue, 0) and native
(red, o) procaspase-3. Unfolded protein was mixed 1:10 with buffer. The refolding burst

phase signal (green, ®) was collected at various emission wavelengths. Excitation at 280 nm
(panel A) and 295 nm (panel B).
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Figure 4: CD lag. A) CD (228 nm) lag phase versus the final urea concentration for 4 (), 8
(o) and 12 (A) uM procaspase-3. B and C) Refolding procaspase-3 in 3.91 M urea-containing
buffer detected by fluorescence with excitation at 280 nm (panel B) or 295 nm (panel C). D)
Refolding procaspase-3 in 2.09 M urea-containing buffer detected by differential quenching
by acrylamide (excitation 295 nm). The lines through the data represent a three exponential
fit. The residuals for 2 and 3 exponential fits are shown below each plot, respectively.
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Figure 5: Rate versus the final urea concentration for fluorescence emission following
excitation at 280 nm (panel A) or 295 nm (panel B) and differential quenching by acrylamide
(panel C). Refolding rates 1 (black, o), 2 (blue, 0) and 3 (red, A) for the first 10 seconds of
the folding reaction. Error bars represent the standard deviation from 2-3 independent
experiments and various protein concentrations (ranging from 2-15 M procaspase-3). Lines
through rate 2 are fit to a two-state kinetic mechanism for panel C and with a three-state
kinetic mechanism for panels A and B.
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Figure 6: Intermediate phase of refolding. A and B) 100 seconds of refolding in 2.55 M
(fluorescence excitation at 295 nm, panel A) or 1.82 M (differential quenching by
acrylamide, panel B) urea-containing buffer. The lines through the data represent a three
exponential fit. The residuals for 2 and 3 exponential fits are shown below each plot,
respectively. C) Rate 4 for refolding as detected by fluorescence (black, o), differential
quenching by acrylamide (blue, 0) and CD (red, A). The rates for the CD data are from single
exponential fits of the intermediate phase shown in Figure 1. Error bars represent the
standard deviation from two independent experiments at multiple protein concentrations.
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Figure 7: Slow phase of refolding. Unfolded protein was manually mixed with buffer. The

CD (panel A) and fluorescence (panel B) signals were collected on a steady-state instrument.
The native protein signal is marked.
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Figure 8: Activity studies with procaspase-3 D3A. A) Unfolded protein was mixed with
buffer. Aliquots of the refolding reaction (1.5 (red, 0), 2.5 (blue, 0) and 5 (green, 0) uM
procaspase-3 D3A) were tested for activity. The lines through the data are KINSIM
simulations (k; = 0.00071 s, k, = 115 M™s™). B) Second order rate plot. Rate of second
exponential from activity studies plotted versus the protein concentrations. Error bars
represent standard deviation from two independent experiments. The data are fit to a line
with a slope of 70 M™s”
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Figure 9: Proposed sequential refolding mechanism. The unfolded protein folds through a
series of monomeric intermediates (I* to 1%). The dimerization competent monomeric
intermediate (1%) dimerizes slowly. Listed above each arrow is the rate of formation of each
species. The detection methods are listed; SF = stopped-flow, CD = circular dichoism (228
nm), FL 280/295 (fluorescence with excitation at 280/295 nm), Quench = differential
quenching by acrylamide, Ani = anisotropy (excitation at 280 or 295 nm), HM = hand-
mixing.
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Figure 10: Unfolding kinetic data. A) 165 pM native procaspase-3 was mixed with various
urea concentrations for a final urea concentration of 0 M (black, @), 4.55 M (green, o), 5.45
M (purple, 0), 5.91 M (red, A) and 6.82 M (blue, o). Fluorescence emission (excitation at 280
nm) was collected from for 1 sec. B) 38.5 puM native procaspase-3 was mixed with 8.5 M
urea-containing buffer for a final urea concentration of 7.73 M (green, ®) and the
fluorescence emission (excitation at 280 nm) was collected for 200 sec. The native and
unfolded protein signals are marked. C and D) 55 puM (anisotropy, excitation 280 nm, panel
C) and 165 uM (far-UV CD, 228 nm, panel D) native procaspase-3 were mixed with urea-
containing buffer for a final urea concentration of 8 M (green, ®). The native and unfolded
protein signals are shown in red squares and blue circles, respectively.
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Figure 11: Fluorescence (excitation at 280 nm) burst phase signals versus urea. Error bars
represent the standard deviation from two independent experiments at multiple (2, 5 and 15
MM procaspase-3) protein concentrations. The line through the data is a fit to a three-state
equilibrium folding model.
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Figure 12: Unfolding rates. A) Fast phase of unfolding detected by fluorescence excitation at
280 (red, circles) and 295 (blue, squares) nm. Refolding data are represented by the closed
symbols. Unfolding data are represented by the open symbols. B) Unfolding phases detected
by fluorescence emission (excitation at 280 nm) (o, 0), anisotropy (excitation at 280 nm) (e,
m) and CD 228 nm (#). The lines through the data represent fits to a two-state kinetic folding
analysis. The values are listed in the text.
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Figure 13: Proposed sequential unfolding mechanism. The native dimer (N, and N,*) unfolds
through a series of dimeric intermediates (I, through 1,%) before dimer dissociation. Listed
above each arrow is the rate of formation of each species. The detection methods are listed;
SF = stopped-flow, FL = fluorescence with excitation at 280 or 295 nm, CD = circular
dichroism (228 nm), Ani = anisotropy with excitation at 280 or 295 nm.
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Figure 14: Double jump anisotropy studies. A) Burst phase signal versus the delay time. B)
Raw data for 0.1 (black, o), 50 (blue, o) and 500 (red, A) second delay times. The lines
represent one (50 sec) and two (500 sec) exponential fits. C) Amplitudes of one and two
exponential fits of double jump anisotropy data (as in panel B). The slow phase is
represented by blue squares. The fast phase is represented by red circles.

162



dimer interface
Caspase-3 —--KQIPCIVSM--—
Caspase-8 -—-KQMPQPAFT--—

Figure 15: Dimer interface sequences of caspase-3 and -8.
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Figure 16: Homology models of inactive (N2, panel A) and active (N,*, panel B) procaspase-
3.
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SUPPLEMENTAL FIGURES
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Figure 1. Slow phases in refolding. Hand-mixing far-UV CD slow rate (Figure 7A) versus
urea (A). First (o) and second (0) phase observed by hand-mixing differential quenching by
acrylamide (Figure 7B).
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Figure 2. Unfolding rates. Unfolding phases detected by fluorescence emission (excitation at
295 nm) (o, O), anisotropy (excitation at 295 nm) (e, m) and CD 228 nm (#). The lines
through the data represent two-state kinetic folding analysis.
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CHAPTER YV

CONCLUSION
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Investigating apoptosis is essential to understanding the pathology of a multitude of
diseases, such as neurodegenerative disorders and cancer. The proteins examined here, Apaf-
1 CARD and procaspase-3, are involved in both the intrinsic and extrinsic apoptotic
pathways. In the intrinsic apoptotic pathway, Apaf-1 CARD mediates the interaction between
the apoptosome and procaspase-9, leading to the activation of caspase-9. The activation of
procaspase-3 is the final step in both the intrinsic and extrinsic apoptotic pathways. As these
two proteins are key regulators of apoptosis, kinetic studies were performed to investigate the
folding pathway of these proteins.

We have shown that Apaf-1 CARD folded and unfolded rapidly. Kinetic folding
studies, as well as KINSIM simulations, suggested a folding mechanism that contains parallel
folding channels with three unfolded conformations, two of which are able to fold into the
native conformation. In contrast to other CARDs, such as RICK (RIP-like interacting
CLARP kinase) and procaspase-1, the folding of Apaf-1 CARD does not reveal kinetic traps
or misfolded species. These results suggest that there is not one unifying mechanism to
folding for these a-Greek key proteins, which will allow for the design of specific targets for
each protein.

We have shown that procaspase-3 folded through a complex pathway involving
multiple monomeric species and slow dimerization. The data suggested that these monomeric
intermediates were misfolded, which is the cause of slow dimer formation. In vivo these
misfolded species can be corrected by chaperone proteins, allowing for procaspase-3 to

dimerize quickly into its native dimeric state inside the cell. Future studies will focus on
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comparison of the kinetic folding pathway of executioner caspases (ie procaspase-3) to
initiator caspases (ie procaspase-8) in order to elucidate the differences between these two
groups of caspases (ie the inactive zymogen’s oligomeric state, prodomain function and
maturation process). These studies will help uncover how the cell regulates apoptosis,
leading to the discovery of new therapeutic targets to combat diseases.

The unfolding kinetic data of procaspase-3 revealed a slow rate of dimer dissociation.
These data supported the equilibrium folding studies which reveal that the stability of
procaspase-3 is largely due to dimerization. We have shown that multiple dimeric species
were formed in the unfolding burst phase. These data support the hypothesis of two native
conformations of the protein, one of which is enzymatically active. The current maturation
model states that the intersubunit linker of executioner caspases (ie caspase-3) must be
cleaved for full activation of the enzyme. These studies oppose this current dogma and
suggest that procaspase-3 can be activated without cleavage of the intersubunit linker. It is
possible that there are multiple mechanisms for regulation of procaspase-3 activation, which
remain to be discovered. The proposal of two native conformations, active and inactive, of
procaspase-3 implies a new target for therapeutic strategies to enhance apoptosis. Future
studies will focus on the interconversion of the two species.

Overall, the kinetic folding data for Apaf-1 CARD and procaspase-3 provided an
improved picture of the function and regulation of these proteins in apoptosis. These studies

proposed new targets for the regulation of apoptosis.
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I. Analytical ultracentrifugation

Analytical ultracentrifugation experiments were conducted in order to determine the
oligomeric state of Apaf-1 CARD. These experiments were performed as described
previously (Pop et al., 2001) with the following exceptions. Apaf-1 CARD was dialyzed at 4
°C into 50 mM potassium phosphate and 50 mM MES, 100 mM Tris, 50 mM acetate pH 7.5
with 0.5 mM DTT. The absorbance was measured at 280 nm and samples with an absorbance
of 0.1, 0.25 and 0.5 were prepared. The experimental data were collected with a Beckman
XL-A ultracentrifuge at the University of North Carolina (Chapel Hill) Macromolecular
Interactions Facility and fit using ORIGIN software.

The representative data are shown in Figure 1A and B. The molecular weights
determined from the data fits were 13,1001 and 14, 231 for Apaf-1 CARD in 50 mM
potassium phosphate and 50 mM MES, 100 mM Tris, 50 mM acetate buffer pH 7.5,
respectively. The residuals signify that the data are best fit to the model. The molecular
weight of Apaf-1 CARD is 11, 280, which is in good agreement with the AUC data.
Therefore, Apaf-1 CARD is a monomer under the conditions used for the equilibrium and

kinetic folding experiments.

REFERENCES
Pop, C., Chen, Y.-R., Smith, B., Bose, K., Bobay, B., Tripathy, A., Franzen, S., and Clark, A.

C. (2001). Removal of the pro-domain does not affect the conformation of the
procaspase-3 dimer. Biochemistry 40, 14224-14235.
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Figure 1: Sedimentation equilibrium studies of Apaf-1 CARD. The circles represent the
experimental data for 50 mM MES, 100 mM Tris, 50 mM acetate pH 7.5 (panel A) or 50
mM potassium phosphate pH 7.5 (panel B). The solid lines are the theoretical plots assuming
the protein is a monomer. Residuals to the fits are shown above each plot.
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I1. Circular dichroism spectroscopy

Far-UV (200-250 nm) and near-UV (250-300 nm) CD spectra were obtained for
Apaf-1 CARD in order to examine the structural changes with different buffers and pH’s.
Circular dichroism spectra were measured using a J600A spectropolarimeter (Jasco Inc.) with
either a 0.1 cm (far-UV) or 1 cm (near-UV) cell. The protein concentration was 97.7 uM.
The samples were incubated in 0 or 8 M urea-containing buffer (PB or MTA pH 6 or 7.5).
All spectra were corrected for background signals. The temperature was kept constant at 25
°C using a circulating water bath.

The far-UV and near-UV spectra for Apaf-1 CARD are shown in Figure 2. The far-
UV results show double minima at 206 nm and 218 nm, consistent with a-helical proteins. In
the presence of 8 M urea-containing buffer, the signal decreased to that of a random coil, and
the spectrum is consistent with that of an unfolded protein. In addition, the far- and near-UV
spectra under native conditions reveal that the secondary and tertiary structures of Apaf-1
CARD are similar in both buffers at both pH’s.

In order to verify that the protein was completely unfolded in 8 M urea-containing buffer,
far- and near-UV spectra were collected using guanidinium hydrochloride (GdmHCI) as a
denaturant (Figure 3). The far- and near-UV spectra of Apaf-1 CARD in 6 M GdmHCI-
containing potassium phosphate buffer pH 7.5 reveal that the signal is decreased in GdmHCI,
similar to the results obtained for the urea studies. Therefore Apaf-1 CARD is completely

unfolded in 8 M urea-containing buffer.
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Figure 2: Far- and near-UV CD spectra of Apaf-1 CARD. A and C) Far-UV CD spectrain 0
M urea-containing buffer (PB = o or MTA = @) and 8 M urea-containing buffer (PB = o or
MTA = m). B and D) Near-UV CD spectra in 0 M urea-containing buffer (PB = o or MTA =
e) and 8 M urea-containing buffer (PB = 0 or MTA = m). Panels A and B are at pH 6. Panels

Cand D are at pH 7.5.
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I. Chemical cross-linking

Cross-linking experiments were performed in order to confirm the dimerization step
in the folding reaction. The rationale behind these experiments was that intermolecular cross-
links would be more likely to form in the dimer rather than the monomer. The specific cross-
linkers chosen for these experiments, DMS and BS? (see below), react with primary amines
(such as lysine residues and the N-terminus of proteins). Dimeric procaspase-3 contains 44
lysines residues, 4 of which are on the surface of the protein and within 11 A to cross-link
across the dimer interface, as shown in Figure 1.

Kinetic studies rely on initial experiments to determine the correct amount of cross-
linker and the length of time to cross-link the protein. In order to avoid false positives (such
as cross-linked dimers when the dimer is not yet formed), the cross-linking reactions must be
quenched quickly, within seconds, as the protein is refolding during the cross-linking
reaction. Therefore the basic experimental design for the initial parameterization is as
follows. First the protein and cross-linker were mixed together for various amounts of time,
followed by the addition of a quencher (1M Tris pH 7). These reactions were then placed on
ice to further slow the cross-linking reaction. SDS-PAGE gels were then used to identify the
cross-linked products.

Initial experiments were employed with the cross-linking reagent, DMS (dimethyl
suberimidate), following previously determined conditions for procaspase-3 by a former
graduate student. DMS (Figure 2A) is a water soluble, homobifunctional imidoester cross-

linker. It reacts with primary amines at alkaline pH values (pH 8-10) (Figure 2B) to produce
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an amidine linkage.

Figure 1: Homology model of procaspase-3. The lysine residues on each monomer are
colored green or yellow. Based on this model, there are 4 lysines within 11 A across the
dimer interface (K186-K186, 10.02 A; K260-K137, 9.71 A; K242-K271, 9.52 A; K156-

K260, 9.87 A).
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Spacer Arm 11,0 A

Figure 2: A) DMS cross-linker; B) DMS cross-linking reaction
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Shown in Figure 3 are representative gels for the initial parameterization for DMS
cross-linking reactions with procaspase-3 in 0.73 M urea-containing buffer pH 7.5. The
protein was equilibrated in 0.73 M urea as a refolding / native control, previously determined
as the endpoint for the folding reaction. These experiments were performed at cross-linker
concentrations ranging from 5 to 1830 molar excess DMS to protein. Representative gels are
shown here. Procaspase-3 was mixed with either 50 (panel A) or 1830 (panel B) molar
excess of DMS for the times indicated in the figure. The reaction was then quenched with
1M Tris pH 7, followed by SDS-PAGE analysis.

The gels in Figure 3 display both monomer and dimer bands for both concentrations
of cross-linker (50 and 1830 molar excess DMS to protein). As expected, the amount of
dimer cross-linked with 50 molar excess of DMS (Figure 3A) is less than that cross-linked
with 1830 molar excess DMS (Figure 3B). In addition, the intensity of the bands does not
change over time indicating that the amount of protein cross-linked in short times (5 seconds)
is the same as at longer times (2 hours). Theoretically, the amount of protein cross-linked
should increase with longer cross-linking incubation times until the protein is 100% cross-
linked, which is not the case for DMS. This could be due to the fact that DMS works best at
high pH values (pH 8-10), while the protein in these experiments is in 0.73 M urea-
containing buffer at pH 7.5.

As an alternative to DMS, BS® is a cross-linker whose optimal activity fits within the
experimental conditions. BS® (Bis(Sulfosuccinimidyl) suberate) (Figure 4A) is a water

soluble, homobifunctional NHS-ester (N-hydroxysuccinimde) cross-linker. It reacts rapidly
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with any primary amine-containing molecule in pH 7-9 to form covalent amide bonds

(Figure 4B).

dimer

monomer

Figure 3: DMS initial parameterization. 8-15% SDS-PGE gel. Lanes: marker followed by
incubation time with cross-linker (no cross-linker, 5 sec, 10 sec, 15 sec, 30 sec, 1 min, 30
min, 1 hr, 2 hr). Monomer and dimer bands are marked. A) 50 molar excess DMS; B) 1830
molar excess DMS

A. B
: 0
g 0 0
0=% 0
%—qo/l\/\/\/\”/"“u [ uu, + )l\ _pHoT JL-’Q b
‘ 0 y T
Bs’ Amine=containing MNHS ester Amide bond
MW, 572.43 i molecule compound
Spacer A 11.4

Figure 4: A) BS® cross-linker; B) BS® cross-linking reaction

Shown in Figure 5 are representative gels for the initial parameterization for BS®

cross-linking reactions with 20 uM procaspase-3 in 0.73 and 8 M urea-containing buffer pH
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7.5 corresponding to the native and unfolded protein, respectively. These experiments were
performed at cross-linker concentrations ranging from 10 to 150 molar excess BS® to protein.
Representative gels are shown below. Procaspase-3 was mixed with either 10 (panel A) or
100 (panel B and C) molar excess of BS® for the times indicated in the figure. The reaction

was then quenched with 1M Tris pH 7, followed by SDS-PAGE analysis.

B. 23 456 78 9

23456 78 9

Figure 5: BS® cross-linking control reactions. Times listed are incubation times. 8-15% SDS-
PAGE. Lanes: 1 - marker, 2 - no BS®, 3 -5 sec, 4 - 10 sec, 5 - 30 sec, 6 - 45 sec, 7 - 1 min, 8 -
30 min, 9 - 1 hr. Monomer and dimer bands are marked. A) 10 fold molar excess of BS® to
protein in 0.73 M urea-containing buffer; B) 100 fold molar excess BS® to protein in 0.73 M
urea-containing buffer; C) 100 fold molar excess BS® to protein in 8 M urea-containing
buffer
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Figure 5A and B, SDS-PAGE gels for the native protein, display the migration of
both the monomer and dimer. As expected, the intensity of the dimer band increases with
increasing cross-linker incubation time, while the intensity of the monomer band decreases.
These results confirm that the dimer of procaspase-3 can be detected by this technique. The
SDS-PAGE gel for unfolded protein reveals that there is a background level of cross-linking
in 8 M urea-containing buffer. From these data, the cross-linker conditions were chosen.
Even though 100 fold cross-linker molar excess (Figure 5B) displays a greater shift in the
intensity of the monomer and dimer bands at short incubation times, the data also display
higher order species. Therefore lower concentrations of cross-linker were used in the
refolding experiments.

For the refolding reaction, 126.3 puM unfolded protein in 8 M urea-containing buffer
was mixed 1:11 with buffer, which diluted the final urea concentration to 0.73 M and
allowed the protein (11.5 uM final) to refold. Aliquots of the refolding reaction were mixed
with BS?® for 5 seconds. Then the cross-linking reaction was terminated with 1 M Tris pH 7
and analyzed by SDS-PAGE. Figure 6 shows representative gels for the refolding reaction
with 25 (panels A and B) or 10 (panels C and D) molar excess of BS®.

The native protein control and BS® (lanes 3, 8, 2 and 9 for Figure 3A, B, C and D,
respectively) confirm that the procaspase-3 dimer is able to be cross-linked with an
incubation time of 5 seconds. As was seen with the cross-linking controls (Figure 5),
oligomeric states of the protein are detected with the higher concentration of cross-linker. All

of the lanes show both monomer and dimer bands, which do not change in intensity over
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time (from refolding for 5 seconds to refolding overnight), indicating that the protein

dimerizes very quickly.

A 12345678910 B. 12345678
dimer
(5] T T— SE—— monomer [ L Y |
C. D.
12345678910 123456789
dimer
- o monomer - -

Figure 6: Refolding reactions. Monomer and dimer bands are marked. 8-15% SDS-PAGE.
Panels A and B: 25 molar excess of BS®. Panels C and D: 10 molar excess of BS®. Times
listed are refolding times. A) Lanes: 1 — marker, 2 — native protein, 3 — native protein control
and BS®, 4 — 5 sec, 5— 15 sec, 6 — 3- sec, 7 — 45 sec, 8 — 1 min, 9 — 1.5 min, 10 — 2 min. B)
Lanes: 1 —maker,2-3.3hr,3-3.5hr,4-3.7hr,5-3.8hr, 6 -4 hr, 7 —overnight, 8 —
native protein and BS®. C) Lanes: 1 — marker, 2 — native protein and BS®, 3 — native protein,
4 -5sec,5-10sec, 6 — 15 sec, 7 — 20 sec, 8 — 25 sec, 9 — 30 sec, 10 — 40 sec. D) Lanes: 1 —
marker, 2 -2.2hr,3-2.3hr,4-25hr,5-2.7hr,6—-2.8 hr, 7—3 hr, 8 — overnight, 9 —
native protein plus BS®.
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In order to confirm these results, a control experiment was conducted. Multiple
quenchers (1 M Tris pH 7.5 and 8.5 and SDS loading dye) were tested to verify the complete
termination of the cross-linking reaction. The controls for this experiment are native protein
alone (which should display a monomer band) and native protein incubated with BS® for 1 hr,
the recommended incubation time by the manufacturer (which should display both monomer
and dimer bands). 100 pM BS?® (10 fold molar excess) was mixed with quencher alone. After
5 seconds, 10 M procaspase-3 was added. SDS-PAGE was used to verify the cross-linked
products (Figure 7). Assuming the quencher binds to all available cross-linker, only a
monomer band for the protein should be detected. However, if the quencher does not
sequester all the cross-linker from the solution, BS® will still be able to bind to the protein,
resulting in dimer bands on the gel.

As expected, native protein (#1) only displays a monomer band and the 1 hr
incubation time (#3) displays both monomer and dimer bands for all three quenchers. The
results for the Tris quencher (#2, first and second column) at pH 7.5 or 8.5 display both
monomer and dimer bands, which indicate that these quenchers do not fully sequester the
cross-linker from the protein. Therefore all the results from the previous refolding cross-
linking experiments, in which Tris was used as the quencher, are most likely due to
background levels of cross-linking. However, SDS-loading dye was able to terminate the
cross-linking reaction (#2, third column) since only the monomer band is shown for this
reaction. Thus, SDS-loading dye was used to determine the conditions in which refolding

cross-linking experiments could be performed (Figure 8).
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dimer

monomer

Figure 7: 4-25% SDS-PAGE. Lanes: 1 — ntive protein; 2 — incubate BS® and quencher for 5
seconds, then add protein; 3- native protein and BS® incubated for 1 hr

Initial parameterization was conducted in the same manner as described above, except
using SDS to quench the reaction. Briefly, 10 uM native procaspase-3 in phosphate buffer
pH 7.5 was mixed with BS® concentrations ranging from 10 to 500 molar excess to protein
for the incubation times listed in Figure 8, followed by the addition of SDS-loading dye to
quench the cross-linking reaction.

As predicted, the SDS-loading dye quencher was able to eliminate the false positives
from the cross-linking reaction. The low BS® concentration, 100 uM, only cross-linked the
procaspase-3 dimer at longer incubation times (>15 min, lane 9 Figure 8A). 5000 uM BS?

cross-linked the procaspase-3 dimer at shorter incubation times (~1 min, lane 8 Figure 8B),
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completely cross-linking all the protein by 30 min (as shown by no monomer band in lane
10, Figure 8B). However, in order to use this technique to examine dimer formation in the
folding process of procaspase-3, BS® must be able to cross-link the protein in a short time
frame. Otherwise, the data will not accurately correspond to dimerization. Therefore, these
concentrations of cross-linker will not be able to detect dimer formation in the time frame
necessary for this experiment. Another option would be to increase the BS® concentration.
However, this option would use an abundant amount of cross-linker and is therefore not a
feasible experiment. Therefore, cross-linking experiments are not a viable technique to study

the rate of procaspase-3 dimerization.

1°2 3415 6 s tokdo (15123114 51671819110

dimer
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Figure 8: 8-15% SDS-PAGE. Monomer and dimer bands are marked. Lanes: 1 — marker, 2-
native protein, 3 — incubate BS® and quencher for 5 seconds, then protein was added, 4 — 5
sec, 5— 10 sec, 6 — 20 sec, 7 — 45 sec, 8 — 1.5 min, 9 — 15 min, 10 — 30 min. A) 10 fold molar
excess of BS®. B) 500 fold molar excess of BS®
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I1. Native gels

The rate of dimerization was accessed by examining a refolding reaction on a native
gel. First different protein concentrations (5, 10 and 20 uM protein) were tested in order to
determine the optimal amount of protein needed to visualize the results. As shown in Figure
9A, 20 UM procaspase-3 displayed the most visual bands and was therefore used in future
experiments.

Next an equilibrium urea titration was performed in order to examine the shift in the
monomer and dimer bands on the gel. As shown in Figure 9B, 0, 1 and 2 M urea-containing
buffer displayed 2 bands, whereas the higher urea concentrations (>3 M) displayed a very
high molecular weight band as well as smears. There were also very faint bands in the high
urea concentrations around the same location as the 0-2 M samples. However, the protein
species that exist in higher urea concentrations might not be populated in the refolding
experiment since it is performed in 0.8 M urea-containing buffer. Therefore, a refolding
experiment was conducted and the results examined on a native gel.

For the refolding reaction, 180 puM unfolded protein in 8 M urea-containing buffer
was mixed in a 1:10 ratio with buffer. Aliquots of the refolding reaction were added to SDS-
loading dye and placed on ice in order to stop the reaction. The samples were then analyzed
on a native gel. As shown in Figure 9C, the native protein control was the only visible band
on the gel. All other lanes displayed a very high molecular weight band (even after refolding

overnight, in which it is known that the protein is completely folded by then). Therefore,
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these experiments are not a viable technique to study the rate of dimerization of procaspase-

3.

B.
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Figure 9: Native PAGE analysis A) Initial parameterization N = native protein in 0.73 M
urea-containing buffer, U = unfolded protein in 8 M urea-containing buffer. Three protein
concentrations of 5, 10 and 20 pM are marked. B) Equilibrium urea titration experiment. The
numbers (0-8) listed above the lanes indicate the concentration of urea. The protein
concentration was 20 uM. The samples were incubated over night. C) Refolding experiment.
Times listed are refolding times. Lanes: 1 — marker, 2 — native protein in 0.8 M urea-
containing buffer, 3 — 30 sec, 4 — 2.5 min, 5 -5 min, 6 — 15 min, 7 — 30 min, 8 — 45 min, 9 —
1hr,10-15hr,11-2hr,12 -3 hr, 13-4 hr, 14 -5 hr, 15 — overnight refolding.
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I11. Procaspase-3 labeling with dansyl chloride

The purpose of these experiments was to determine if anisotropy could be used to
monitor the formation of monomeric and dimeric procaspase-3. A previous graduate student
had successfully labeled the pro-peptide with dansyl chloride and used our steady-state
fluorometer to detect binding to procaspase-3 (Pop et al., 2001). Therefore, these studies
focus on labeling procaspase-3 with dansyl chloride and measuring the anisotropy of the
protein versus urea concentration.

The labeling reaction was performed as described previously (Pop et al., 2001), with
some exceptions. 10 mg/mL procaspase-3 was incubated with 1 mg/mL dansyl chloride for 1
hr at 4 °C. Absorbance measurements at 340 nm (for dansyl chloride) and a Bradford assay
(for procaspase-3) were completed to ascertain the number of dansyl labeled amino acids per
procaspase-3. From multiple labeling experiments, it was determined that procaspase-3 was
labeled once to twice per monomer. These results were verified by mass spectrometry
analysis (Dr. Goshe lab, North Carolina State University).

Equilibrium unfolding experiments were performed with dansyl labeled procaspase-3
and the data were monitored by anisotropy. The results are shown in Figure 10. The data
from the urea denaturation experiment (Figure 10A) revealed protein concentration
dependence between 4 and 8 M urea. However, due to the absence of a post-transition,
equilibrium unfolding experiments were performed with GdmHCI since it is a stronger
denaturant. These studies (Figure 10B) demonstrate protein concentration dependence

between 1 and 2.5 M GdmHCI. Equilibrium unfolding experiments (monitored by CD and
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fluorescence) reveal that the protein is unfolded by 7.5 M urea (Bose and Clark, 2001). These
results indicate the dansyl labeled procaspase-3 is more stable than unlabeled protein.
Therefore, the label must be interacting with the protein somehow to increase its stability.

Future anisotropy studies were not performed with dansyl labeled procaspase-3.
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Figure 10: Equilibrium unfolding experiments of dansyl labeled procaspase-3 monitored by
anisotropy. A) Equilibrium unfolding in urea of 2 uM (©) and 4 uM (m) procaspase-3 was
measured by anisotropy (excitation 345 nm, emission 450 nm). B) Equilibrium unfolding in
GdmHCI of 2 uM (0), 4 uM (m) and 6 uM (A) procaspase-3 was measured by anisotropy
(excitation 345 nm, emission 450 nm).
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IV. Anisotropy

Anisotropy studies were performed to determine the rate of procaspase-3
dimerization. Initial studies were conducted with a SPEX Fluorolog-3 Research T-format
Spectrofluorometer at the Macromolecular Interactions Facility at the University of North
Carolina (Chapel Hill). The purpose of these experiments was to determine if there was a
difference in anisotropy between the native dimer and unfolded monomer forms of
procaspase-3 using the intrinsic fluorescence of the protein. Equilibrium samples at two
protein concentrations (5 and 15 pM) were prepared for the native and unfolded protein in
0.72 and 8 M urea-containing buffer, respectively. Excitations at 280 and 295 nm (Figure
11A) revealed a change in anisotropy between the native dimer (0.72 M urea) and unfolded
protein (8 M urea). This graph also displays the anisotropy of the dansyl labeled procaspase-
3 (see Section I11). These data support the conclusion that the label affected the protein, as
the native sample (Figure 11A) had a much higher anisotropy than the anisotropy determined
from the intrinsic fluorescence of the protein experiments.

Since the equilibrium data revealed a change in anisotropy between the native and
unfolded forms of the protein, continuous and discontinuous kinetic refolding assays were
performed in order to determine the rate of protein dimerization. These experiments were
conducted at multiple protein concentrations (5 and 15 uM), as well as excitation at both 280
and 295 nm. Unfolded protein was manually mixed with buffer, and the anisotropy was
collected continuously or at various time intervals. The dead time of these measurements was

about 20 — 30 seconds. The data, from both methods, overlay with the anisotropy value of the
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native protein as determined from equilibrium experiments (Figure 11B). These data indicate
that the protein reaches the anisotropy of the native dimer within the first 20 — 30 seconds of
the refolding reaction. Anisotropy measurements were then performed on a stopped-flow in

order to examine the short times in the refolding reaction.
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Figure 11: Anisotropy results. A) Equilibrium anisotropy of procaspase-3 in 0.72 and 8 M
urea. Intrinsic protein fluorescence was used to determine anisotropy with excitation at 280
nm (red) or 295 nm (blue) with emission at 335 nm. Dansyl-labeled procaspase-3 (green)
was excited at 345 nm with emission at 450 nm (see Section I1). The error bars represent the
standard deviation from two protein concentrations (5 and 15 uM for intrinsic fluorescence
and 2 and 4 uM for dansyl-labeled protein). B) Continuous and discontinuous kinetic
anisotropy studies. Equilibrium anisotropy for native and unfolded procaspase-3 with
excitation at 280nm, emission 335 nm (®).Anisotropy of the refolding protein (excitation 280
nm, emission 335 nm) was determined either by a continuous (5 uM protein, green A) or
discontinuous (15 uM protein, red ) assay.

As stated in Chapter 11, stopped-flow anisotropy refolding studies revealed a
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cooperative burst phase versus urea. Unfolded protein in 8 M urea-containing buffer was
mixed with various urea concentrations and the burst phase signal plotted against the final
urea concentration. Multiple independent stopped-flow anisotropy experiments were
performed at various protein concentrations (3.25, 5 and 15 puM) in order to determine the
protein concentration dependent step in the folding reaction. The anisotropy burst phase
signal is not protein concentration dependent (Figure 12A), suggesting that the species
formed in the burst phase was monomeric. On the other hand, the burst phase signals
revealed a cooperative transition that is different from the anisotropy of the unfolded
monomer. In addition, the burst phase signal for the refolding protein at low urea
concentrations was similar to the anisotropy of the native dimer (Figure 12B and C). These
data suggest that the dimer was formed in the burst phase.

To confirm these results, equilibrium unfolding anisotropy studies were performed on
the SX18 stopped-flow. The dansyl label affects the stability of procaspase-3. Therefore, the
intrinsic fluorescence of the protein was used to monitor anisotropy. The SX18 has a
polarization accessory, which accommodates monitoring intrinsic fluorescence in house.
Equilibrium unfolding samples (5 mL) were prepared at various final urea concentrations. A
1:1 mixing ratio was used on the stopped-flow and data were collected with excitation at 280

or 295 nm, emission with a cut-off filter at 305 nm.
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Figure 12: Stopped-flow anisotropy burst phase studies. A) Refolding burst phase with
excitation at 295 nm versus several final urea concentrations for 3.25 (0), 5 (o) and 15 (A)
MM procaspase-3. Average refolding burst phase (o) with excitation 280 nm (panel B) or 295
nm (panel C). The anisotropy of the native dimer is shown (®). The error bars represent 3
protein concentrations and 2 independent experiments.

The equilibrium unfolding anisotropy results are shown in Figure 13. The data
demonstrate protein concentration dependence between 5 and 8 M urea with excitation at

both 280 and 295 nm. These results are in agreement with dimer dissociation found by
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equilibrium unfolding studies with fluorescence and CD studies (Bose and Clark, 2001). In
addition, the results indicate that if dimerization was occurring in the burst phase, anisotropy
studies would display protein concentration dependence. Therefore, steady-state anisotropy

results support the hypothesis that the burst phase species in anisotropy are monomeric.
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Figure 13: Equilibrium unfolding detected by anisotropy with excitation at 280 nm (panel A)
or 295 nm (panel B). 2 uM (A), 5 uM (o) and 15 uM (o) procaspase-3. Error bars represent
the standard deviation for two independent experiments.
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V. Collaboration with David A. Johnson at University of California, Riverside

The main purpose of this collaboration was to determine the lifetime of the
monomeric and dimeric forms of procaspase-3. Similar lifetimes of monomeric and dimeric
procaspase-3 would indicate that the differences observed in the steady-state anisotropy are
significant. However, if the lifetimes of these two forms were different, the change in steady-
state anisotropy would be an artifact. Time-resolved anisotropy studies were performed on
the native dimer and unfolded monomer of procaspase-3. This technique measures the
fluorescence intensity / anisotropy decay associated with one light pulse, as opposed to
continuous illumination with steady-state anisotropy.

The time dependence of fluorescence anisotropy was determined by the single-
photon-counting technique (Hanson et al., 1981) with an EEY scientific nanosecond
spectrofluorometer (La Jolla, CA). The vertically and horizontally polarized fluorescence
decays were collected by exciting samples with vertically polarized light (295 nm) while
orienting the emission polarizer in a vertical (lyy) or horizontal (lyy) direction. Excitation
and emission bands were selected with a Glan Thompson polarizer and filter (#59460),
respectively.

Native and unfolded procaspase-3 samples were prepared. The fluorescence intensity

decay data, I(t), were best fit by a sum of two exponentials:
-t -t
I(t) = oy exp(—) + o, exp(—) 1)
2] 7

described as the intensity (I), the pre-exponential factors (o and a) and fluorescence lifetime
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(t1 and 12). Time-resolved anisotropy analysis of the native dimer and unfolded monomer of
procaspase-3 revealed similar amplitude weighted-averaged lifetime values (<t>) of 3.26 £
1.5 nsec and 3.41 + 1.5 nsec, respectively. Therefore, the steady-state anisotropy results
cannot be explained by a change in the lifetime of the protein. In other words, the difference
in anisotropy between the native dimer and unfolded monomer is authentic.

Further collaboration with David A. Johnson focused on identifying the location of
the two tryptophan residues in the active site (ie buried or solvent exposed). The homology
model of procaspase-3 (Figure 14) suggests that W214 is buried in the active site, whereas
W206 is solvent exposed in each monomer. Based on the homology model, W214 is
stabilized by its location at the end of a helix, implying this residue is less flexible than the
other active site residue W206, which is found on one of the active site loops. However,
previous biochemical studies indicated that the tryptophan residues of procaspase-3 were in
similar orientations as in caspase-3 (Bose et al., 2003). To validate these results, steady-state
and time-resolved anisotropy studies were performed on wild-type procaspase-3 (C163S) and
two single tryptophan procaspase-3 mutants (W206Y C163S and W214V C163S). These
proteins were purified as described previously for procaspase-3 (Chapter V).

Equilibrium samples (1.5, 5 and 15 pM procaspase-3) from 0 to 9 M urea-containing
buffer pH 7.5 at half molar increments were prepared in duplicate. Experiments were
conducted on a FluorMax spectrofluorometer (Horiba Jobin Yvon). Fluorescence intensity

data (lvv, Ivh, Inn and Iyy) were collected with excitation at 280 or 295 nm (emission at 335

198



nm) and Glan Thompson polarizers. The correction factor, G, was calculated using Equation

2. The anisotropy was then calculated using Equation 3.

G = tnv @)

. l—2xGx 1, 3)

I +2xG x|,

These results were then plotted versus the final urea concentration (Figure 15).

Equilibrium anisotropy results (Figure 15 and Table 1) revealed protein concentration
dependence between ~5 and 7 M urea for all three proteins. This transition is associated with
the dissociation of the dimer, as was detected by equilibrium fluorescence and CD studies
(Bose and Clark, 2001). These data were similar to the results obtained on the SX18 stopped-
flow instrument for procaspase-3 C163S, confirming the steady-state anisotropy data
collected on the stopped-flow. In addition, the plateau values were similar for all three
proteins, indicating that the form of the protein at low concentrations of urea has a similar
rigidity in all three proteins. The change in anisotropy at low urea concentrations is scatter

caused by precipitation in the samples.
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Figure 14: Homology model of procaspase-3. W206 is yellow and W214 is green.

Table 1: Protein concentration dependence and plateau anisotropy for procaspase-3 mutants

from Figure 15.

ex 280 nm ex 280 nm ex 295 nm ex 295 nm
procaspase-3 [protein] dep. plateau [protein] dep. plateau
C163S 6-7 M urea 0.088 6-7.5 M urea 0.22
W206Y C163S 5.5-7 M urea 0.096 5.5-7 M urea 0.24
W214V C163S 5-6.5 M urea 0.095 5-6.5 M urea 0.23
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Figure 15: Equilibrium anisotropy of procaspase-3 C163S (panels A and B), W206Y C163S
(panels C and D) and W214V C163S (panels E and F) versus urea concentration. Excitation
at 280 nm (panels A, C and E) and 295 nm (panels B, D and F) and emission at 335 nm.
Protein concentrations: 1.5 uM (0), 5 uM (o) and 15 pM (A). Error bars represent the
standard deviation from two independent experiments.
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The equilibrium anisotropy data can also provide information on the stability of a
protein. These data indicated that W214V C163S is less stable than C163S and W206Y
C163S since the protein concentration dependent transition occurred at lower urea
concentrations. The results suggested that W206 assists in stabilizing the protein. Since
equilibrium anisotropy studies only provided comparison of the proteins (such as stability
and rigidity), time-resolved anisotropy studies were performed in order to examine the
orientation of the tryptophan residues in the active site.

In order to verify that the mutations do not greatly affect the secondary or tertiary
structure of the protein, near- and far-UV studies were performed. As shown in Figure 16, the

tryptophan mutants had similar secondary and tertiary structures to wild-type procaspase-3.
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Figure 16: Far-UV (panel A) and near-UV (panel B) CD spectra of procaspase-3 mutants:
C163S (black o), W206Y C163S (blue o) and W214V C163S (red A).
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Time-resolved anisotropy studies were performed on native procaspase-3 C163S,
W206Y C163S and W214V C163S (Figure 17). The fluorescence anisotropy data, r(t), were
best fit by a sum of two exponentials (Gangal et al., 1999):

r(t) = r[foexp(—t/dg) + f-exp(-t/d.)] 4)

fg + fr =1 5)

where ry is the limiting anisotropy, fs and fr are the pre-exponential weighting factors, and
dsand @ are the slow and fast rotational correlation times, respectively. The fast
exponential (fr or @) represents the backbone motion of the tryptophan. The slow
exponential (fs or @ ) represents whole-body rotations of the protein. The time-resolved
anisotropy data (Figure 17A) were fit with Equation 4 in order to determine the rotational
correlation times (® s and @) of each exponential. The first rotational correlation time (¢1)
for W206 Y (W214 reporting) was lower (slower tryptophan movement) than the other two
mutants. This observation suggested that W214 was more immobile than W206. The second
rotational correlation time (¢,) was similar for all three proteins. For a ~60 kDa protein, the
whole-body rotational correlation time is ~25 nsec. Therefore, these results confirmed that
the procaspase-3 mutants were dimers under native conditions.

To further examine the orientation of the tryptophan residues in the active site of
procaspase-3, quantum yield measurements were performed. Fluorescence quantum yield is
defined as the ratio between emitted and absorbed photons (Lakowicz, 2006). Absorbance

and fluorescence emission spectra of the procaspase-3 mutants were collected and compared
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Figure 17: Time-resolved anisotropy data for procaspase-3 mutants under native conditions.
A) Anisotropy decay data for procaspase-3 C163S (black), W206Y C163S (red) and W214V
C163S (blue) versus time. IRF (instrument response function) is grey. Rotational correlation

time 1 (panel B) and 2 (panel C) for procaspase-3 mutants determined from anisotropy data
analysis.

to a tryptophan control. The quantum yield was calculated using Equation 6.

| . 0D,
Q=QR><(E)><(OD) (6)
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where Q is the quantum yield, 1 is integrated intensity, OD is optical density and subscript R
is reference (tryptophan).

The absorbance scan (250-350 nm) for each protein and the tryptophan control is
shown in Figure 18A. All of these scans displayed the characteristic peak for tryptophan
residues, as shown by the tryptophan control. This provides evidence that the two

tryptophans in the active site were not directly interacting.
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Figure 18: Absorbance (panel A) and fluorescence emission with excitation at 295 nm (panel
B) scans of procaspase-3 mutants: 10 uM C163S (blue 0), 20 uM W206Y C163S (green A),
20 uM W214V C163S (black o). 20 uM tryptophan (red 0).

The fluorescence emission spectrum for each procaspase-3 mutant and tryptophan
control is shown in Figure 18B. As expected, the emission maximum of the tryptophan
control was 350 nm. The emission maximum for the W206Y C163S (W214 reporting) was

blue
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shifted compared to wild-type C163S, indicating that W214 was buried in the active site.
This was supported by the procaspase-3 homology model.

Using Equation 6, the quantum yields for procaspase-3 C163S, W206Y C163S and
W214V C163S were 0.074, 0.047 and 0.036, respectively. These values suggested that the
tryptophans could be interacting due to the fact that addition of the quantum yields from the
two single tryptophan mutants (0.083) was larger than wild-type C163S.

In order to determine if there is an interaction between the tryptophan residues in the

active site, the weighted average of W206Y and W214 was calculated using Equation 7.

a(t) xQ, + b(t) xQ,

t) =
") Q. +Q,

(")

where r(t) is anisotropy, a(t) is anisotropy decay of W206Y, b(t) is anisotropy decay of
W214V and Q, and Qy, are the quantum yields of W206Y and W214V, respectively. The
result is shown in Figure 19. Wild-type procaspase-3 C163S decayed slightly faster than the
weighted average. This result is consistent with some Forster Resonance Energy Transfer
(FRET) between the two tryptophans, as indicated by an increase in the anisotropy decay.
The collaboration with David A. Johnson at the University of California, Riverside
provided the following conclusions. First, the lifetime of the native dimer and unfolded
monomer were similar, indicating that the changes in anisotropy observed in the steady-state
results are authentic. Second, time-resolved anisotropy studies revealed that W214 is
immobile, supporting the fact that it is buried in the active site. Third, the fluorescence

emission spectrum of W214 revealed a blue shift compared to wild-type procaspase-3,
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indicating that it is buried in the active site. Fourth, quantum yield values suggested that the
tryptophans may be interacting. The microenvironments of the two tryptophan residues in
each monomer are not in the same orientation (based on the procaspase-3 homology model).
Therefore, an average of four signals can be detected in wild-type procaspase-3, which
results in complicated data analysis. This complexity still exists in the single tryptophan
mutants, since the two tryptophans could be in different configurations in each active site.

Thus, time-resolved anisotropy data is extremely complicated and unresolved.

o
[

Anisotropy

0.05 |

n n P BRI B n n L
0 5 10 15 20 25 30
Time (ns)

Figure 19: Time-resolved anisotropy data for procaspase-3 C163S (blue) and weighted
average (red) of W206Y C163S and W214V C163S. IRF is grey.
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VI. Differential quenching by acrylamide

Stopped-flow fluorescence and CD studies were unable to detect the dimerization
step in the kinetic folding of procaspase-3. Therefore, differential quenching by acrylamide
was adapted for kinetic folding experiments. These experiments are typically used in
equilibrium experiments to investigate the solvent accessibility of tyrosine or tryptophan
residues in a protein. Based on examples of differential quenching used in kinetic folding
studies (Schulenburg et al., 2007; Vanhove et al., 1998), initial experiments focused on the
practical aspects of the experiment (concentration of quencher, where and when the quencher
should be added to the folding experiment, etc).

Previous studies showed that 0.7 M acrylamide provided the greatest difference in
signal between native and unfolded protein (Bose et al., 2003). Therefore, this concentration
of quencher was used in the initial studies. Acrylamide was tested in both protein and buffer
solutions in order to determine if the quencher affects the folding process. Initial
parameterization results suggested that the acrylamide interacts with the unfolded form of the
protein when added to the protein solution, but not with the refolding reaction when it is
included in the buffer solution. Other groups have used quencher in the buffer solutions
(Schulenburg et al., 2007; Vanhove et al., 1998), which supports these results. Therefore
acrylamide was used in the urea solutions for these experiments.

Chapter IV describes the results obtained for procaspase-3 kinetic refolding studies
with 0.7 M acrylamide. In order to examine if acrylamide affects the folding process of the

protein, multiple quencher concentrations (0.1 and 0.4 M acrylamide) were tested. These
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experiments were performed with the same procedure as was used with 0.7 M acrylamide.
Multiple protein concentrations (2 and 5 UM procaspase-3) were also examined.
Representative results are shown in Figure 20. The burst phase (Figure 20A) displayed a
cooperative transition, which was similar for all three acrylamide concentrations examined.
These data verified that the acrylamide did not affect the structure or formation of the burst
phase species. The rates of procaspase-3 refolding were also examined versus acrylamide
concentration. As shown in Panels B and C of Figure 20, the concentration of acrylamide did
not affect the rate of refolding of the protein. In addition, the data did not display protein
concentration dependence, as was observed in the 0.7 M acrylamide reactions. Combined,
these results showed that acrylamide did not interfere with the folding process of procaspase-

3. Therefore, the results determined from 0.7 M acrylamide were valid.
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Figure 20: Differential quenching by acrylamide. A) Burst phase versus urea concentration
for 5 UM procaspase-3 with 0.1 (0), 0.4 (o) or 0.7 (A) M acrylamide. B and C) Rates (sec™)
of procaspase-3 refolding in the presence of 0.1 M (+, x, ¢), 0.4 M (o, A,0) or 0.7 M (e, A,
m) acrylamide. Shown in panels B and C are procaspase-3 concentrations of 5 uM for 0.7 and
0.1 M acrylamide and 2 uM for 0.4 M acrylamide.
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VII. Procaspase-3 D3A studies
A. Activity assays

Activity assays were performed with a catalytically active mutant of procaspase-3, in
which the three processing sites have been mutated to alanines (D3A). Various
concentrations of the protein (ranging from 0.5 to 7 uM) were incubated in 0.73 M urea-
containing buffer overnight. The activity was tested with a fluorogenic substrate (100 uM)
and 400 nM protein (red columns, Figure 21A). To verify that the volume of protein added to
the cuvette was not effecting the activity reading, protein samples were diluted to 0.5 puM,
incubated for 5 minutes, then tested for activity (blue bars, Figure 21A). The results of these
two experiments were similar. The activity decreased as the protein concentration is
increased. These results were most likely due to aggregation of the protein at higher protein
concentrations.

Similar results were observed in the return of activity studies with procaspase-3
(D3A). Unfolded protein was mixed 1:10 with buffer and aliquots of the refolding reaction
were tested for activity. As shown in Figure 21B, the activity increased with increasing
refolding time. The higher protein concentrations reached maximal activity faster than the
lower protein concentrations, indicating that this folding process was the dimerization of
procaspase-3. In addition, the maximum activity obtained was higher with lower protein

concentrations, as was seen with the native controls.
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Figure 21: Activity studies with procaspase-3 D3A. A) Initial velocity of native 0.5, 1.5, 3
and 7 uM procaspase-3 D3A was determined under standard (red) or diluted (blue)
conditions. Standard conditions are 400 nM procaspase-3, 1 mM DTT, 100 uM substrate and
0.73 M urea-containing potassium phosphate buffer pH 7.5. For the diluted reactions, the
protein was diluted to 0.5 pM, incubated for 5 minutes at 25 °C, and then tested for activity.
Error bars represent the standard deviation from 2 independent experiments. B) Initial
velocity measurements observed at various refolding times in minutes (as indicated on the x-
axis) of 0.5 uM (©0), 1.5 uM (o), 2.5 uM (A) and 5 uM (0) procaspase-3 D3A.

B. Kinetic studies

Activity studies were used to determine the rate of procaspase-3 dimerization.
However, these studies were performed with active procaspase-3 (D3A), while the kinetic
data was collected with the inactive procaspase-3 (C163S). Therefore, stopped-flow and
hand-mixing experiments were performed with the active procaspase-3 mutant to verify that
there was no difference in the kinetic folding pathway of these two proteins.

Stopped-flow fluorescence (excitation at 280 nm) and far-UV CD (228 nm)

experiments were performed with procaspase-3 D3A. These data revealed the same number
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of phases and rates of these phases, representative plots of which are shown in Figure 22. The
burst phase signals (Figure 22A) were similar for both the fluorescence and CD
measurements. Stopped-flow CD studies with procaspase-3 D3A also revealed a lag phase,
as was shown with procaspase-3 C163S. The lag phase for both mutants is shown in Figure
22B versus the final urea concentration. These data were similar and were not protein
concentration dependent. The slow phase in the refolding reaction of procaspase-3 was also
investigated. The results for the CD hand-mixing experiments are shown in Figure 22C. In
these experiments, unfolded protein was mixed with buffer, and the far-UV CD (228 nm)
signal was monitored over time. Procaspase-3 C163S data displayed a single exponential
phase with a rate of 0.027 min™ and were not protein concentration dependent (see Chapter
IV). Procaspase-3 D3A data also displayed a single exponential phase with a rate of 0.030
min™ and were not protein concentration dependent. The kinetic studies with the D3A mutant
were similar to the C163S mutant. Therefore the activity studies provide a valid method to
determine the rate of dimerization of procaspase-3.

To verify that the substrate does not increase the rate of refolding of procaspase-3,
hand-mixing CD studies were performed with an inhibitor, DEVD-CHO. The inhibitor did
not affect the native or unfolded protein signal (data not shown). In addition, the inhibitor did
not increase the rate of procaspase-3 D3A refolding (Figure 20C). The data were fit to a
single exponential with a rate of 0.033 min™*, which was similar to the rate in the absence of

inhibitor. Therefore, the inhibitor had no effect on the rate of refolding of procaspase-3.
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Figure 22: Kinetic studies with procaspase-3 D3A. A) Burst phase signal. Unfolded protein
was mixed with various urea-containing buffers for the final urea concentrations shown in
the figure. 8 uM stopped-flow CD, procaspase-3 C163S (black, A) and D3A (green, A). 1
1M stopped-flow fluorescence, excitation at 280 nm, procasaspe-3 C163S (red, o) and D3A
(blue, m). B) Lag time versus the final urea concentration for stopped-flow CD data. 4 (o), 8
(o) and 12 (A) uM procaspase-3 C163S. 8 (@) and 10 (m) uM procaspase-3 D3A. C) Slow
phase in refolding monitored by far-UV CD (228 nm). 80 uM unfolded procaspase-3 was
hand-mixed with buffer, and the far-UV CD signal was monitored over the time (red, o). For
a control, the refolding reaction also included 20 puM inhibitor (DEVD-CHO) (black, o).
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I. Preparation of 10 M urea stock

This protocol, adapted from the method described by Pace (1986), describes the

preparation of 100 mL of a 10 M urea stock containing 50 mM potassium phosphate buffer,

pH 7.5. One should use an analytical balance that measures accurately to + 0.1 mg.

Potassium phosphate buffer is prepared separately in a volumetric flask (100 mL) using the

chemicals in step 1 below and distilled, deionized water.

1.

Separately weigh 191 mg of potassium phosphate monobasic, KH,POy4, and 650 mg
of dibasic, anhydrous dipotassium hydrogen phosphate, K;HPO,4 on weigh paper.
Weigh 60.0 g of ultra pure urea (purity > 99%) in a weigh boat.

Combine both phosphates in a beaker with a minimum capacity of 200 mL, add a
clean, dry stir bar, place on a scale and tare. Add the urea into the beaker and record
the weight.

Add distilled, deionized water into the beaker to a weight of 114.6 g. Record the
weight.

Cover the beaker and stir until the urea dissolves completely. One should expect this
to take three to four hours.

When dissolved, check the pH using a recently calibrated pH meter. If the pH needs
to be adjusted, then correct to pH 7.5, accordingly.

Filter the urea stock with 0.45 um filter.

Once the urea stock is prepared, the molarity is determined based on the recorded

weights from steps 3 and 4 and from the refractive index. First, calculate the molarity
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based on the recorded weights using Equations 1-4.

d/do = 1 + 0.2658w + 0.0330wW* 1)
where d/d is the specific gravity of the solution and w equals the weight of urea (g) divided
by the total weight, as shown in Equation 2.

w=60.0 g+ 114.6 g = 0.52356

d/do= 1 + 0.2658(0.52356) + 0.0330(0.52356)> )
d/do = 1.1482
The volume of the solution is then calculated as shown in Equation 3.
V = (total weight) + (d/dp) = 114.6 g + 1.1482 g¢/mL =99.8084 mL  (3)

Finally, the molarity of the solution based on the recorded weight is calculated as shown in
Equation 4.

M = (weight of urea) + (MW X Vol (L)) 4)
M = (60.0 g) + (60.06 g/mol x 0.0998084 L) = 10.00 M
Next, a refractive index is obtained for two solutions, a buffer blank, which in this case is
50 mM potassium phosphate, and the prepared urea stock. Add one drop of the phosphate
buffer to the refractometer, and record the reading. Clean the lens with ethanol, and repeat
this step using the 10 M urea stock.
Once the refractive indices have been recorded, calculate AN, the difference in the
refractive index between the two solutions, as shown in Equation 5.
AN = Rlyreq - Rlpusrer = 1.4208 - 1.3379 = 0.0829 (5)

This value is used in the following empirical formula (Equation 6) to calculate the molarity
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of the solution based on the refractive index:
M = 117.66(AN) + 29.753(AN)? + 185.56(AN)* (6)
M =117.66(0.0829) + 29.753(0.0829)? + 185.56(0.0829)° = 10.06 M
If the difference in the calculated molarity from each method is less than 10%, then the urea
may be used. If it is greater than 10%, then the urea must be prepared again. Upon

completion, the urea may be stored at -80 °C until used.

REFERENCES

Pace, C. N. (1986). Determination and analysis of urea and guanidine hydrochloride
denaturation curves. Methods in Enzymology 131, 266-28

I. Preparation of 8 M guanidine hydrochloride stock

This protocol, adapted from the method described by Pace (1986), describes the
preparation of 100 mL of a 8 M guanidine hydrochloride (GdmHCI) stock containing 50 mM
potassium phosphate buffer, pH 7.5. One should use an analytical balance that measures
accurately to + 0.1 mg. Potassium phosphate buffer is prepared separately in a volumetric
flask (100 mL) using the chemicals in step 1 below and distilled, deionized water.

9. Separately weigh 191 mg of potassium phosphate monobasic, KH,PO,, and 650 mg

of dibasic, anhydrous dipotassium hydrogen phosphate, K;HPO,4 on weigh paper.
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10. Weigh 76.4 g of ultra pure GAmHCI in a weigh boat.

11. Combine both phosphates in a beaker with a minimum capacity of 200 mL, add a
clean, dry stir bar, place on a scale and tare. Add the GAmHCI into the beaker and
record the weight.

12. Add distilled, deionized water into the beaker to a weight of 118.7 g. Record the
weight.

13. Cover the beaker and stir until the GdmHCI dissolves completely.

14. When dissolved, check the pH using a recently calibrated pH meter. If the pH needs
to be adjusted, then correct to pH 7.5, accordingly.

15. Filter the urea stock with 0.45 um filter.

16. Once the GAmHCI stock is prepared, the molarity is determined based on the
recorded weights from steps 3 and 4 and from the refractive index. First, calculate the
molarity based on the recorded weights using Equations 7-9.

d/do =1 + 0.2710w + 0.0330wW* (7
where d/d is the specific gravity of the solution and w equals the weight of GdAmHCI (g)
divided by the total weight, as shown in Equation 8.
w=76.49+118.7 g=0.64364
d/do= 1 + 0.2710(0.64364) + 0.0330(0.64364) (8)
d/dp = 1.1881
The volume of the solution is then calculated as shown in Equation 9.

V = (total weight) + (d/dp) =118.7 g + 1.1881 g/mL =99.9074 mL  (9)
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Finally, the molarity of the solution based on the recorded weight is calculated as shown in

Equation 10.

M = (weight of urea) + (MWyra X VoI (L)) (10)
M = (76.4 g) + (95.53 g/mol x 0.0999074 L) = 8.00 M
Next, a refractive index is obtained for two solutions, a buffer blank, which in this case is
50 mM potassium phosphate, and the prepared GdmHCI stock. Add one drop of the
phosphate buffer to the refractometer, and record the reading. Clean the lens with ethanol,
and repeat this step using the 8 M GdmHCI stock.
Once the refractive indices have been recorded, calculate AN, the difference in the
refractive index between the two solutions, as shown in Equation 11.
AN = Rlggmnci - Rlpufrer = 1.4655 - 1.3345 = 0.131 (11)
This value is used in the following empirical formula (Equation 12) to calculate the molarity
of the solution based on the refractive index:
M = 57.147(AN) + 38.68(AN)? + 91.60(AN)? (12)
M =57.147(0.131) + 38.68(0.131)? - 91.60(0.131)°=7.94 M
If the difference in the calculated molarity from each method is less than 10%, then the
GdmHCI may be used. If it is greater than 10%, then the GdmHCI must be prepared again.

Upon completion, the GAmHCI may be stored at -80 °C until used.
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I11. KINSIM
KINSIM allows the user to simulate user-defined mechanisms. A brief description of
the program and its advantages is given in Chapter Il. A more detailed procedure will be
described here.
1) KINSIM can be downloaded from Carl Frieden’s website

(http://www.biochem.wustl.edu/cflab/message.html). There is also a help manual and

basic instructions listed on the website.

2) Write the mechanism. An example mechanism is shown in Figure 2. Save the
mechanism as a text file in the KINSIM folder.

3) To open, double click “KINSIM40”. The program will look like Figure 1. From this
screen, the user will be able to upload a mechanism and change parameters, such as
time, protein concentration and the rate constants.

4) The mechanism text file needs to be converted to a “sim” file. Type “O” for “compile
mechanism to .sim file” on the KINSIM main screen. Type the mechanism file name
(ie apaf.txt). Enter. Type the output file name (ie apaf.sim). Enter. The screen should

then read “successful completion™.
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Y
H
C
K
F
T
D
L
P
I
A
0
S
R
H
G
0

Your option:

OPTIONS
View mechanism
Load mechanism

Change
Change
Change
Change
Toggle
Toggle
Toggle
Toggle

concentrations

rate constants

output factors

time factors

display output

list output

display color
inclusion of real data

Convert ascii to =.rdf file
Compile mechanism to =.sim file
Save parameters

Restore parameters

Help

GO (simulate)

Quit

Figure 1: KINSIM main screen.
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Figure 2: KINSIM mechanism. A) Mechanism from panel B written in text format. The first
line is the title of the mechanism. A reversible reaction is denoted by 2 equal signs (==). The
reaction can be written on one line or on separate lines as shown here. A The output list
(X1*B, X2*A, etc) will be what is displayed on the screen. B and C) Parallel mechanism for
Apaf-1 CARD. In panel C, there are 3 unfolded states of the protein, Uy, U, and Us. U; and
U, are able to fold directly into the native state, N. U3 is able to form U; or U,. The unfolded
states of the protein are able to interconvert. Panel B is the same as panel C except that the
letters are different due to the fact that the program would read U2 and U3 as a dimer and
trimer of U, respectively. Therefore, these letters were changed to A (U;), C (U) and D (Us)
for simplicity. The red numbers written above each step of the reaction indicate the rate. For
example, Kkj is the rate from U; to N or A to B and k., is the rate from N to U; or B to A. The
rates are assigned in the order that they are written in the text file. D) View mechanism from
the main screen. The title of the mechanism is listed at the top of the screen. The mechanism
will be broken into steps. This allows the user to verify that the mechanism is correct.
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5) Load the mechanism. Type “M” for “load mechanism” on the KINSIM main screen.
Type the .sim file name (ie apaf.sim). Enter.

6) View mechanism. Type “V” for “view mechanism on the KINSIM main screen. An
example is shown in Figure 2D.

7) Parameters. Listed are the parameters and descriptions of each parameter. Also listed
are two examples (i and ii under each parameter) for the Apaf-1 CARD simulations
with the mechanism in Figure 2. After entering the values for each parameter,
“control E” enter to return to the main menu.

a. “C” for change concentrations. The protein concentration is in uM. For the
Apaf-1 CARD example, the total protein concentration is 10 pM. These
values are similar to percentage.

i. A=0.7,C=83,E=1(7%A, 83% B, 1% E)
ii. A=9,E=1(90% A, 10% E)

b. “K” for rate constants (sec™). Try to set these values as close to the
experimental values as possible. It is a good idea to start with one branch/step
of a pathway, instead of filling out all the values at once. Burst phases are
difficult to simulate. For a true burst phase, the rate needs to be about 5000
sec™’. However, occasionally this value causes the program to crash. If this
occurs, change the protein concentrations. For example, if A goes to B in the
burst phase, instead of 10 A - B with a rate of 5000 sec™, use A = 10 B with

a rate of 0 sec™.
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i) ki =5000, ks =0.6, k3=0.01, ks =0.6, k4 =0.01, ks =37, k.5 =
13 for both Apaf-1 CARD examples
c. “F” for output factors. Output factors are defined as signal/[protein]. Output
factors are calculated by dividing the signal of the species, taken from the
experimental data, by the protein concentration. For the Apaf-1 CARD
example, the protein concentration is 10 pM. Therefore, the signal of the
species is divided by 10 in order to obtain the output factor.
i. X1 =0.0086 for both Apaf-1 CARD examples
d. “T” for time factors.
i. delta time: is the time step used in solution of the mechanism (0.001
seconds). If the program crashes, try changing this value.
ii. logscale =1 yes
iii. iterations/pt =1
iv. run time: length of simulation (10 seconds)
v. Ymax: signal maximum on the screen (obtained from the experimental
data) — 0.1 for Apaf-1 CARD examples
vi. Flux tolerance and integral tolerance: control the numerical method
used for solution of the mechanism (if the program crashes, try
lowering the flux tolerance)
e. “G” for go (simulate). Simulates the mechanism with the parameters entered.

8) Experimental data can also be uploaded into KINSIM. First, the file must be
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converted to an .rdf file. In order to do this, open the file in KaleidaGraph. Each
experimental run needs to be saved individually in KaleidaGraph and then exported to
a text file. In KaleidaGraph, “file”, “export”, “tab-delimited text”. In KINSIM, type
“A” (convert asii to .rdf file). Enter.
a. Use an old batch conversion file (Y/N) [N]: enter
b. Name for the conversion file is DEFAULT.CVT (Y/N)[Y]: enter
c. Does the ascii file have headers or comments (Y/N)[N]: Y enter
d. Do you want the ascii files inverted (Y/N)[N]: enter
e. Do you want the y-values shifted (Y/N)[N]: enter
f. How many files to process: insert the number of files to process
g. Input the name of the ascii data file to convert: insert file name .txt Enter
h. Enter a name for the RDF file: insert file name .rdf Enter. Now KINSIM will
display the file. Be sure to take note where the first and last lines of the data
are. The first line will most likely be line 2. Keep hitting Enter until you reach
the next question. Type “2” to continue, unless you need to see the lines again.
i. Enter 1* line of data: example “2”. Enter
j. Enter last line of data: example “1001”. Enter.
k. The X,Y data is in 2 columns, so hit Enter.
I. Do you want to modify x and y-values (Y/N)[N]: Enter
m. You need to enter a zero time point, 0.0001 Enter

n. Enter name of creator: Enter
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0. Would you like to include a comment (Y/N)[N]: Enter

p. FILE CONVERTED!

9) To upload the converted experimental data into KINSIM, type “I” (toggle inclusion
of real data).

a. Input the number of files to include: the user may upload multiple converted
files, such as unfolded and native controls and the experimental data to be
simulated.

b. Enter file name: use the .rdf file name. KINSIM will show the file parameters
on the screen. Check to make sure that it is the correct file. “Control E” Enter.
Note: when you include experimental data, it changes the time factors to fit
the experimental data. Therefore, if these are not the time factor parameters
that are needed, go back to the time factor parameters and correct the values.

10) “S” for save parameters. This will save the current parameters (requires a file name).

11) “R” for restore parameters. Once a mechanism is loaded, the user can recall saved
parameters.

12) “L” for toggle list output. This parameter allows the user to export the simulation into
KaleidaGraph. Enter a file name. Enter. The user must then simulate the data (“G”).
The file may then be opened in KaleidaGraph. All the parameters will be listed in the
file, which is located in the KINSIM folder.

13) If KINSIM crashes (closes), the user will have to reenter all the parameters.
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The results for the Apaf-1 CARD example simulations are shown in Figure 3. The simulation
parameters in Figure 3A agree with the experimental data. KINSIM simulations can help the
user investigate multiple mechanisms and variations of these mechanisms. KINSIM results

can support a mechanism (not prove).
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Figure 3: KINSIM simulations of Apaf-1 CARD. The difference between panel A and B is
the initial concentration of the protein. The simulation results are shown below each
mechanism. The native (red, A) and unfolded (blue, o) protein signals are shown. Unfolded
Apaf-1 CARD is mixed with urea-containing buffer for a final urea concentration of 3.64 M
(black, 0). The black line represents the simulation with the parameters listed above. The
orange, purple and green lines represent the unfolded protein species (U, Uz and Us).
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IV. Derivation of two-state equilibrium folding model
N «Z2 5 U (13)
The two-state mechanism is shown in Equation 13, in which the native monomer (N)

cooperatively unfolds to the unfolded protein (U). Keq is the equilibrium constant for the

reaction. The total molar concentration of the protein (Pt) is shown in Equation 14.
[F]=[N]+[U] (14)

The molar fraction of each species is shown in Equations 15 and 16.

N
fo=— 15
N P, (15)
U
f, =— (16)
U PT
The sum of these fractions is unity, as shown in Equation 17.
1=1, + f, a7
The equilibrium constant, Keg, is defined as:
fU
K=-—+* (18)
fi
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From the above equations, the fraction of the unfolded species (fu) is shown by Equation 19.

fy = (19)

The equilibrium constant for the transition is related to the free energy (AG) as shown in

Equation 20.
AG = —-RTIn(K,) (20)

where R is the gas constant (cal K> mol™) and T is temperature (K). If one assumes that the
free energy change for each step of the reaction is linearly dependent on the denaturant
concentration (Pace, 1986), then the free energy change in the absence of denaturant is

shown in Equation 21.

AG = AG"® — m [denaturant] (21)

where AG"2° is the free energy change in the absence of denaturant and m; represents the
cooperativity index associated with the reaction. The amplitude of the spectroscopic signal
determined at each urea concentration was assumed to be a linear combination of the
fractional contribution from each species (Equation 22).

Y =Y, fy +Y, Ty (22)
where Yy and Yy are the amplitudes of the signals for the native and unfolded species,
respectively. Finally, the amplitudes associated with the native and unfolded forms of the
protein were assumed to be linearly dependent on the urea concentration, as shown in

Equations 23 and 24.
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Yy =Y, +m,[urea] (23)

Yy =Y, + m;[urea] (24)
where Y, .and Y, . are the amplitudes of the signals in the absence of urea for the native and
unfolded species, respectively.

Data were plotted in KaleidaGraph. The equation for a two-state equilibrium folding
model in KaleidaGraph format is shown in Equation 25.
((m1+m2*m0) + (m3-+ m4*m0) *exp(—(m5+ m6*m0)/(0.5921)) /
(1+exp(—m5+ m6*m0)/0.5921)) (25)

where m1 and m3 are the y-intercepts of the pre-and post-transitions, respectively; m2 and

m4 are the slopes of the pre- and post-transition, respectively; m0 is the urea concentration;

mb5 is the AG"2° ; m6 is the m-value. The fitting procedure for Igor Pro is shown in Figure 4.
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#include <Global Fit>
Function TwoState (w, X): FitFunc

Wave w
Variable x

Variable K=exp(-(w[0]-(w[1]*x))/(0.001987*298))
Variable Fu=K/(1+K)

Variable Fn=1-Fu

Variable Yf=w[2]+wW][3]*x

Variable Yu=w[4]+w][5]*x

Variable y=Yf*Fn+Yu*Fu

Returny

End

Figure 4: Procedure for a two-state equilibrium folding model in Igor Pro. w[2] is Y ., w[3]
is my, W[4] is Y., w[5] is m3. The other parameters have been defined above.

V. Derivation of three-state equilibrium folding model

N« | X2 5U (26)
The three-state mechanism is shown in Equation 26, in which the native monomer (N)
cooperatively unfolds to an intermediate (1), which then unfolds to the unfolded protein (U).
Kiand K are the equilibrium constant for first and second transitions in the reaction,

respectively. The total molar concentration of the protein (Pt) is shown in Equation 27.

[F]=[N]+[1]+[V] (27)
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The molar fraction of each species is shown in Equations 28, 29 and 30.

N
fo=— 28
Y (28)
f = il (29)
| PT
U
f=— 30
“=p (30)
The sum of these fractions is unity, as shown in Equation 31.
1=1f,+ f +f, (31)
The equilibrium constants, K; and K, are defined as:
fI fU
K,=—and K, =— (32)
fi fi

From the above equations, the fraction of each species is shown by Equations 33, 34 and 35.

K,K
U= 2 (33)
1+ K, + KK,
= (34)
KZ
f
fy =—2 (35)
" KlKZ

The equilibrium constant for the transition is related to the free energy (AG) as shown in

Equation 36.

AG = —RT In(K,,) (36)
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where R is the gas constant (cal K> mol™) and T is temperature (K). If one assumes that the
free energy change for each step of the reaction is linearly dependent on the denaturant
concentration (Pace, 1986), then the free energy change in the absence of denaturant is

shown in Equations 37 and 38.
AG, = AG,"*° — m,[denaturant] (37)
AG, = AG,"° — m,[denaturant] (38)

where AG,"°and AG,"*° are the free energy change in the absence of denaturant

corresponding to K; and K, respectively, and m; and m; represent the cooperativity indices
associated with each step of the reaction. The amplitude of the spectroscopic signal
determined at each urea concentration was assumed to be a linear combination of the
fractional contribution from each species (Equation 39).

Y =Y, fy +Y, f, +Y, T, (39)
where Yy, Y and Yy are the amplitudes of the signals for the native, intermediate and
unfolded species, respectively. Finally, the amplitudes associated with the native,
intermediate and unfolded forms of the protein were assumed to be linearly dependent on the

urea concentration, as shown in Equations 40, 41 and 42.

Yy =Y, +msfurea] (40)
Y, =Y, +m,[urea] (41)
Yy =Y, + ms[urea] (42)
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where Y ., Y .and Y .are the amplitudes of the signals in the absence of urea for the native,

intermediate and unfolded species, respectively.

The fitting procedure for Igor Pro is shown in Figure 5.

#include <Global Fit>
Function ThreeState (w, x): FitFunc

Wave w
Variable x

Variable K1=exp(-((W[0]-(w[1]*x)/(0.001987*298)))
Variable K2=exp(-((w[2]+w][3]*x)/(0.001987*298)))
Variable Ff=1/(1+K1+K1*K2)

Variable Fi=K1/(1+K1+K1*K2)

Variable Fu=(K1*K2)/(1+K1+K1*K2)

Variable Yf=w[4]+w[5]*x

Variable Yu=w[6]+w][7]*x

Variable Yi=w[8]+w[9]*x

Variable y=Yf*Ff+Yu*Fu+Yi*Fi

Returny

End

Figure 5: Procedure for a three-state equilibrium folding model in Igor Pro. w[4] is Y ., w[5]
is mz, w[6] is Y., w[7] is ms4, W[8] is Y., w[9] is ms. The other parameters have been
defined above.
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V1. Anisotropy calibration

1) Anisotropy accessory set-up is described in the user manual.

2)

3)

4)

5)

6)

7)

Parameters: excitation at 280 or 295 nm; 305 nm cut-off filters for emission; slits of 2
mm; signal: fluorescence polarization; check “total fluorescence”

Flush the system with deionized water and buffer as usual.

Flush the system with refolded control protein and 0.73 M urea-containing buffer.
(This procedure can also be performed with the unfolded protein and 8 M urea-
containing buffer. The signal and G-factors will be the same using either control to
calibrate the instrument.)

Click on the “set-up” button on the control panel. Follow the directions on the screen,
which are described below.

Move the polarizer to the H (set-up) postion. Set the target signal voltage level to
30% and click on the autoPM button. Record the voltages.

Set the acquisition channel offsets to compensate for scattered light. Ensure that the
cell is filled with fluorophore absent chemistry. Remove the protein and buffer from
the syringes. Add deionized water to the syringes and flush the system. The

instrument will not allow the user to drive the syringes, so the user has to manually
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8)

9)

flush the deionized water through the system. Turn the stop-syringe knob clockwise
and manually empty the stop-syringe and then turn the knob back. Manually drive
deionized water through the system three times (refill the syringes each time). Then
move the polarizer to the V (measure) position. Click on “measure offsets” to
measure the zero signal offsets for the V position. Record the offset values.

Set acquisition channel offsets to compensate for scattered light. Move the input
polarizer to the H position. Click on “measure offsets” to measure the zero signal
offsets for the H position. Record the offset values.

Ensure the input polarizer is in the H position. Flush the system manually with
protein and buffer as in step 7. Press the “measure” button to measure the G-factor
with the required precision of 15%. The resultant G-factor is displayed below along

with the number of iterations. Record the G-factor.

10) You have completed the fluorescence polarization set-up. Move the input polarizer to

the V position. Start experiment with (refolded) control first (flush not necessary as

the tubing already contains refolded protein and buffer).

11) Save data for both anisotropy and total fluorescence separately (right click on the y-

axis label to change the detection method).
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