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ABSTRACT 

CLIC1 is an intracellular channel protein that either exists in a soluble state in the 

cytoplasm or is bound to the membrane. The mechanism by which CLIC1 traverses the 

membrane is not currently known although it is likely to depend on oxidation and pH. The 

α1 helix of CLIC1, located in the putative transmembrane region, is proposed to span the 

membrane with the N-terminal end protruding into the extracellular matrix. Recent studies 

show that this helix contains an N-capping box residue (Ser27), which will act as a lock on 

the α1 helix (Stoychev et al., 2009). In order to find out the contribution of this residue to 

the stability of the protein, Ser27 was replaced with proline, a helix breaker. A comparative 

study was conducted that focused on the characterisation of the mutant in terms of 

secondary and tertiary structure and determination of its conformational stability at 

equilibrium in comparison with the wild-type. The study was performed at both pH7 and 

5.5 which takes into account the environment in the cytoplasm (pH7) and at the membrane 

surface (pH5.5), respectively. The secondary structure of the mutant was found to be less 

helical as compared to the wild-type. In terms of tertiary structure, the unique tryptophan 

residue, Trp35 was found to be more buried in the mutant compared to the wild-type. The 

wild-type does not have exposed hydrophobic patches and does not bind to 8-anilino-1-

naphthalene sulfonic acid (ANS) in the native state at pH7 and pH5.5. However, ANS binds 

to the mutant in the native state indicating that more hydrophobic patches in the protein are 

exposed to the solvent. At both values, the mutant displays much lower stability at both pH7 

and 5.5 as compared to the wild-type. As a conclusion, it was found that the N-capping box 

residue, Ser27, plays a significant role as a good helix initiating residue. Moreover, this 

residue has a significant effect in stabilising the α1 helix and may play a role in the 

cooperativity between the N- and C-domains and thus in stabilising the whole protein.  
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CHAPTER 1: INTRODUCTION 

1.1. α-Helices and capping boxes 

The α-helix is one of the basic conformational motifs in the secondary structure of globular 

proteins (Pauling et al., 1951). It is a sequential structure composed of at least seven amino 

acid residues twisting around each Cα atom (Harper and Rose, 1993). The backbone 

conformation of proteins can be defined as being in a helical state when the torsion angles 

or dihedral angles are limited to the values of Φ= 64˚ ±7˚, Ψ= 41˚± 7˚ (Richardson, 1981). 

When the backbone amino acids assume these angles, the polar groups in the backbone will 

form hydrogen bonds with each other. The formation of these backbone hydrogen bonds 

stabilises the helix (Presta and Rose, 1988) (Figure 1). The hydrogen bond pattern is 

formulated as n-(n+4) and can be formed by no less than 3 residues available in sequence 

(Presta and Rose, 1988). Although the helix is stabilised by backbone hydrogen bonds, the 

hydrogen bonds that occur with the side-chains also confer stability to the helix and have 

the additional function of signalling for the initiation and/or termination of folding of α–

helices (elMasry and Fersht, 1994; Lyu et al., 1993; Zhou et al., 1994; Zuhovsky et al., 

1994). This mechanism was initially described as capping (Richardson and Richardson, 

1988; Harper and Rose, 1993; Zhou et al, 1993) and later on as a capping box (Harper and 

Rose, 1993; Dasgupta and Bell, 1993; Aurora et al., 1994; Seale et al., 1994; Munoz et al., 

1995) and can be present at both the N-terminal (N-cap) and the C-terminal (C-cap) ends of 

a helix. The most favourable N-cap residues are serine, threonine, asparagine and aspartate 

(Harper and Rose, 1993; Richardson and Richardson, 1988). 

The nomenclature of helices with their flanking residues can be labelled as follows׃ 

          N΄΄–N΄–N-cap–N1–N2–N3–...–C3–C2–C1–C-cap–C΄–C΄΄ 

The amino acids at the N- and C-caps are positioned at the starting and the ending parts of 

the helix respectively, connecting the helix to the adjacent helix or strand (Figure 1). 
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Figure 1: Schematic diagram of a typical α-helix showing the N- and C-capping motifs 

in α-helices. The capping boxes are the starting and the ending points of the helix. The 

backbone hydrogen bonds are formed between residues following the pattern formulated as 

n-(n+4). Thus, hydrogen bonds are formed between the residues N`` and N1, N` and N2, 

N2 and C2, N3... C1, C3 and C-cap during the helix formation. The symbols, δ- and δ+, 

show the partial negative and partial positive charges of the helix dipole, respectively. The 

direction of the N-Cα peptide bonds is shown by the arrow. Hydrogen bonds are shown by 

dotted lines. 
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The residues N1, N2, N3...C3, C2, and C1 are located within the helix. The residues N΄΄, 

N΄, C΄, and C΄΄ are named as ‘‘preceding or succeeding” and do not form part of the helix 

angles (Presta and Rose, 1988). The formation of an α-helix is initiated from the direction 

of the partial positive charge to the partial negative charge of the helix dipole (Figure 1). 

A hydrophobic staple motif is also formed in some helices as a stabilising motif by the side 

chain of a hydrophobic residue at the N` position immediately preceding the N-cap that 

interacts with another hydrophobic residue at the N4 position within the helix (Jimenez et 

al., 1994; Seale et al., 1994; Munoz et al., 1995) (Figure 1). 

1.2. Factors stabilising α-helices 

1.2.1. The principle forces stabilising α-helices and proteins 

α-helices are secondary structural components of proteins and thus there is a correlation 

between the stability of α-helices and the stability of entire proteins. The essential factors 

affecting the stability of α-helices and consequently protein folding are van der Waals 

forces, hydrophobic interactions, hydrogen bonds, pH, conformational entropy, electrostatic 

interactions, and the dielectric constant of the environment.  

Van der Waals forces are non-covalent interactions that hold the electrically neutral dipolar 

residues together in the secondary structure of proteins. Under standard conditions these 

interactions are disrupted easily. The van der Waals forces along with London dispersion 

forces, a type of weak van der Waals forces, are formed by the groups tightly packed in the 

interior parts of folded proteins and have a significant impact on the stability of the folded 

state of a protein (Chakravarty et al., 2002; Chen and Stites, 2001; Ericksson et al., 1992; 

Loladze et al., 2002; Ratnaparkhi and Varadarajan, 2000). 

The hydrophobic effect is one of the driving factors in helix formation and protein folding 

during which the hydrophobic residues tend to isolate themselves from water and any other 

polar solvents.  
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During the process, the polar and charged residues reside on the surface while the 

hydrophobic residues are packed in the core of the protein. As a result of this relocation, the 

non-polar side chains interact with each other. This type of interaction acts as a stabilising 

force for helices and consequently for protein folding (Kim and Baldwin, 1990; Pace et al., 

1996; Dill, 1990; Makhatadze and Privalov, 1994).  

Hydrogen bonds are the weak non-covalent interactions between two electronegative atoms 

formed by the sharing of a hydrogen atom. The electronegativity and the arrangement of the 

atoms which form a hydrogen bond determine the strength of the hydrogen bond. The bond 

formation occurs between a weakly acidic donor atom with a high electronegativity and an 

electron bearing highly electronegative acceptor atom. These donor and acceptor atoms are 

usually N, S and O which form hydrogen bonds in the peptide main chain and polar side 

chains. The secondary structure, due to the formation of backbone hydrogen bonds is in 

competition with water molecules and, therefore, will be formed mainly buried within the 

protein. Studies have shown that both main chain and side chain hydrogen bond formation 

have a fundamental impact on the stability of proteins, not individually but rather as the 

overall contribution of hydrogen bonds throughout the protein (Baldwin, 2003; Kim and 

Baldwin, 1990; Ragone, 2001; Schellman, 1980; Scholtz et al., 1991). Side-chain-side-

chain interactions by means of hydrogen bonding are also suggested to contribute to the 

stability of α-helices (Armstrong et al., 1994; Scholtz et al., 1993; Padmanaban and 

Baldwin, 1994a; Padmanaban and Baldwin, 1994b; Viguera and Serrano, 1995). 

pH also has an impact on the stability of α-helices especially where side-chain interactions 

are involved. The overall charge of a protein is determined by the pH of the solution. Any 

modification applied to pH will change the ionic phase of the side chain residues and the 

arrangement of charges in the entire protein which may cause hydrogen bonds to alter. This, 

therefore, affects the stability of α-helices. The proton binding affinity differs in the native 

and denatured states of proteins revealing how the dependence of the stability relies on the 

pH (Gowri Shankar et al., 2007).  
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The conformational entropy is the major force that opposes folding and reduces the 

conformational stability of proteins (Dill, 1990). When a protein folds, it forms a more 

ordered conformation (Brady and Sharp, 1997) which is unfavoured by the conformational 

entropy. In the native state, a protein possesses its lowest free energy as compared to the 

denatured state (Chan and Dill, 1990). Thus, the difference between the free energy and the 

conformational entropy determines the net stability of a protein. The Gibbs free energy of a 

protein in native state is determined using the Equation:  

                                                                                                 Equation 1.1 

where ∆H is the net enthalpy contributed by the bond formation within the helices and β-

sheets, T is the temperature in Kelvin and ∆S is the entropy which is divided into 

unfavourable conformational entropy of folding and the favourable entropy of solvation 

effect. As the interactions and bonds are formed between atoms and molecules within α-

helices and β-sheets, the enthalpy of the formation of a helix increases. Therefore, strong 

packing in the core of the protein contributes to its stability to the secondary structure of the 

protein thus to the protein (Harpaz et al., 1994). 

Electrostatic interactions have a major impact on the stability of α-helices and proteins 

(Huyghues-Despointes et al., 1993; Stellwagen et al., 1992; Sali et al., 1991; Zhou et al., 

1994) because they are ampholyte structures. The two types of electrostatic interactions are: 

charge-charge interactions between charged species and dipole-dipole type interactions 

(Voet and Voet, 2004). Coulomb’s law describes the energy separating the electrostatic 

interactions as follows׃ 

                                                        Equation 1.2 

where D, q1, q2 and r indicate the dielectric constant of the milieu, the two charges and the 

distance between them, respectively. The equation expresses that the dielectric constant and 

energy are inversely proportional such that as the dielectric constant increases the energy  
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required for the charged molecules to interact drops. In an environment with high dielectric 

constant, as the distance between the charges increases the interaction between them 

becomes weakened. Salt bridges are formed between a charged and a neutral atom by 

means of hydrogen bonding. The distance between two groups in a salt bridge is found to 

be ≤ 3.5 A˚. The distance between charges of ion-pairs is ≤ 4 A˚. A salt bridge can also be a 

destabilising force to a protein when it is available to solvent that results in an unfavourable 

loss of solvation (Bosshard et al., 2004). The stability provided by salt bridges to a protein 

is approximately 2.1 kcal/mol when there is no connection between salt bridges and solvent 

(Takano et al., 2000). Ion pairs also contribute significantly to the stability of α-helices and 

β-turns where two interactions take place between the same two residues. However, they 

have a more important function in anchoring the tertiary structure rather than the secondary 

structure of proteins (Gowri Shankar et al., 2007).  

1.2.2. The N-capping box as a stabilising motif in α-helices 

The N-capping box is proposed to stabilise and initiate the α-helical conformation in a 

number of α-helices, peptides (Chakrabarty et al., 1993; Doig et al., 1994; Lyu et al., 1992; 

Lyu et al., 1993) and proteins (Bell et al., 1992; El-Masry and Fersht, 1994; Serrano et al., 

1992a; Serrano et al., 1992b; Serrano and Fersht, 1989) by forming hydrogen bonds 

between side chains and backbones. An interaction between the backbone amide of a 

residue located three residues downstream from the N-cap (N3) and the side chain of the N-

cap residue take place by means of hydrogen bonding (Figure 1) (Richardson and 

Richardson, 1988; Harper and Rose, 1993; Dasgupta and Bell, 1993). Reciprocally, the 

other hydrogen bond is formed between the side chain of the N3 and the amide backbone of 

the N-cap (Figure 1). Although the side-chain of an N-cap residue is commonly involved in 

stabilising the helix, this is not necessarily the case as was shown in a study of N-cap 

residues in 393 N-termini of α-helices from the PDB (Bernstein et al., 1977; Doig et al., 

1997). The N-cap may also stabilise the helix by forming a bond between the N-cap 

carbonyl and the N3 amino group or by forming a stabilising interaction with water  
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molecule (Doig et al., 1997) which is called the hydration effect.  

The helix propensities of amino acids play a significant role during helix formation. The 

intrinsic helical propensity of a given amino acid sequence is well described by using a tool 

called AGADIR (Lacroix et al., 1998) which predicts the behavior of helices in monomeric 

helix-forming peptides (Munoz and Serrano, 1994; Munoz and Serrano, 1997). Each of the 

20 amino acids localised in a central helical position has been described in terms of their 

helical propensities (Karpen et al., 1992; Luque et al., 1996). Each amino acid varies in 

terms of their helical propensity levels according to their position in the helix. As 

mentioned earlier, serine, threonine, asparagine and aspartate have been found to be the 

most common N-capping residues (Harper and Rose, 1993; Richardson and Richardson, 

1988). This is due to the fact that the side chain of these amino acid residues interacts with 

the amide groups of residues located at positions N1, N2, N3 and/or N4 by means of 

hydrogen bonding which stabilise the α-helix. This is confirmed by a study where serine at 

the N-cap position of α-helices of barnase contributes about 2 kcal.mol
-1

 to the stability of 

the protein by forming a hydrogen bond with the residue, n+3 (Serrano and Fersht, 1989). 

This contribution varies as 1.3 kcal.mol
-1

 when Asn or Asp is the N-cap and                    

0.5-1 kcal.mol
-1

 when Gly or Ala is at the N-cap position.  

So why does each amino acid residue have a different helical propensity and, therefore, 

contribute differently to the helix specificity? Conformational entropy (Lyu et al., 1990; 

Merutka et al., 1990; O`Neil and DeGrado, 1990; Padmanabhan et al., 1990; Zimm and 

Bragg, 1959) and electrostatic interactions (Fersht, 1984; Fersht, 1987) have been proposed 

to answer the question. Firstly, due to the fact that the formation of α-helices is an entropic 

process, the compensation of the loss in free energy is accomplished by strong interactions 

stabilising the helix (Blanco et al., 1998; Munoz et al., 1998). Secondly, the electrostatic 

environment caused by the helix dipole also has an impact on the stability of α-helices 

(Åqvist et al., 1991; Shoemaker et al., 1985; Shoemaker et al., 1987) in which the single 

amino acid backbone dipoles located at the beginning and end point of the helix contribute  
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a positive charge to the N-terminus and a negative charge to the C-terminus of the helix. 

Thus, the N-terminus will interact mostly with acidic residues while the C-terminus 

interacts with basic residues (Blagdon and Goodman, 1975; Chou and Fasman, 1978). 

Through these interactions, helix dipole and helix capping may cooperate via hydrogen 

bonding between side chains and backbone residues during the helix formation that result in 

a more stable α-helix (Zuhovsky et al., 1994). 

A great deal of research has been done in terms of the contribution of the N-capping box to 

the helix formation and stability of proteins. The mutation at Ser71 and Glu74 at the N-

capping box of the α2 helix of the human growth hormone (hGH) (Zuhovsky et al., 1994) 

show that the removal of a hydrogen bond at the N-capping box causes the protein to lose 

stability. A further research has been done on the capping box motif (Ser/Thr-Xaa-Xaa-

Asp) which plays a significant role in the helix formation of glutathione S- transferase P1-1 

(Dragani et al., 1997). This motif, located in the α6 helix, is found in all GST members and 

GST-related proteins. The results showed that the mutation on the N-capping box residues 

located in the α6 helix, S150A and D153A, contributed destability not only to the α6 helix 

but also to the entire protein. Further study has been done on Alpha glutathione S-

transferase with regards to the contributions of the N-capping motif to the stability and 

dynamics of the α9 helix of the protein (Dirr et al., 2005). A conserved N-capping motif 

located at the C-terminal helix of hGSTA1-1 as well as a peptide that corresponds to the C-

terminal helix of hGSTA1-1 was replaced with a glycine. As a result, the conformational 

dynamics and, therefore, the characteristics of the H-site, a hydrophobic site found on both 

domains of the protein and to which hydrophobic and non-substrate ligands bind, were 

modified (Dirr et al., 2005).  

1.3. The role of stabilised α-helices in transmembrane domains 

Most transmembrane and amphitropic proteins are comprised of α-helical transmembrane 

domains some of which function as membrane channels. Transmembrane helices play  
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significant roles in the folding, assembly and dynamics of these proteins. Therefore, the role 

of the α-helical transmembrane domains of membrane and amphitropic proteins will be 

further discussed. 

1.3.1. Membrane proteins 

The membrane spanning helices are mainly characterised by hydrophobic residues that are 

buried in the core of the membrane proteins with few or no polar side-chains (Rees et al., 

1989; Engelman et al., 1986). The dynamic nature of the folding and stability of 

transmembrane helices is poorly understood. A ‘two-stage’ model of helical association 

was suggested in an early study in which the stability and folding pathway of membrane 

proteins occur in two thermodynamically independent events: the first step involves helix 

formation during which the helical regions of the membrane protein insert into the 

membrane, whereas the second step is accomplished by specific intermolecular or 

intramolecular interactions taking place between these helices within the membrane (Popot 

et al., 1987). Therefore, a tightly-packed helix bundle of membrane proteins is formed 

within the membrane. The helix-helix associations of the second stage are driven by several 

specific interhelical interactions which play crucial roles. These interactions are classified 

as: Van der Waals forces between closely packed small residues (Bowie, 2005; Fleishman 

and Ben-Tal, 2002; Lemmon and Engelman, 1994; Russ and Engelman, 2000; Senes et al., 

2000; Schneide and Engelman, 2004; Finger et al., 2006), hydrogen bonds (Bowie, 2005; 

Fleishman and Ben-Tal, 2002; Zhou et al., 2000; Gratkowski et al., 2001; Dawson et al., 

2003), salt bridges (Honig and Hubbel, 1984), aromatic interactions (Dougherty, 1996; Sal-

Man et al., 2007; Johnson et al., 2007) and closely packed valines, isoleucines and leucines 

(Fleishman and Ben-Tal, 2002; Lemmon and Engelman, 1994; Senes et al., 2000; Gurezka 

et al., 1999). A more recent study on 15 transmembrane proteins suggested that these five 

types of interactions are observed in most of the helix bundles (Harrington and Ben-Tal, 

2009). In addition, these interactions themselves facilitate the iterative assembly of the helix 

bundles.  
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1.3.2. Amphitropic proteins and CLICs 

Amphitropic proteins are dual-form proteins that can exist in a soluble and membrane-

inserted form and were first defined by Burn (1988). They are involved in various functions 

such as enzyme regulation, cellular communication, antimicrobial and cytotoxic activity of 

proteins (reviewed by Halskau et al., 2009). They are bacterial pore-forming toxins (PFTs), 

apoptotic proteins, annexins and chloride intracellular channel proteins (CLICs).  

These proteins are distinct from regular membrane proteins in that they have more polar 

amino acid residues on their surface than the membrane proteins. These proteins are  

mainly α-helical in structure (Bell et al., 1997; Choe et al., 1992; Garcia-Saez et al., 2004; 

Harrop et al., 2001; Jiang and London, 1990; Lindeberg et al., 2000; Van der Goot et al., 

1991; Manceva et al., 2004; Promdonkoy and Ellar, 2003; Schendel et al., 1997; Tejuca et 

al., 1996; Thuduppathy and Hill, 2005; Thuduppathy et al., 2006; Torry and Merrill, 1999; 

Ulrih et al., 2004;  Zakharov and Cramer, 2002; Zakharov et al., 2004) and are present in 

either a water-soluble form in the cytosol or a membrane-bound form. This dual mechanism 

suggests that the hydrophobic ‘dagger’ is covered by an amphipathic ‘sheath’ allowing the 

protein to exist in a soluble state or to insert into the membrane under certain conditions 

(Donovan et al., 1982; Oh et al., 1996; Shin et al., 1993). Any biological functions such as 

toxic activity (Parker and Pattus, 1993; Geny and Popoff, 2006) and changes in 

environmental conditions (reviewed by Johnson and Cornell, 1999) may drive these 

proteins to transform from a soluble conformation to a membrane-bound conformation.  

The low pH (pH5-5.5) on the membrane surface is found to play a fundamental role in the 

conformational changes of pore-forming toxins that take place during their conversion from 

soluble to membrane bound form. A high proportion of acidic residues at the surface of 

many α pore-forming toxins act as ʽʽpH-sensorsʼʼ which are neutralised by the low pH. 

Several α pore-forming toxins, for instance, colicin A (van der Goot et al., 1991), exotoxin 

A (Jiang and London, 1990), diphtheria toxins (Jiang et al., 1991; Choe et al., 1992;  
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London, 1992), ANX12 (Langen et al., 1998), α-toxin (Bortoleto and Wart, 1999), Cyt1A 

δ-endotoxin (Manceva et al., 2004) and equinatoxin (Ulrih et al., 2004) have been shown to 

exhibit pH sensitivity and partially unfold forming a molten globule state at low pH. A 

molten globule comprises a conserved secondary structure along with a loss of tertiary 

structural properties (Haynie and Freire, 1993) in which hydrophobic surfaces are more 

exposed than in the native conformation (Parker and Feil, 2005). 

The Bcl-2 family of proteins are a family of amphitropic proteins that regulate cell death or 

apoptosis according to various apoptotic stimuli. This family of proteins can be divided into 

two subclasses: Bcl-xL and Bax. The former promotes and the latter prevents apoptosis. 

Members of this family are found to incorporate into the membrane (in vitro and in vivo) 

particularly in the presence of acidic lipid bilayers with low dielectric constant and at low 

pH (Schendal et al., 1998; Shimizu et al., 1999; Shimizu et al., 2000, Thuduppathy and 

Hill, 2005). They act somehow as selective ion and/or protein channels that release 

apoptotic factors from the mitochondria to the cytoplasm (Garcia-Saez et al., 2004; Gross et 

al., 1999). Despite differences in sequence and function, there is a striking structural 

similarity between these proteins, and many pore-forming toxins in that two hydrophobic 

helices form a helical hairpin in the centre of a bundle surrounded by six to seven 

amphipathic α-helices which shield the helical hairpin (Muchmore et al., 1996; Chou et al., 

1999; Suzuki et al., 2000; Garcia-Saez et al., 2004). Therefore, in the presence of lipid 

membranes, these proteins undergo a structural reorganisation in order to expose the 

hydrophobic helices for penetration into the membrane interior (Minn et al., 1997; Shimizu 

et al., 1999; Saito et al., 2000; Vander Heiden et al., 2001). 

Annexins are another family of dual-form proteins. They are involved in ion channel 

formation, cell adhesion and other membrane related mechanisms (Cartailler et al., 2000; 

Gerke and Moss, 2002). Studies have shown that the membrane-related functions of these 

proteins are either Ca
2+

-dependent or Ca
2+

-independent membrane interactions. Ca
2+

-

independent membrane interaction is regulated by phospholipid composition  
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(Isas et al., 2003) and/or by transient changes in pH (Isas et al., 2000; Kohler et al., 1997; 

Langen et al., 1998; Sokolov et al., 2000). Major protein refolding is also necessary for 

these interactions to take place (Isas et al., 2003). 

The chloride intracellular channel proteins (CLICs) are also amphitropic proteins and are 

one of the major classes of chloride channels. The other chloride channels are ligand-gated 

ion channels (GABA and glycine receptors), cystic fibrosis transmembrane conductance 

regulators (CFTR), and chloride channels (ClCs) (al-Awqati, 1995; Jentsch and Gunther, 

1997). CLICs form a subclass of the glutathione transferases (GSTs, EC 2.5.1.18); a 

superfamily of intracellular multi-functional enzymes that exist in a wide range of 

organisms. CLIC proteins are found in most tissues and cells (Chuang et al., 1999; Duncan 

et al., 1999, Valenzuela et al., 2000). To date, the human members identified in the CLIC 

family are as follows׃ CLIC1 (also known as nuclear chloride channel 27-NCC27), CLIC2, 

CLIC3, CLIC4, CLIC5A, CLIC5B and CLIC6. CLIC1 to CLIC5A are almost identical in 

size, approximately 240 amino acid residues. In contrast, CLIC5B and CLIC6 are two 

larger variants, comprising extended N-terminal domains (Dulhunty et al., 2001).  

In relation to their wide distribution throughout plasma and organellar membranes (Chuang 

et al., 1999; Duncan et al., 1999; Edwards, 1999; Valenzuela et al., 2000), CLICs carry out 

significant functions including cell division (Valenzuela et al., 2000), cell motility 

(Ronnov-Jessen et al., 2002), tubulogenesis (Berry et al., 2003), angiogenesis (Tung et al., 

2009), kidney function (Landry et al., 1989), formation of skeletal muscle and brain 

(Chalothorn et al., 2009) bone resorption (Schlesinger et al., 1997), p53-regulated apoptosis 

(Fernandez-Salas et al., 1999; Fernandez-Salas et al., 2002; Suh et al., 2004; Suh et al., 

2005) as well as functioning in membrane potential, neurotransmission, transepithelial 

transport (Jentsch, 1994; Jentsch et al., 1997), salt absorption and secretion control (Strange 

et al., 1996) and PKA signaling (Shanks et al., 2002). 

One of the striking characteristics of the CLIC family is their amphitropic nature whereby 

they either exist in a soluble state in the cytoplasm or bound to the membrane. CLICs can 
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insert themselves into the target membrane in the absence of a leading sequence where they 

form anion channels (Singh and Ashley, 2006).  

The GST family of proteins contain a thioredoxin fold in their N-domains. This fold is 

utilised to regulate diverse redox reactions and thus is crucial in cellular growth, cell cycle, 

oxidative stress, mammalian cell apoptosis and carcinogenesis (Armer and Holdgren, 2006; 

Kakolyris et al., 2001; Povis and Montfort, 2001; Pekkari and Holmgren, 2004). A 

remarkable use of this fold is seen in the channel modulating activity of ryanodine receptors 

(RyR) by omega class GST (Dulhanty et al., 2001), membrane binding activity by kappa 

class GST (Ladner et al., 2004) and RyR regulation by calsequestrin, a member of the 

thioredoxin family and a Ca
2+

 storage protein in muscles (Wang et al., 1998; Wei et al., 

2006). Therefore, the utility of the thioredoxin fold in some GST proteins such as CLIC2, 

GSTO1-1 and calsequestrin extends beyond the regular redox activity of the GST 

superfamily. Moreover, in light of recent studies (Codreaunu et. al., 2005; Cromer et al., 

2007; Harrop et al., 2001; Li et al., 2006; Littler et al., 2005; Thompson et al., 2006) the 

contention is that the intrinsic flexibility of the thioredoxin fold of the N-terminal domain 

may promote the formation of a membrane-bound conformation of CLIC proteins. 

1.4. CLIC1 overview 

1.4.1. Structure of CLIC1   

CLIC1 is a monomeric protein with a molecular weight of 26.9 kDa (Valenzuela et al., 

1997). pI was calculated as 4.85 by the DNAStar software (Lasergene) (Ashley, 2003). The 

structure accommodates six cysteines, eight tyrosine residues spreading primarily in the C-

domain and a unique tryptophan (Trp35 in the α1 helix). The sequence of the protein is 

unequal in distribution of charge, with 35 acidic residues and 27 basic residues. 

The crystal structure of CLIC1, which was solved at 1.4 Å at pH5 (Harrop et al., 2001) 

reveals that the α-helical and β-sheet structures comprise 47.7% and 8.3% of the protein, 

respectively (Figure 2).  
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Figure 2: The topology of CLIC1. The Figure indicates the primary and secondary 

structural elements of CLIC1. The β-strands are shown by arrows and α-helices are shown 

by cylinders. The image is from PDBsum database (Laskowski et al., 1997) using the PDB 

code 1k0m (Harrop et al., 2001). 
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In common with GSTs, CLIC1 contains two domains׃ a thioredoxin-like N-domain with a 

mixture of α-helical/β-sheet components and an all α-helical C-domain (Figure 3). The N-

domain of CLIC1 (residues 1- 90) contains a putative transmembrane region (residues 

forming α1 helix and β2 strand) (Figure 3) (Littler et al., 2010).  

A highly hydrophobic region exists between the residues 25 to 40 in the N-terminal domain 

of CLICs (Figure 4) (Stoychev et al, 2009). This region is unique to CLICs amongst the 

GST family members and plays a crucial role in the membrane insertion of CLICs. The 

flexible nature of the N-domain may enable the transmembrane region of the protein to 

insert into the membrane by breaking contacts with the C-domain (Stoychev et al, 2009). 

This hydrophobic region also serves to form a network of contacts between the α1, α3 and 

α5 helices by the residues Glu81-Arg29 and Glu85-Lys37 joining the α1 helix and the α3 

helix at the N-domain with the α5 helix at the C-domain by spanning the domain interfaces. 

Therefore, the amphipathic α1 helix, which contains the unique Trp35, is the major contact 

element forming the putative transmembrane region and making the most contacts between 

domain 1 and domain 2 (Fanucchi et al., 2008).  

1.4.2. Stability of CLIC1 

The stability of a protein refers to the difference in free energies (ΔG) between native and 

denatured protein (Section 1.2.2). Thus, it is the potential energy that a protein will 

maintain its native folded state (Matthew, 1985; reviewed by Dill, 1990; Pace et al., 1996). 

Consequently, the structure and stability of a globular protein is accomplished via the 

equilibrium provided by the forces driving and opposing folding (reviewed by Dill, 1990). 

pH has a significant effect on the stability and the channel activity of CLIC1. CLIC1 

displays its lowest channel activity at pH7.0 and highest activity at acidic pH (Warton et al., 

2002). Furthermore, CLIC1 is most stable at pH7 and soluble CLIC1 has a lower 

conformational stability and can form a partially unfolded intermediate state in the presence 

of mild denaturing conditions at low pH (Fanucchi et al., 2008). 
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                        C-domain                                           N-domain  

Figure 3: Schematic diagram of reduced CLIC1 in ribbon showing the putative 

transmembrane region of CLIC1. The N-and C-domains are shown in green and cyan, 

respectively. The putative transmembrane region (TMR) comprising the α1 helix and the β2 

strand, located in the N-terminal domain is shown in purple. The single tryptophan (Trp35) 

is shown in blue. The acidic loop region exists in the C-domain of the protein. Image was 

generated using PyMOL™ v. 0.99 (DeLano Scientific, 2006). The PDB code was 1k0m 

(Harrop et al., 2001). 
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Figure 4: Hydrophobicity pattern of CLIC1. The hydrophobic regions of CLIC1 are 

indicated by the regions above 0.0 coloured in orange. According to the Figure, the regions 

between the residues Pro25-Leu36 (red bracket) indicating the putative transmembrane 

region in the α1 helix and Ala177-Lys193 (black bracket) in the α6 helix are highly 

hydrophobic. The Figure was generated using protscale from Expasy 

(http://www.expasy.org/tmp) (Kyte and Doolittle, 1982; Fauchere and Pliska, 1983). 
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Since the highest channel activity is observed when the structural stability of CLIC1 is 

reduced (Fanucchi et al., 2008; Warton et al., 2002), the free energy barrier to insert into 

the membrane may be lowered by formation of a stable intermediate at low pH.  

An intermediate at equilibrium is a state of a protein that exists between its folded and 

denatured states and contains both partially folded and unfolded structures. Studies show 

that the intermediates of some proteins play an important role in protein folding and the 

formation of the native state (Roder et al., 2000; Jemth et al., 2004), although most small 

globular proteins display only the native and folded states (Grantcharova et al., 2001). 

CLIC1 shows an equilibrium intermediate state which is highly dependent on both pH and 

temperature (Fanucchi et al., 2008). The stable intermediate state of CLIC1 is native-like in 

secondary structure and is detectable at pH5.5/20˚C or pH7.0/37˚C. Moreover, in 

comparison with native and denatured states, the intermediate of CLIC1 exposes more 

hydrophobic surface (Fanucchi et al., 2008).  

An inter-domain lock-and-key motif is present as a stabilising component of CLIC1. The 

key residue, Met32, is located in the transmembrane region of CLIC1 (Legg, E`Silva, 

unpublished work). This key residue connects the N- and C-terminal domains of CLIC1 by 

extending its hydrophobic side chain from the N-domain into a hydrophobic region of the 

C-domain. This motif is suggested to play a role in interface packing of CLIC1 (Alves et 

al., 2006; Luo et al., 2002; Wallace et al., 2000). The hydrophobic transmembrane region 

α1-β2, which is responsible for membrane insertion, must disengage from the C-domain, 

extend, and refold into the new membrane-bound form in order to achieve channel 

formation (Fanucchi et al., 2008). It is proposed that the dissociation of the inter-domain 

lock-and-key motif in CLIC1 may lead the N- and C-domains to disconnect during the 

conversion of the soluble form into the membrane-bound form of CLIC1 (Stoychev, PhD 

Thesis, 2008) and may form a less stable intermediate species. 
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1.4.3. The α1 helix and β2 strands in the putative transmembrane region (PTM) in 

CLIC1  

The putative transmembrane region is defined by the α1 helix and the β2 strands and 

between the residues Pro25 to Val46 (Goodchild et al., 2010; Littler et al., 2004; Singh and 

Ashley, 2006) (Figure 3). The α1 helix in CLIC1 comprises an N- (Ser27) and C- (Lys37) 

capping box (Stoychev et al., 2009). It is this N-cap residue (Ser27) that is the focus of this 

project. 

The mechanism by which the putative transmembrane region of CLIC1 inserts into and 

spans the membrane was first proposed by Tulk and Edwards (1998) following their 

research on the resistance of CLIC1 to alkaline extraction. A study performed by Tonini et 

al. (2000) subsequently revealed that CLIC1 behaves as an integral membrane protein 

which, interacts with the membrane by inserting into- and spanning the membrane. Later, a 

study (Berry et al., 2003) using CLIC-like proteins showed that the first 55 residues at the 

N-terminal domain are necessary for membrane insertion. Moreover, functional studies 

have shown that the putative transmembrane region in the N-domain is a key component in 

terms of localisation to a membrane and functioning in vivo in invertebrate CLIC proteins 

(Berry and Hobert, 2006). Electrophysiological studies performed on transfected CHO-K1 

cells by using a FLAG epitope tag have shown that CLIC1 inserts and spans the membrane 

an odd number of times and is associated with ion channel activity (Tonini et al., 2000). 

Hydrogen exchange studies have found the N-domain to be more flexible and less stable 

than the C-domain (Stoychev et al., 2009) probably in order to partially unfold prior to 

membrane insertion at low pH (Fanucchi et al., 2008). A recent study performed using 

fluorescence resonance energy transfer (FRET) spectroscopy and electron paramagnetic 

resonance (EPR) also supports the concept by which when CLIC1 interacts with 

membranes, the N- and C-domains are located on the opposite sides of the membrane 

(Goodchild et al., 2010). Moreover, in order to form a channel by inserting into the 

membrane, the hydrophobic transmembrane region (β1-α1-β2) of CLIC1 must undergo a  
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structural reorganisation involving a rapid unfolding and refolding of the N-terminal 

domain. These studies suggest that the putative transmembrane region exists and functions 

as a channel in the presence of membranes. 

Since CLIC and GST families are known to utilise the thioredoxin fold to give rise to a 

channel (section 1.3.2), some members of these families were chosen for helix and N-cap-

forming propensity (Stoychev et al., 2008) and analysed using the AGADIR algorithm 

(Munoz and Serrano, 1994; 1997) (Table 1). The results confirmed the proposed 

transmembrane region of CLIC1 (α1 and β2) and that the other CLIC members possess 

high helical propensity and that this propensity is conserved throughout the CLIC family.  

However, except for kappa class GST, none of the GST members display high helical 

propensity in a similar region and they do not contain an N-cap residue, (Stoychev et al., 

2008). In addition to the α1 helix of CLIC1 having high helical propensity, it also shows a 

high N-cap propensity by means of the N-capping box residue (Ser27) (Table 1). It is 

interesting to note that, according to the alignment of the α1 helix sequences of CLIC and 

GST members (Nathaniel, PhD, 2007), the α1 helix in kappa class GST comprises a weak 

N-cap residue (Gly22).  

1.5. Objective and aims 

Studies performed on many proteins suggest that N-cap residues play a crucial role in the 

stability of proteins. However, the highly conserved N-capping box in CLICs has not been 

studied yet. Thus, the objective of this project is to study the significance of the N-capping 

box in the α1 helix on the structure and the stability of CLIC1. The results would determine 

the significance of the N-capping box to the structure and the stability of the α1 helix in 

CLIC1 which may give insight into the role of the putative transmembrane helix. It possibly 

has functional roles in the mechanism by which the protein transforms from a soluble to a 

membrane-bound conformation.  
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Table 1: Prediction of helical and N-capping propensities of residues in the α1 helix of 

CLICs and GST kappa using AGADIR (Munoz and Serrano, 1994; 1997). The Table is 

adapted from Nathaniel (PhD, 2008). 

 
CLIC1           CLIC2           CLIC3          CLIC4 CLIC5 CLIC6 GST Kappa 

 Res H N  Res H N  Res H N  Res H N  Res H N  Res H N  Res H N 

S27  5.4 16.1 C19 0.9 21.3 P23 5.8 2.1 P23 5.6 1.51 P23 5.6 1.5 C21 0.2 5.47 W20 3.4 1.88 

E28 21.5 1.15 P20 22.3 6.08 S24 7.9 25.9 F24 7.2 2.08 F24 7.1 2.06 P22 5.7 1.53 L21 5.2 0.6 

R29 22.7 1.32 F21 28.3 7.97 C25 33.9 4.84 S25 9.2 27.6 S25 9.2 27.5 F23 7.2 2.1 G22 5.8 11.7 

L30 24 0.39 C22 36.2 13.1 Q26 38.7 1.35 Q26 36.9 1.99 Q26 36.6 1.98 S24 9.3 27.8 F23 17.4 1.23 

F31 24.2 0.38 Q23 49.4 2.53 R27 40 1.16 R27 38.8 2.4 R27 38.6 2.39 Q25 37.2 2.01 E24 18.6 1.01 

M32 24.3 0.14 R24 51.9 2.25 L28 41.2 0.35 L28 41.2 0.44 L28 40.9 0.43 R26 39.2 2.43 V25 19.6 1.65 

V33 24.4 0.04 L25 54.1 0.42 F29 41.3 1.17 F29 41.6 0.4 F29 41.3 0.4 L27 41.6 0.44 L26 21.2 1.18 

L34 24.4 0 F26 54.4 0.37 M33 42.1 0.28 M30 41.7 0.15 M30 41.4 0.14 F28 41.9 0.4 C27 22.3 2.94 

W35 24 0.01 M27 54.5 0.14 V31 42.3 0.1 I31 41.9   I31 41.6 0.03 M29 42.1 0.15 R28 24.3 0.58 

L36 19.4 0.01 I28 54.7 0.05 L32 42.3 0.02 L32 41.8   L32 41.5 0.01 I30 42.3 0.04 Y29 22.3 0.14 

K37   9.8 0 L29 54.6 0.01 L33 41.7 0 W33 41.1   W33 40.9 0.03 L31 42.2 0.01 Q30 21.5 0.03 

      W30 53.9 0.04 L34 36.9 0 L34 35.2   L34 34.9 0.01 W32 41.5 0.05 H31 21.3 0.38 

      L31 47.4 0.01 K35 18.8 0 K35 16.9   K35 16.6 0 L33 35.6 0.01 L32 21.6 0.11 

      K32 27.5 0 G36 4.8 0 G36 1.9   G36 2 0 K34 17.3 0 W33 21.5 0.37 

      G33 7.9 0                   G35 2.8 0 N34 18.4 1.85 

      V34 7 0                   V36 2.3 0 I35 20.2 0.05 

      K35 1.4 0                   I37 2.2   K36 16.5 0 

                                    L37 14.9 0 

                                    

K38 9.4 0.02 

                                    

L39 6.9 0.02 

  

The helical (H) and N-cap (N) propensities of the residues in the α1 helices of the members 

of CLIC family and the Kappa class GST are shown in percentages. The N-cap residues 

with their helical and capping propensities are shown in yellow shaded blocks. 
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Therefore, the aims of this project are as follows: 

1)  to generate the mutant by changing serine, Ser27, to proline, 

2) to characterise the secondary and tertiary structures of wild-type (CLIC1-WT) and cap 

mutants of CLIC1 (CLIC1-S27P) in terms of, and 

3) to investigate the thermodynamic stability of the wild-type and the mutant using 

equilibrium unfolding. 
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CHAPTER 2. EXPERIMENTAL PROCEDURES 

2.1. Materials 

The cDNA encoding wild-type GST-CLIC1 fusion protein, cloned into the pGEX-4T-1 

plasmid, was a gift from S. N. Breit (Centre for Immunology, St. Vincent`s Hospital and 

University of New South Wales, Sydney Australia) (Valenzuela et al., 1997). Escherichia 

coli BL21 (DE3) pLysS cells as well as the QuikChange® Site-Directed Mutagenesis kit 

were obtained from Strategene (La Jolla, California, USA). E. Cloni® cells were acquired 

from Lucigen (Middleton, WI, USA). Dithiothreitol (DTT), reduced glutathione (GSH), 

thrombin from human plasma, glutathione-agarose and 8-anilino-1-naphthalene sulphonate 

(ANS) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The SDS-PAGE protein 

markers (#SM0431) and isopropyl-1-thio-β-D-galactopyranoside (IPTG) were purchased 

from Fermentas (Ontario, Canada). Ultrapure urea was obtained from Merck laboratory 

supplies (Darmstadt, Germany). All other chemicals used were of analytical grade. 

2.2. Experimental procedures 

2.2.1. Plasmid verification and transformation of E. coli cells 

Prior to working on any protein, the plasmid containing CLIC1 DNA was sent to Inqaba 

Biotec (Pretoria, South Africa) for sequencing and was confirmed to contain the CLIC1 

sequence.  

In order to make glycerol stocks for subsequent purifications, the transformation of the 

Escherichia coli BL21 (DE3) pLysS cells was carried out using the pGEX-4T-1 plasmid 

containing cDNA encoding wild-type GST-CLIC1 fusion protein as described by Chung et 

al., (1989). A glycerol stock of cells (50 µl) was thawed on ice and plasmid DNA (1 μL) 

added on ice and incubated (30 min). Heat-shock on a heating block (42 °C, 45 sec) was 

applied to allow the DNA access to the cells. The samples were placed on ice (2 min) and 
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SOC media (2% tryptone (w/v), 0.5% yeast (w/v), 1 M NaCl (1%) (w/v) and 1 M KCl 

(0.2%) (w/v)) was added to the mixture and placed in a shaking incubator (250 × g, 1 h, 

37ºC). 

Samples were subsequently spread onto sterile plates containing Lysogeny-Bertani (LB) - 

ampicillin agar (1% tryptone (w/v), 0.5% yeast extract (w/v), 0.5% NaCl (w/v), 1.5% agar 

(w/v) and ampicillin (10 mg/ml)  and incubated (16-17 h, 37°C). A single colony was 

collected from the transformants and incubated in 100 ml of sterile LB medium containing 

ampicillin (10 mg/ml) in a rotating incubator (250 × g, 16-17 h, 37°C). 

2.2.2. Construction of CLIC1 mutant (CLIC1-S27P) 

As the N-capping box residue of the α1 helix, Ser27 was chosen for experimental studies 

(Section 1.4.3). Proline has a closed structure which prevents this amino acid from 

interacting with other residues and thus is called a helix breaker (Richardson and 

Richardson, 1988). Therefore, a CLIC1-S27P mutant was designed in order to investigate 

the effects of the modification of the N-capping box on the thermodynamic stability and 

structure of CLIC1. 

The wild-type nucleotide sequence of CLIC1 (NCBI reference sequence: NM_001288.4) 

was used to design the primers with a single point mutation through the Primer-X software 

(http://bioinformatics.orf/primerx). The QuikChange® Site-Directed Mutagenesis kit 

along with the protocol (Strategene) (Papworth et al., 1996) was used to generate the single 

point mutation via PCR amplification where the TCC, at position 79 in the pGEX-4T-1 

vector, was substituted with CCC. The sample reaction was made up of 5 µl (10) reaction 

buffer (100 mM KCl, 100 mM (NH4)2SO4, 200 mM Tris-HCl (pH 8.8), 20 mM MgSO4, 1% 

(v/v) Triton® X-100), 1% (w/v) nuclease-free bovine serum albumin (BSA), 2 µL (50 ng) 

double stranded DNA template (dsDNA), 2 µl (125 ng) forward primer, 2 µl (125 ng) 

reverse primer, 1 µl dNTP mix, 37 µl milli-Q water and 1 µl (2.5 U/µl) PfuTurbo DNA  

http://bioinformatics.orf/primerx
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polymerase, to reach a final volume of 50 µl. The reaction products corresponding to the 

mutant coding sequence were amplified with 16 cycles of 30 seconds at 95 °C to denature 

the wild-type dsDNA, 60 seconds at 55 °C to anneal the mutant primers and 60 seconds at 

68 °C for the extension of the DNA. Escherichia coli XL1-Blue super-competent cells 

provided with the kit were plated onto the LB agar containing 100 µg/µl ampicillin after 

transforming the reaction products into the cells and incubated for 16 hours at 37°C. A 

single colony was picked and sent for sequencing. It was confirmed that the engineered 

mutation was accomplished and no other mutations were produced during the PCR 

amplification reaction.  

The sequence of CLIC1-WT as well as CLIC1-S27P open reading frame (ORF) that were 

obtained from DNA sequencing at Inqaba Biotec are shown in Table 2. The codon where 

the mutation was incorporated is shown in blue where the codon for serine is exchanged 

with that for proline.  

2.2.3. Over-expression and purification of CLIC1-WT and 

CLIC1-S27P 

Over-expression and purification of CLIC1-WT and CLIC1-S27P were performed as 

described by Tulk et al. (2002). A glycerol stock of cells containing the cDNA of the wild-

type and the mutant (50 µl) was separately added to 200 ml LB media containing 100 µg/ml 

ampicillin and the cells were grown rotating at 250 × g for 6 hours at 37°C for the wild-type 

and 16 hours at 20°C for the mutant since the cells that express the mutant protein was 

insoluble when they were grown at 37°C. A 50-fold dilution of this overnight culture was 

added into fresh LB media containing 100 µg/µl ampicillin and incubated for 

approximately 3 hours to reach an OD600 of ~0.9. Isopropylthiogalactoside (IPTG) (1 mM) 

was subsequently added to induce the over-expression of the fusion protein and cells were 

left for further growth for 6 hours at 37°C for the CLIC1-WT and overnight at 20°C for the 

CLIC1-S27P to achieve optimum over-expression.  
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Table 2:  Open reading frame of CLIC1-WT and CLIC1-S27P used to generate the 

mutant, CLIC1-S27P.                                                    

 

 

 

 

 

 

 

 

 

 

 

 

 

CLIC1-WT            5`  GGGAACTGCCCATTCTCCCAGAGACTG  3` 

CLIC1-S27P          5`  GGGAACTGCCCATTCCCCCAGAGACTG  3` 
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The cells were subsequently centrifuged for 15 minutes in a Sorvall RC5C centrifuge using 

an SLA3000 rotor at 5000 × g and 4°C.  

The resulting pellet was resuspended in about 15 ml of resuspension buffer (10 mM Tris, 

200 mM NaCl, 1 mM EDTA, 0.02% (w/v) NaN3, 1 mM DTT added fresh pH7.5) and left at 

-20°C overnight for the initiation of cell lysis. The frozen cells were defrosted on a rotator 

at 4°C and MgCl2 (1µl, 1 M), DNase (1 µl/ml) and lysozyme (10 µl, 10% (w/v) dissolved in 

resuspension buffer, pH7) were added before the cells were mechanically lysed on ice by 

sonication for 3×30 seconds, pulsed (intensity 3, pulse 0.5 sec) by using a Sonicator™ 

Ultrasonic Processor XL (Misonix Inc.). 

The crude lysate was further centrifuged using an SS34 rotor (15 000 × g, 30 min, 4°C). 

The resulting supernatant was filtered to eliminate any remaining cell debris after diluting 

twice times with an equal volume of resuspension buffer at pH7.5. The supernatant was 

loaded onto a glutathione-Sepharose column pre-equilibrated with equilibration buffer (10 

mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM DTT added fresh and 0.02% (w/v) 

NaN3) at pH 8.0. This column has glutathione which is the immobilised ligand bound to the 

Sepharose matrix. The soluble GST-CLIC1 fusion protein in the supernatant of the 

Escherichia coli BL21 (DE3) pLysS lysate binds via the GST to glutathione while the rest 

of the protein solution passes through the column. Hence, CLIC1-GST fusion protein is 

isolated from other proteins produced by the Escherichia coli cells. The column was 

subsequently washed with 10-column volumes of the equilibration buffer containing 1 M 

NaCl to eliminate any other bacterial proteins that bound non-specifically to the column. 

Thereafter, the column was equilibrated with 5-column volumes of thrombin cleavage 

buffer at pH 8.4 (200 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA).   

Human thrombin (80 units per 1 litre of culture) was added to 15 ml of thrombin cleavage 

buffer and loaded onto the glutathione-Sepharose column containing the bound fusion 

protein. The column was sealed and digestion was allowed to occur on a rotator for 16 

hours at 20°C resulting in the cleavage of CLIC1 from GST and, therefore, CLIC1 released 
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from the matrix. The CLIC1 cleaved from GST and the thrombin used for cleavage was 

collected from the column. A GSH-elution buffer, pH 8.0 (50 mM Tris-HCl and freshly 

added 10 mM reduced glutathione) was loaded onto the column to elute off the GST and 

any uncleaved fusion protein that was bound to the column.  

DEAE anion-exchange chromatography was used to separate the CLIC1-thrombin mixture. 

The DEAE anion exchange column was attached to an ÄKTAprime purification system 

(Amersham® Biosciences) and pre-equilibrated with DEAE-equilibration buffer at pH 6.5 

(20 mM Tris-HCl, 0.02% (w/v) NaN3). This step was included so as to purify CLIC1 from 

thrombin. At the pH of the ion exchange buffer which is 6.5, CLIC1 has a negative charge 

(pI~5.0) and bound to the positively charged matrix of the DEAE column. Thrombin, 

however, has a positive charge at pH 6.5 (pI~8) and passed through the column without 

binding. The high concentration of salt in the thrombin cleavage buffer prevents the mutant 

from binding to the column under the specific conditions while the wild-type binds. Mutant 

proteins tend to aggregate in high salt and, therefore, lose their binding ability to columns 

(Chiti et al., 2002; Stoychev, PhD, 2008) while the wild-type of these proteins do not. 

Therefore, after recovery from the GSH column, CLIC1-S27P was dialysed against DEAE 

equilibration buffer (pH 6.5, at 4 °C, for less than 3 h) to decrease the salt concentration 

since it causes it to aggregate rapidly. Both the wild-type and mutant CLIC1–S27P were 

eluted from the DEAE column by the addition of 300 mM NaCl to the buffer. The high 

affinity of the high concentration of salt for the charged matrix leads to a reduction in the 

interaction between the ion exchanger and CLIC1. Therefore, CLIC1 is eluted while the salt 

is remained bound to the column. Protein purity was analysed using SDS-PAGE and 

various samples of the prime elution peak (Section 3.1). Once the proteins were purified, 

they were snap-frozen or dialysed every 6-7 days Snakeskin™ Pleated dialysis tubing 

MWCO 10 000 (Pierce), against 3 changes of CLIC1 storage buffer at pH7 (50 mM sodium 

phosfate buffer, 0.02 w/v NaN3, 1 mM DTT added) in order to keep the proteins in reduced 

form. The wild-type and mutant were also dialysed against acetate buffer (5 mM sodium 

acetate buffer, 0.02% (w/v) NaN3, pH5.5) 1 mM DTT (for the wild-type) and 5 mM DTT  
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(for the mutant since it aggregates at pH5.5) freshly added for the studies at pH5.5.  

2.2.4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) 

Reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), a 

technique used to separate and characterise proteins according to their molecular weight, 

was used to determine the purity and homogeneity of the expressed CLIC1-WT and 

CLIC1-S27P, proteins anticipated to give a band of 26.6 kDa. A 15% separating gel (30% 

(w/v) acrylamide, 1% (w/v) bisacrylamide, 10% (w/v) sodium dodecyl-sulfate (SDS), 10% 

(w/v) ammonium persulfate, 0.1% (w/v) TEMED and 1.5 M Tris-HCl, pH 8.8) and a 4% 

stacking gel (30% (w/v) acrylamide, 1% (w/v) bisacrylamide, 10% (w/v) SDS, 10% (w/v) 

ammonium persulfate, 0.1% (w/v) TEMED and 0.5 M Tris-HCl, pH 6.8) were used to 

construct the discontinuous SDS-PAGE gel and run as described by Laemmli (1970). The 

differences in stacking and separating gel acrylamide concentrations along with the 

differences in ionic strength and pH values of the stacking and separating gel buffers are 

employed to concentrate protein-SDS complexes in the stacking gel. Sample buffer (100 

mM β-mercaptoethanol, 20% (w/v) glycerol, 10% (w/v) SDS, 0.05% (w/v) bromophenol 

blue and 0.5 M Tris-HCl, pH 6.8) was used to dilute samples 2-fold and added before 

loading samples to the gel in a 1:4 sample to sample buffer ratio after denaturing by boiling 

(5 min). Molecular markers (Fermentas SM0431) containing proteins of various molecular 

weights [β-galactosidase (116.0 kDa), bovine serum albumin (66.2 kDa), ovalbumin (45.0 

kDa), lactate dehydrogenase (35.0 kDa), REase Bsp98l (25.0 kDa), β-lactoglobulin (18.4 

kDa) and lysozyme (14.4 kDa)] were simultaneously run with the samples at 40 V in 

electrophoretic buffer [25 mM Tris-HCl, 200 mM glycine, and 0.1% (w/v) SDS, 3 h]. 

Coomassie Blue R250 staining solution [2% (w/v) (13.5% (v/v) glacial acetic acid and 

18.8% (v/v) ethanol] was used to stain the gels (90 min). The gels were subsequently 

destained with a 40% destainining solution [25% (v/v) ethanol and 10% (v/v) glacial acetic 

acid].  
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2.2.5. Protein concentration determination 

Ultraviolet (UV) absorbance spectroscopy was used to determine the concentration of 

purified CLIC1. The protein concentration was calculated by using the Beer-Lambert law: 

                                          

                                                   A= ελcl                                                              Equation 2.1 

where A represents the absorbance measured at 280 nm and ελ represents the molar 

extinction coefficient (M
-1

 cm
-1

) of the protein at wavelength λ (Equation 2.2). c and l show 

the concentration of the protein (M) and the cuvette path length (cm), respectively. The 

method generated by Perkins (1986) was used to determine the molar extinction coefficient 

of the wild-type and mutant species using the absorbance of tryptophan, tyrosine and 

cysteine residues (Equation 2.2). 

            ε280 (M
-1

cm
-1

) = 5550ΣTrp + 1340ΣTyr + 150ΣCys                            Equation 2.2 

                                                     = 5550(1) + 1340(8) + 150(6) 

                                                     = 17 170 M
-1

cm
-1 

Five serial dilutions (4×, 5×, 6×, 8× and 10×) were prepared from the stock CLIC1 and a 

dilution curve was constructed using A280 and A340. Protein concentration was determined 

by fitting a linear regression to the five points from the serial dilution. All readings were 

buffer corrected. Possible aggregates absorb at 340 nm that may interfere with the 

absorbance readings at 280 nm, therefore, the determination of protein concentration was 

corrected for the absorbance by aggregates using the Equation (Reed et al., 2003):   

A280(corrected)=A280(protein)-A280(buffer)–(A340(protein) – A340(buffer))(A280(buffer)/A 340(buffer))                          

                                                                                                                                                      Equation 2.3 
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Protein concentration was checked before each experiment. Possible contamination by 

DNA was checked using the ratio A280/A260. All absorbance measurements were done at   

20°C using a Jasco V-550 UV/VIS spectrophotometer. 

2.2.6. Circular dichroism measurements 

Far-UV circular dichroism (CD) spectroscopy was used to study the secondary structure of 

CLIC1. The technique is based on the asymmetry of the proteins in solution when they are 

exposed to polarised light (Woody, 1995). It measures the differential absorption of the 

right- and left- handed circularly polarised light by optically active chromophores such as 

the peptide backbone, disulphide groups and aromatic residues at a specific wavelength. 

Far-UV CD detects the changes in secondary structure of a protein at a wavelength range of 

170-250 nm (Woody, 1995). This measures the different absorbance levels of specifically 

peptide bonds of the protein backbone. In this study, far-UV CD was employed for the 

characterisation of the secondary structure of native, intermediate (for the wild-type only) 

and unfolded states of CLIC1-WT and CLIC1-S27P. Proteins at a concentration of 10 µM 

in storage buffer (5 mM sodium phosphate buffer, 1 mM DTT, 0.02% (w/v) NaN3, pH7), 

and acetate buffer (5 mM sodium acetate buffer, 1 mM DTT, 0.02% (w/v) NaN3, pH5.5) 

were used for the measurements using a 2 mm path length quartz cuvette at 20°C. A Jasco 

J810 spectropolarimeter and the software Spectra Manager for windows v1.5.00 was used 

for all circular dichroism measurements. All readings were obtained as an average of 10 

readings with sensitivity at high (10 mdeg), a data pitch at 0.5 nm, a response of 1 second 

and a band width of 0.5 nm. All spectra were corrected for buffers and the raw data were 

converted to mean residue ellipticity (MRE) (ɸ) (deg.cm
2
.dmol

-1
.residue

-1
) using the 

following Equation (Woody, 1995): 

                                             [ɸ] = (100 × θ) /cnl                                                Equation 2.4 

where [θ] is the ellipticity (mdeg), the difference in absorbance of left and right handed 

circularly polarised light, c is the concentration of proteins (mM), n is the number of 
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residues in the protein and l is the path length of the cuvette (mm) (Woody, 1995). The data 

were plotted using SigmaPlot v11.0. The negative exponential smoothing technique in 

Sigmaplot v. 11.0 with a 0.1 sampling proportion was used to smooth the spectra. 

2.2.7. Intrinsic fluorescence measurements 

Fluorescence occurs when the excitation of electrons of a molecule takes place upon the 

absorption of light. The electrons subsequently emit light at a lower energy and, therefore, 

higher wavelength (Lakowicz, 1999). The intrinsic protein chromophores for this technique 

are tryptophan and tyrosine residues (Pain, 2004) where the electrons are excited at a 

wavelength of 280 nm for both tyrosine and tryptophan, and at 295 nm for only tryptophan. 

Fluorescence spectroscopy is used to characterise the tertiary structure, especially the 

packing and local environment of the chromophores in a protein (Lakowicz, 1999). 

Fluorescence therefore was used as a probe to study the tertiary structure of CLIC1-WT and 

CLIC1-S27P. CLIC1 has a unique tryptophan (Trp35) and eight tyrosine residues. The 

emission spectra are dominated by the single tryptophan residue, however (Lakowicz, 

1999). Because of its indole group, Trp35 is highly sensitive to the polarity of its 

environment. The fluorescence emission spectra give characteristic signals which are varied 

according to the polarity of the environment in which tryptophans are packed (Lakowicz, 

1983). A red shifted maximum emission wavelength is seen when the exposure of a 

tryptophan to the polar environment becomes greater which causes the energy of the 

excited states to drop (Royer, 1995). 

All the fluorescence measurements were conducted at 20°C on Perkin-Elmer Luminescence 

Spectrometer LS50B using FLWinLab v4.00.0 software. Excitation and emission slit 

widths were 4 or 5 nm using a quartz cuvette of 1 cm path length for 5 µM protein. Spectra 

were recorded at a wavelength range of 280-450 nm with excitation at 280 nm for tyrosine 

and tryptophan, and 295 nm for tryptophan with a scan speed of 200 nm/min. All spectra 

were obtained as an average of 3 accumulations and all data were corrected for buffer. The 
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data were plotted using SigmaPlot v11.0 and smoothed using the negative exponential 

method. 

The quenching of the fluorescence of Trp35 by acrylamide was used as a probe to provide 

more information on the environment of tryptophan in the native and intermediate states of 

the wild-type and the mutant. The method investigates not only conformational changes of 

a polypeptide but also the dynamic structure of the protein. It gives information on the 

frequency and amplitude of structural fluctuations permitting solutes to diffuse into the 

internal regions of a globular fold (Lacowicz and Weber, 1973; Eftink and Ghiron, 1977).  

A modified form of the Stern-Volmer Equation which was used to analyse the dynamic 

acrylamide quenching of the single tryptophan residue is: 

                                        F0/ F = (1 + KSV [Q])                                                   Equation 2.5 

where KSV is the Stern-Volmer constant, F0  and F are fluorescence intensities at 0 M  

acrylamide and under increasing acrylamide concentrations, respectively and [Q] is the 

concentration of acrylamide. Acrylamide quenching of tryptophan in the native and 

intermediate conformations of the wild-type and the mutant was performed in the following 

way: acrylamide stocks were prepared at a final concentration of 1 M in 50 mM sodium 

phosphate (pH7) or 50 mM acetate buffer (pH5.5). The various concentrations of 

acrylamide between 0 M-0.3 M were added to 2 µM protein and mixed. All measurements 

were recorded between 295-550 nm at an excitation of 295 nm as an average of 3 readings 

at a scan speed of 250 nm/min and using slit widths of 4 nm for the mutant and 5 nm for the 

wild-type.  

2.2.8. Extrinsic fluorescence measurements 

8-Anilino-1-naphthalene sulphonate (ANS) was used as an extrinsic fluorescent probe for 

unfolding studies of CLIC1-WT and CLIC1-S27P. ANS is an amphipathic dye with an 

affinity to bind hydrophobic patches of a protein (Rosen and Weber, 1969; Brand and  
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Gohlke, 1972) allowing partially folded species such as intermediate species, to be detected 

during the unfolding of proteins (Struyer, 1965) as the hydrophobic surfaces of the unfolded 

protein are exposed to the solvent. Binding of ANS emits light more intensely at a shorter 

wavelength.  

The changes in tertiary structure and detection of intermediate species that are formed 

during the unfolding of CLIC1 were assessed by using ANS binding at a specific excitation 

wavelength of 390 nm and emission at 460 nm throughout the unfolding pathway. ANS 

stock was prepared at a concentration of 2 mM in the 50 mM sodium phosphate buffer, pH7 

with 1 mM DTT or 50 mM acetate buffer, pH5.5 with 1 mM (for the wild-type) or 5 mM 

(for the mutant) fresh DTT in which CLIC1 was dialysed. Stock urea solutions were 

prepared at a concentration of 10 M using filtered dialysis buffers into which CLIC1 had 

been dialysed against every week. pH was adjusted by titration using orthophosphoric acid 

for pH7 or acetic acid for pH5.5. The concentration of stock urea was calculated using the 

following equation (Pace, 1986b): 

                   [Urea] = 117.66 (ΔN) + 29.753 (ΔN)
2
 + 185.56 (ΔN)

3          
            Equation 2.6      

where (ΔN) is the difference between the refractive index of urea and buffer. Dilutions of 

the wild-type and mutant with urea (0-8 M) were prepared and incubated at 20°C for 2 

hours to reach equilibrium. Subsequently, ANS was added at a concentration of 200 µM 

and left for a further hour to ensure ANS binding to any hydrophobic patches that are 

exposed to the solvent before performing measurements. Slit widths were kept at 4 nm and 

a cuvette of 1 cm pathlength was used throughout. Scan speed was 250 nm/min. All spectra 

were recorded as an average of 3 accumulations and corrected for free ANS.  

The Kd value was calculated to determine the affinity of the protein for any ligand. This 

study was performed at pH7 and 5.5 for the wild-type intermediate (in the presence of 3.8 

M urea) and the native mutant in the absence of urea since the mutant binds to ANS in the 

native state. Kd values were obtained by plotting and fitting the graphs using nonlinear  
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regression. Various concentrations of ANS (0-200 µM) were added to 2 µM wild-type and 

mutant and left for an hour to ensure that any hydrophobic patches exposed to the solvent 

bind to ANS. Subsequently, measurements were performed as explained above. All 

fluorescence measurements were plotted using SigmaPlot v11.0 and the data smoothed 

using negative exponential method. The Kd value was calculated using the Equation: 

                                                    f=a* (1-exp 
(-b.x)

)                                             Equation 2.7 

where f is the fmax/2, a is fmax, b is the concentration of ANS at which the protein binds at 

maximum and x is the Kd which indicates the affinity of the protein to bind ANS. 

2.2.9. Recovery studies 

The reversibility of protein unfolding has to be established so as to ensure that the reaction 

can achieve equilibrium in order to perform equilibrium unfolding studies. The equilibrium 

constant, Keq is necessary to calculate the thermodynamic parameters, such as ΔG and m-

values which describe the stability of proteins (Shirley, 1995). 

Fluorescence was used as a probe to investigate the recovery of the wild-type and the 

mutant at pH7 and pH5.5. For the refolding, the wild-type and mutant were unfolded in 8 M 

urea at a concentration of 10 µM. They were left for two hours at pH7 and an hour at pH5.5 

to denature. Proteins were diluted 10-fold with CLIC1 phosphate buffer, pH7 or acetate 

buffer, pH5.5, into decreasing concentrations of urea (range 0.8 M to 8 M). They were 

allowed to refold for two hours at pH7 or an hour at pH5.5. A series of control samples for 

refolding were prepared for comparison purposes and consisted of 1 µM protein and 

concentrations of urea range (8 M to 0.8 M). For the recovery studies, the refolded samples 

that contain 0.8 M urea and the control samples with 0.8 M urea were used for comparison 

purposes at both pH values. Fluorescence readings of the sample were recorded at a 

wavelength range of 280-450 nm with excitation at 280 nm. All spectra were measured as 

triplicates at 20°C, buffer-corrected and plotted using SigmaPlot v. 11.0. 
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2.2.10. Urea-induced equilibrium unfolding 

The stability of a protein can be estimated by constructing protein equilibrium unfolding 

curves under specific conditions. This study also gives information about the folding 

mechanism of a protein and may allow for the detection of possible intermediate 

conformations (Pace, 1986). The equilibrium is shifted from the native to the unfolded 

states (N↔U) with or without the accumulation of intermediates by the addition of a 

denaturant (Pace, 1986a) which is urea in this case.  

Thermodynamic parameters can be calculated from unfolding data; the reaction should be 

both reversible and at equilibrium before starting any measurements (Pace, 1986a). 

Monophasic (native↔unfolded) and biphasic (native↔intermediate↔unfolded) 

equilibrium unfolding curves indicate whether two-state or three-state models exist during 

the unfolding process.  

The wild-type and mutant species of CLIC1 (2 µM) were added to various concentrations 

of urea ranging from 0 M to 8 M along with phosphate buffer, pH7 or acetate buffer, pH5.5 

and incubated at 20°C for 120 minutes to reach equilibrium at pH7 and for 90 minutes to 

reach equilibrium at pH5.5, respectively. The unfolding of CLIC1 at equilibrium was 

followed using fluorescence at an excitation of 280 nm and CD as probes and the results 

were recorded for samples at each urea concentration. The CD data were collected at 

ellipticity of 222 nm because the α-helical content gives a distinct trough at 222 nm. The 

unfolding fluorescence data were collected by plotting fluorescence intensities at 310 nm, 

320 nm, 345 nm and the intensity averaged emission wavelength (IAEW) (Royer et. al., 

1993) against urea concentration. The IAEW was calculated as: 

                                                                                                   Equation 2.8  



 

 

37 

where I is the intensity, i is the each point in the spectrum, and λ is the wavelength. All 

spectra for fluorescence and circular dichroism were average of triplicates which were 

analysed by using SigmaPlot® v11.0.  

Stock urea solutions were prepared as described in Section 2.2.8. After preparing the 

stocks, urea was kept at -20°C for no longer than a week since cyanate which forms during 

the urea decomposition can modify the chemical composition of the amino groups of 

proteins (Stark, 1965). 

The parameters of conformational stability in the absence of denaturant (ΔGH20) and the 

dependence of the free energy of unfolding on denaturant concentration (m-value) were 

determined using linear extrapolation (Greene and Pace, 1973). 

2.2.11. Data fitting 

Savuka is a computer-based program used for the global fitting of equilibrium unfolding 

data to obtain the thermodynamic parameters, m-value and ΔG (Zitzewitz et al., 1995; 

Bilsel et al., 1999). The program analyses multiple sets of data and thus simultaneous fits 

can be generated with minimal errors (Beecham, 1992).  

A two-state unfolding curve represents two species that are present during the transition: 

the native (N) and the unfolded (U) species (N↔U). This type of fit consists of three 

regions (Pace and Stoltz, 1997): 

i. The pre-transition region in which the protein is predominantly in the native 

conformation 

ii. The transition state in which cooperative unfolding of the protein takes place and  

varying concentrations of native and unfolded species exist  

iii. The post-transition region in which the protein is predominantly in its unfolded 

conformation 
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According to this mechanism, the equation for the fraction of protein in native state (FN) 

and unfolded state (FU) is as follows: 

                                                      FN+FU=1                                                         Equation 2.9                                                                                                 

The raw value recorded using circular dichroism or fluorescence is represented by y at 

which any point along with the unfolding curve and can be calculated as: 

                                          y = YN FN + YU FU                                                                              Equation 2.10 

where YN  and YU  represent the y values of the native and unfolded proteins, respectively.  

The Gibbs free energy of this transition, ΔG is calculated as: 

                                                ΔG = -RTlnKeq                                                                            Equation 2.11 

where R is the universal gas constant (1.987 cal mol
-1

 K 
-1

) and T is the temperature in 

Kelvin. The equilibrium constant, Keq, is calculated as: 

                                             Keq = FU / FN                                             

                                                   = FU / 1- FU 

                                                   = (YN-y) / (y–YU)                                            Equation 2.12 

Inserting Equation 2.12 into Equation 2.11; 

                                          ΔG = -RTln (YN-y) / (y – YU)                                  Equation 2.13        

The thermodynamic parameters of unfolding, ΔG (H2O) and m-value were calculated using 

the linear extrapolation method generated by Greene and Pace (1973). The ΔG values and 

the concentration of the denaturant have a linear relationship where the urea concentration 

is extrapolated back to 0 M to get the ΔG value in the absence of urea according to this  
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method (Greene and Pace, 1973) as shown below: 

                                              ΔG = ΔG (H20) – m [urea]                                    Equation 2.14 

The m-value represents the slope of the curve and expresses the dependence of the free 

energy of ΔG on the urea concentration (Shirley, 1995).  

Cm values representing the midpoint of the transition curves were obtained using the 

equation:  

                                              Cm = ΔG (H2O) / m                                                Equation 2.15 

The two-state model is only applicable if the unfolding curve is a single step transition with 

no shoulders or plateaus seen in the curve. Moreover, different probes that are used to study 

unfolding of the protein should reflect results that are consistent and overlaying with each 

other. However, intermediate states are seen for many proteins showing at least two 

unfolding transitions. This requires three-state or multi-state models in order to fit the data. 

Hence, the intermediate species of the mutant and the wild-type fitted to a three-state model 

using the equation as follows:  

                                                  Zi = yi – YN / YU - YN                                                           Equation 2.16 

where Zi is the point of the urea concentration at which an intermediate is formed. As 

mentioned earlier, a three-state model includes native, intermediate, and denatured species 

at equilibrium (Pace, 1986a) where the transition seems to be N↔I↔U. In this model, the 

intermediate species at equilibrium exists when the observed extent of unfolding (Fobs) 

along the unfolding transition is different from the fraction of the protein in the unfolded 

conformation in the two-state transition (FU) (Pace, 1986a). Therefore: 

                                               Fobs = FU + Ʃ Fi Zi                                              Equation 2.17 

where Fi is the the concentration of the stable intermediate species.  

i

i 
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Thus, using Equation 2.12, the ΔG1 (H2O) and ΔG2 (H2O) can be calculated as: 

                                     ΔG1 (H2O) = -RTln (y – YN / yi – YN) and 

                                     ΔG2 (H2O) = -RTln (y – Yi / YU –y)                   

and mNI and mIU can be obtained using Equation 2.13:       

                                     mNI [denaturant] = ΔG / ΔG1 (H2O)  

  and                              mIU [denaturant] = ΔG / ΔG2 (H2O)                                         

where NI denotes the N↔I transition and IU denotes the transition of I↔U. 
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CHAPTER 3: RESULTS 

3.1. CLIC1-WT and CLIC1-S27P purification 

The SDS-PAGE gels of samples from the various purification steps for the wild-type and 

mutant is shown in Figure 5.  

CLIC1-WT and CLIC1-S27P were expressed as a GST fusion protein which has a 

theoretical size of 52.4 kDa. Cells grown at 37°C for 5-6 hours gave a high yield of GST-

CLIC1-WT fusion protein that was found to be soluble in the supernatant. GST-CLIC1-

S27P fusion protein was insoluble when expressed at 37°C however (results not shown), 

and subsequently cells containing the cDNA encoding mutant GST-CLIC1 were incubated 

for 16 hours at 20°C. Even so, a small amount of insoluble GST-CLIC1-S27P was found to 

be in the pellet (Figure 5, lane 2). However, a thick band corresponding to a molecular 

weight of 54 kDa (Figure 5 A, lane 3) indicates that the majority of the fusion protein is 

soluble in the supernatant under these conditions. Figure 5 A lane 4 shows the flow through 

off the GSH-Sepharose column indicating that a large amount of fusion protein bound to 

the affinity matrix. Figure 5 A lane 5 shows the CLIC1-S27P and thrombin mixture that 

was recovered from the GSH-Sepharose column after 16 hours agitation with thrombin. 

Sj26GST was subsequently removed from the GSH-Sepharose column by the addition of 

glutathione (Figure 5, A, lane 8).  

The mixture of CLIC1-S27P and thrombin was separated using the DEAE column. Since 

thrombin has a positive charge at pH 6.5, it does not bind to the DEAE-column and was 

washed off the column in the flow though (Figure 5 A, lane 6 and Figure 6). CLIC1 is 

negatively charged at pH 6.5 and bound to the DEAE column. CLIC1-S27P was 

successfully recovered from the DEAE column with 300 mM NaCl at pH 6.5 (Figure 6). 

The single large band in Figure 5 A lane 7 indicates that the CLIC1-S27P was successfully 

purified.  
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A.   

       

B. 

                 

Figure 5: SDS-PAGE gel showing a representative CLIC1 purification  

A. A 15% polyacrylamide SDS-PAGE gel illustrating a representative CLIC1-WT and 

CLIC1-S27P purification. Lane 1 is the marker. The pellet and the supernatant of the lysate 

of the mutant are shown in lane 2 and 3, respectively. Lane 4 contains the flow-through off 

the GSH-Sepharose column indicating that an amount of GST-CLIC1-S27P fusion protein 

bound to the matrix while a fraction of it did not bind. CLIC1-S27P and thrombin mixture 
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is shown in lane 5. The thrombin separated from CLIC1 is shown in lane 6. Lane 7 

indicates a band of successfully purified CLIC1-S27P with a molecular mass of 30 kDa 

along with a negligible amount of contaminants. The cleaved Sj26GST is shown in lane 8. 

Lane 9 and 10 show a second gel indicating successfully purified CLIC1-WT and 

molecular weight markers, respectively.  

B. The calibration curves constructed by using the electrophoretic mobilities of standard 

proteins of different molecular masses (in kDa) on the SDS-PAGE gel (r
2
=0.95). The 

proteins used are β-galactosidase (116.0 kDa), bovine serum albumin (66.2 kDa), 

ovalbumin (45.0 kDa), lactate dehydrogenase (35.0 kDa), REase Bsp98l (25 kDa), β-

lactoglobulin (18.4 kDa), lysozyme (14.4 kDa). As the arrows indicate, CLIC1-WT and 

CLIC1-S27P were found to be 30 kDa. 
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Figure 6: A representative CLIC1-WT and CLIC1-S27P purification from the DEAE 

column. The elution profile of CLIC1-WT (i) and CLIC1-S27P (ii) along with thrombin off 

the DEAE-Sepharose anion exchange column is shown above. Absorbance was recorded at 

280 nm. Thrombin (red line shown with the arrow) was first eluted from the column since it 

does not bind to the DEAE column. Both the wild-type and the mutant were recovered as 

single peaks from the column using 20 mM Tris-HCl, 300 mM NaCl, pH 6.5.  

 

 

 

 

 

 

 

 



 

 

45 

The faint bands indicating the presence of proteins other than CLIC1 are negligible due to 

the fact that the gels were overloaded and the concentration of CLIC1 present far 

supersedes that of the contaminants.  

The theoretical mass of CLIC1 is 26.9 kDa. However, according to the mobility of standard 

proteins of different molecular masses (in kDa) on the SDS-PAGE gel, the molecular 

weight of both the wild-type and the mutant was found to be 30 kDa (Figure 5, B). The 

explanation for this may be that since CLIC1 has a net charge of -7 at pH7, the acidic 

nature of the protein may cause a lower mobility than expected and thus diminish the 

mass:charge ratio and SDS binding (Dunker and Rueckert, 1969; Lehotvaara, 1978; Pitt-

Rivers and Impiombato, 1968; Reynolds and Tanford, 1970).   

The absorbance spectra of both the wild-type and the mutant are shown in Figure 7. The 

ratio of absorbance at 280 nm to absorbance at 260 nm is about 1.8 and 1.7 for the wild-

type and the mutant, respectively. This indicates that there is no significant DNA 

contamination in both the proteins.  

3.2. Structural characterisation 

3.2.1. Secondary structural properties 

Secondary structural characterisation of CLIC1-WT and CLIC1-S27P was performed using 

far-UV circular dichroism. The far-UV CD spectra of the wild-type and the mutant were 

recorded over the wavelength range of 190-250 nm at pH7 and pH5.5. The spectra show 

characteristics of a predominantly α-helical protein displaying two troughs; one at 208 nm 

and one at 222 nm (Figure 8).  

The wild-type is known to form an intermediate at pH5.5 in the presence of urea (3.8 M) 

(Fanucchi et al., 2008).  
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Figure 7. Absorbance spectra of purified CLIC1-WT and CLIC1-S27P. The 

concentration of the wild-type (black line) and the mutant (blue line) were found using the 

Beer-Lambert law and absorbance at 280 nm to be 66.6 mg/ml and 42 mg/ml, respectively. 

The A280/A260 ratio is about 1.8 and 1.7 for the wild-type and the mutant, respectively which 

corresponds to no significant DNA contamination. There is also no aggregation indicated 

by the negligible absorbance at 340 nm for both the proteins. 
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Figure 8: Far-UV circular dichroism spectra of CLIC1-WT and CLIC1-S27P. The 

native (N) and the unfolded (U) proteins are represented as solid lines and dashed lines, 

respectively. The wild-type intermediate (I) is indicated by a dotted line. The spectra 

exhibit two troughs that represent α-helical proteins, one at 208 nm (black arrow) and the 

other at 222 nm (blue arrow). The buffer used was 50 mM phosphate buffer, pH7 with 1 

mM DTT and 50 mM acetate buffer, pH5.5 with 1 mM DTT (for the wild-type) and 5 mM 

DTT (for the mutant). The intermediate species of the wild-type (I) was recorded in the 

presence of 3.8 M urea in 50 mM acetate buffer, 1 mM DTT, pH5.5. Spectra were corrected 

for the buffer blank and show an average of ten accumulations at 100 nm/min at 20°C. The 

data were smoothed using a negative exponential methodology. 
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However, the mutant does not form a clearly defined equilibrium intermediate (Section 

1.4.2) and thus the native, intermediate and unfolded states of CLIC1- WT were compared 

only with the native and the unfolded states of CLIC1-S27P in this study.  

Secondary structural features of the native, intermediate and denatured states of CLIC1-WT 

and the native and the denatured states of CLIC1-S27P have been studied at pH7 and 5.5 

since these pH values are the approximate pH of the cytoplasm and at the membrane 

surface, respectively (Bortoleto and Ward, 1999; Chenal et al., 2002; Menestrina et al., 

1989; van der Goot et al., 1991).  

CLIC1-WT and CLIC1–S27P both exhibit helical secondary conformation with two 

troughs in the far-UV CD spectra at pH7 though the mutant shows 17% decrease in 

secondary structure compared to the wild-type at pH7 (Figure 8). Similarly, the spectra of 

the wild-type and mutant at pH5.5 indicate a helical structure with the mutant displaying an 

18% loss of helical structure as compared to the wild-type. Both the wild-type and the 

mutant appear less α-helical at pH5.5 than at pH7 (Figure 8). The intermediate species of 

the wild-type possesses less secondary structure than the native states of both the wild-type 

and the mutant. The spectra of the denatured states of both the proteins in the presence of 8 

M urea no longer indicate α-helical secondary structure at either pH7 or pH5.5 and are 

indicative of mainly random-coil structure (Figure 8). 

3.2.2. Tertiary structural properties 

Fluorescence spectroscopy was used as a probe to explore the local environment of the lone 

tryptophan and to detect any hydrophobic patches that are exposed to the solvent and will 

bind ANS for CLIC1-WT and CLIC1-S27P. In terms of the environment of the tryptophan, 

the chromophores (8 tyrosines and a single tryptophan) were excited at 280 nm. The unique 

tryptophan, Trp35, gives information about the environment where it is located and makes 

an excellent probe for the putative transmembrane region since this is where it is located 

(Figure 3).  
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Furthermore, it is located in the α1 helix that is affected by the N-cap, Ser27, and is an 

excellent probe for changes caused by the mutation. The emission spectra for the wild-type 

and the mutant when excited at 280 nm are given in Figure 9.  

The spectra for the native state of both the wild-type and the mutant at pH7 indicate no 

significant difference with a single peak in the fluorescence intensity (λem max) at 341 nm for 

both proteins (Figure 9, A). The denatured species of both the proteins are also similar with 

a red-shifted peak indicating a more exposed tryptophan to the solvent as the protein 

unfolds (Figure 9, A). At pH5.5, the spectrum of the wild-type peaks at 343 nm while for 

the mutant it is blue-shifted to 338 nm with a lower intensity (Figure 9, B). The 

intermediate species of the wild-type (in the presence of 3.8 M urea) displays a blue-shifted 

peak to 336 nm and an enhanced intensity. Both the native mutant and the wild-type 

intermediate at pH5.5, therefore, appear to contain a more buried tryptophan compared to 

the native wild-type at pH7.  

8-Anilino-1-naphthalene sulfonic acid (ANS) was used as a probe to detect hydrophobic 

patches that are exposed to the solvent. The fluorescence emission spectra of CLIC1-WT 

and CLIC1-S27P in the presence of 200 µM ANS along with the spectra of unbound ANS 

are shown in Figure 10. The spectrum for unbound ANS peaks at 512 nm in the absence of 

protein and is identical at pH7 and pH5.5. Hence, ANS emission signal is not pH-

dependent. Any enhancement in fluorescence intensity in the presence of protein is 

indicative of ANS binding to hydrophobic patches on the surfaces of these proteins. It is 

interesting to note that at pH7 ANS bound to the native CLIC1-S27P shows an enhanced 

fluorescence intensity with λem max of 467 nm as compared to CLIC1-WT that does not 

show binding of ANS at pH7 (Figure 10, A). The enhancement in fluorescence intensity of 

ANS bound to the mutant suggests an increase in the number of hydrophobic patches while 

the blue shift is indicative of the hydrophobicity of the binding patch. At pH5.5, ANS does 

not bind to the native wild-type although it binds to the native mutant at this pH value.  
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Figure 9: Fluorescence emission spectra of CLIC1-WT and CLIC1-S27P. The spectra 

of 5 µM native (N) and unfolded (U) CLIC1-WT and CLIC1-S27P were recorded by 

exciting the proteins at 280 nm at pH7 (A) and pH5.5 (B) at 20°C. The wild-type 

intermediate (I) (dotted line) in the presence of 3.8 M urea was also recorded at pH5.5. The 

denatured species are indicated as dashed lines with the same colours as the native ones. 

The spectra of both the proteins are similar except that a blue-shift in the peak to the lower 

wavelength is observed in the native mutant and the wild-type intermediate spectra at 

pH5.5. The buffer that was used is 50 mM sodium phosphate buffer, pH7 with 1 mM DTT 

and 50 mM acetate buffer, pH5.5 with 1 mM DTT (wild-type) and 5 mM DTT (mutant). 
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Figure 10: Binding of ANS to CLIC1-WT and CLIC1-S27P. The fluorescence emission 

spectra of ANS bound to CLIC1-WT and CLIC1-S27P (2 µM) were measured by using 

fluorescence at pH7 (A) and pH5.5 (B) at 20°C. The buffer that was used is 50 mM 

phosphate buffer, pH7 and 50 mM acetate buffer, pH5.5 with the addition of 200 μM ANS. 

ANS was excited at 390 nm. Native (0 M urea) (N) and unfolded (8 M urea) (U) proteins in 

the presence of ANS are shown as solid and dashed lines, respectively. The wild-type 

intermediate (I) (3.8 M urea) is indicated by the dotted line. ANS that bound to the native 

CLIC1-S27P shows enhanced fluorescence intensity and a blue-shift as compared to 

CLIC1-WT that does not bind ANS at either pH7 (A) or pH5.5 (B). The wild-type 

intermediate (I) (3.8 M urea, pH5.5) binds ANS unlike the wild-type native and denatured 

states but similar to the mutant native state. 
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The wild-type intermediate exhibits a similar spectrum to the native mutant at pH5.5 and 

shows binding of ANS at a λem max of 469 nm (Figure 10, B). ANS does not bind to the 

denatured state of either the wild-type or the mutant at pH7 or pH5.5. 

The fluorescence intensity of ANS (0 µM -100 µM) in the CLIC1-WT and CLIC1-S27P 

protein solutions was also recorded at 460 nm in order to calculate the Kd values which 

determine the affinity of the proteins for ANS (Figure 11). Kd values as an average of three 

replicates for native CLIC1-S27P were found to be 17.5 μM and 23.3 μM at pH7 and 5.5, 

respectively. The Kd for the wild-type was calculated for only the intermediate state of the 

protein since the native wild-type does not bind ANS. The Kd for the wild-type intermediate 

was found to be 14 µM. A lower Kd value is indicative of higher binding affinity to ANS. 

Thus, the intermediate state of the wild-type at pH5.5 has slightly higher affinity for ANS 

compared to the mutant. In the case of CLIC1-S27P, the native protein binds ANS with a 

higher affinity at pH7 than at pH5.5.  

3.2.3. Acrylamide quenching 

The accessibility of the single tryptophan (Trp35) localised in the putative transmembrane 

region of CLIC1 to the solvent was probed by using acrylamide quenching of tryptophan 

fluorescence (Figure 12). The study was to investigate the effect that the mutation has on 

the vicinity of the single tryptophan (Trp35) by determining whether it becomes more 

buried or exposed. Modified Stern-Volmer plots for the fluorescence quenching of 

tryptophan by acrylamide were used to calculate the Ksv values for both CLIC1-WT and 

CLIC1-S27P at pH7 and pH5.5. The Ksv value shows the efficiency of quenching of the 

tryptophan by acrylamide.  
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Figure 11: Kd of ANS binding. 

The fluorescence intensities of various concentrations of ANS (0-100 µM) bound to 

CLIC1-WT intermediate (●) (in the presence of 3.8 M urea, at pH5.5) and native CLIC1–

S27P at pH7 (▲) and pH5.5 (▲) at 460 nm were recorded at 20°C. The data were fitted to 

non-linear regression. Kd values were calculated using Equation 2.6. The Kd values for the 

mutant at pH7 and 5.5 were found to be 17.5 μM (R
2
=0.88) and 23.3 μM (R

2
=0.90), 

respectively, and the Kd of wild-type was 14 μM (R
2
=0.97).  
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Figure 12: Modified Stern-Volmer plots for fluorescence quenching of Trp35 by 

acrylamide in CLIC1-WT and CLIC1-S27P.  

F0/F as a function of acrylamide quenching is illustrated for the native CLIC1-WT at pH7 

(●) (R
2
=0.86), at pH5.5 (●) (R

2
=0.96) and the intermediate state of CLIC1-WT (●) (I) 

(Fanucchi et al., 2008) (in the presence of 3.8 M at pH5.5) (R
2
=0.87). The F0/F for the 

native CLIC1-S27P is shown for pH7 (▲) (R
2
=1) and pH5.5 (▲) (R

2
=0.93). The proteins 

were incubated in 50 mM phosphate buffer, pH7 with 0.02% NaN3, 1 mM DTT and 50 mM 

acetate buffer, pH5.5 with 0.02% NaN3, 1 mM DTT (for the wild-type) and 5 mM DTT (for 

the mutant) and increasing concentration of acrylamide (0 M-0.3 M). 
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The higher Ksv value indicates that tryptophan is more quenched by acrylamide and hence 

is more exposed to the solvent, whereas the lower Ksv value shows a more buried 

tryptophan conformation. The Stern-Volmer plots clearly indicate that tryptophan is the 

most accessible in the native wild-type at pH7 showing the highest Ksv value (Table 3) 

suggesting the tryptophan is more exposed to the aqueous phase under these conditions. 

The lowest Ksv value was observed in the native mutant at pH5.5 which therefore has the 

tryptophan most buried (Table 3).  

3.2.4. Urea-induced equilibrium unfolding of CLIC1-WT and 

CLIC1-S27P 

The reversibility of the unfolding reactions and recovery of the native fold are necessary to 

be able to calculate the thermodynamic parameters, ∆G (H2O) and m-value (Pace, 1986) 

from an equilibrium unfolding curve. A reversibility study performed for CLIC1-WT has 

shown that the unfolding of the protein is reversible (McIntyre, PhD, 2008). Fluorescence 

was used as a probe to monitor the recovery of the tertiary structure of the mutant. Figure 

13 shows the fluorescence spectra of native and refolded species along with the refolding 

curves of CLIC1-S27P at pH7 and pH5.5. At pH7, the mutant recovered approximately 

95% of native structure (Figure 13, A). At pH5.5, the recovery of the native structure was 

observed to be 99% (Figure 13, B). The refolding was found to be consistent along the 

entire unfolding curve and no hysteresis was observed (Figure 13, C and D).  
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Table 3: The comparison of Stern-Volmer constants (Ksv) of CLIC1-WT and CLIC1-

S27P determined by fluorescence quenching of Trp35 by acrylamide. 

 

                                        Ksv (M-1 urea) 

  pH7 Native pH5.5 Native Intermediate (3.8 M urea,pH5.5) 

CLIC1-WT 14.3   (± 0.49) 8.3    ( ± 0.41) 2.2    ( ± 0.7) 

CLIC1-S27P 7.7     ( ± 0.47) 3.4    ( ± 0.28)  ND 

 

The Ksv values (M
-1 

urea) at pH7 and 5.5 of the native mutant and wild-type and 

intermediate species of the wild-type in the presence of 3.8 M are shown with the standard 

deviations in brackets.  
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Figure 13: Reversibility of CLIC1-S27P unfolding.  

CLIC1-S27P was in 50 mM phosphate buffer, pH7 with 0.02% NaN3, 1 mM DTT or in 50 

mM acetate buffer, pH5.5 with 0.02% NaN3, 5 mM DTT. Fluorescence excitation was at 

280 nm and emission was monitored at 345 nm. 

A. Refolding curve of CLIC1-S27P at pH7. The refolding and the unfolding are indicated 

by (●) and (○), respectively.  

B. Refolding curve of CLIC1-S27P at pH5.5. The refolding and the unfolding are indicated 

by (●) and (○), respectively.  

C.  Recovery of CLIC1-S27P fluorescence at pH7. The protein and the control are indicated 

by a blue line and a black line, respectively. The native structure is recovered 95% at 0.8 M 

urea concentration. 

D. Recovery of CLIC1-S27P fluorescence at pH5.5. The protein and the control are 

indicated by a green line and a black line, respectively. The native structure is recovered 

99% at 0.8 M urea concentration. 
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Far-UV circular dichroism and fluorescence were used as probes to monitor the urea-

induced equilibrium unfolding of CLIC1-WT and CLIC1-S27P (Figure 14). The study was 

to monitor secondary (far-UV CD) and tertiary (fluorescence) structural alterations upon 

unfolding and as a result, the conformational stability of both the proteins.  

The F310, F320, F345, IAEW and E222 plotted as a function of urea concentration were 

globally fitted by using Savuka 6.2.26 to obtain the stability parameters (Zitzewitz et al., 

1995; Bilsel et al., 1999) (Figure 14). The reason why various wavelengths of the 

fluorescence data were chosen is that there is a difference in the unfolding transition 

between these specific wavelengths.  

Both the fluorescence and CD-monitored transitions of CLIC1-WT are monophasic and 

superimposable at pH7 indicating the unfolding transitions to be highly cooperative (Figure 

14, A). CLIC1-S27P also exhibits a two-state transition although the slope is far less steep 

compared to CLIC1-WT at pH7 (Figure 14, C and E). Furthermore, lower concentrations of 

urea are sufficient to initiate the denaturation of the mutant which may indicate the mutant 

being less stable than the wild-type at pH7. The curves measured using fluorescence and 

circular dichroism as probes are no longer superimposable at pH5.5 for both proteins. Both 

CLIC1-WT and CLIC1-S27P exhibit a biphasic transition at pH5.5 (Figure 14, D and F). 

This may be a result of a decrease in cooperative folding of both the wild-type and the 

mutant at pH5.5 compared to at pH7. Furthermore, the unfolding transitions of CLIC1-

S27P are less cooperative as compared to CLIC1-WT at both pH7 and pH5.5. 

Fluorescence intensities of binding of ANS to CLIC1-WT and CLIC1-S27P at 460 nm are 

shown (in the presence of 0 M to 8 M urea and 200 µM ANS) (Figure 14, G and H). At 

pH7, ANS does not bind to both the native and denatured wild-type (Figure 14, G). 

However, ANS binds to the native mutant with enhanced fluorescence intensity (by 

approximately 100 units) at pH7 (Figure 14, G). 
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Figure 14: Comparison of equilibrium unfolding curves of CLIC1-WT and CLIC1-

S27P at pH7 and 5.5.  
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A. B. Equilibrium unfolding curves of CLIC1-WT using the fluorescence intensities at 

F310 (●), F320 (●), F345 (●) and CD (●) ellipticity at E222 nm as probes at pH7 (A) and 

pH5.5 (B). The transition of the wild-type is monophasic at pH7 when monitored with both 

fluorescence and CD indicating a highly cooperative unfolding transition. However, it 

displays a biphasic transition between 3.2 and 3.8 M urea at pH5.5 that is indicative of an 

intermediate state at this region. The CD curve does not detect the intermediate state at 

pH5.5 showing a smooth transition. 

C. D. Equilibrium unfolding curves of CLIC1-S27P using the fluorescence intensities at 

F310 (▲), F320 (▲), F345 (▲) and CD (▲) ellipticity at E222 nm as probes at pH7 (C) 

and pH5.5 (D). The transition is monophasic at both pH7 and pH5.5 although the slope is 

less steep as compared to CLIC1-WT under both conditions. The protein initiates unfolding 

at lower concentrations of urea (2 M urea) as compared to CLIC1-WT (3.2-4 M urea). 

There is no noticeable inflection which would be indicative of an intermediate state as is the 

case in CLIC1-WT. 

E. F. Intensity averaged emission wavelength of CLIC1-WT and CLIC1-S27P fluorescence 

at pH7 (E) and pH5.5 (F). The transition is monophasic and sigmoidal for both the wild-

type (●) and the mutant (▲) at pH7. The mutant, however, shows a less steep slope upon 

unfolding as compared to the wild-type. At pH5.5, the shift to shorter wavelength in 

CLIC1-WT (●) upon increasing urea concentrations (0 M-8 M) is indicative of an 

intermediate state. A similar shift is also observed in CLIC1-S27P (▲) at lower 

concentrations of urea and over a broader range of denaturant concentration than the wild-

type (1.6 M-2.5 M). 

G. H. Fluorescence intensities of binding of ANS (200 µM) to CLIC1-WT and CLIC1-

S27P at 460 nm at pH7 (G) and pH5.5 (H). At pH7, CLIC1-S27P (▲) binds ANS in the 

native state and the presence of urea at a concentration range of 0 M to 4 M while CLIC1-

WT (●) shows no binding. At pH5.5, CLIC1-WT (●) binds ANS in the presence of urea at 
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a range of 3 M to 4.5 M where the protein forms the intermediate species. CLIC1-S27P (▲) 

binds ANS in both the native state and the presence of urea concentrations of 0 M to 4.5 M.  

I. J. The Raleigh scatter at 280 nm of CLIC1-WT is shown at pH7 (●) (I) and pH5.5 (●) 

(J). There is no aggregation observed along the entire transition at the both pH values. 

K. L. The Raleigh scatter at 280 nm of CLIC1-S27P is shown at pH7 (▲) (K) and pH5.5 

(▲) (L). There is no significant aggregation observed along the entire unfolding transition 

in the protein at both pH values. 
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The data were fitted to a two-state (N→U) model at pH7 and a three-state (N→I→U) 

monomer model at pH5.5 using Savuka (Zitzewitz et al., 1995; Bilsel et al., 1999) (Table 4) 

(also see Section 2.2.13). The goodness of fit for the models of both the proteins at pH7 and 

pH5.5 was 1. The thermodynamic parameters obtained from the curves clearly indicate that 

CLIC1 is destabilised by the mutation on the N-cap position with a ΔG (H2O) value of 

approximately 4 kcal/mol at pH7 while CLIC1-WT is found to be 10 kcal/mol at pH7 

(Table 4). At pH5.5, calculated ΔG1 (H2O) and ΔG2 (H2O) values of CLIC1-WT are found 

to be 4 and 13 kcal/mol, respectively. The calculated m-values which refer to the 

dependence of the free energy of unfolding on denaturant concentration, of both proteins 

are also shown (Table 4). The m-value of CLIC1-S27P is significantly decreased compared 

to CLIC1-WT at both pH7 and pH5.5. The transition mid-points (Cm values), point at which 

half of the population of the protein is unfolded, of CLIC1-WT and CLIC1-S27P were 

calculated using the global parameters. The Cm value at pH7 is reduced for the mutant 

compared to the wild-type. Similarly, the Cm of the first transition at pH5.5 is reduced for 

the mutant compared to the wild-type indicating a potential loss of stability of the native 

state of CLIC1-S27P at both pH values. 
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Table 4: Comparison of stability parameters obtained from the 2-state and 3-state fits 

of the equilibrium unfolding data of CLIC1-WT and CLIC1-S27P at pH7 and 5.5. 

pH7 (two state monomer) 

Parameters    CLIC1-WT CLIC1-S27P 

ΔG (H2O)(kcal/mol) 10 (±0.9)       3.7 (±0.3) 

m (kcal/mol/M urea) 2 (±0.2) 1 (±0.1) 

Cm (M urea) 5 
 3.7  

Reduced 2 0.2 0.15 

pH5.5 (three state monomer) 

ΔG 1 (H2O) (kcal/mol)                        3.7 (±0.3) 4.2 (±0.9) 

m1 (kcal/mol/M urea)                 0.7 (±0.4) 1.2 (±0.4) 

Cm 1 (M urea)                                3.4 (±0.1) 3.5  

ΔG2 (H2O)  (kcal/mol)                        8.1 (±4.9) 7.3 (±1.8) 

m2 (kcal/mol/M urea)                 2.1 (±2.1)  1.8 (±0.4) 

Cm 2 (M urea)                                    4.2 (±0.1)                                                4.0  

Reduced 2 0.2 0.18 

 

 

The ΔG (H2O) and m-values obtained by plotting F310, F320, F345, IAEW and E222 as a 

function of urea concentration and globally fitting the data to either two-state (pH7) or 

three-state (pH5.5) monomer models. The values in brackets represent the standard 

deviations obtained from the fits.  
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CHAPTER 4: DISCUSSION 

Recently it was found that CLIC1 is comprised of an N- and C-capping box in the α1 helix 

that forms part of the transmembrane region (Nathaniel, PhD, 2007). The impact of N-

capping boxes on the α-helices of specific proteins has been studied by several groups (Kim 

and Baldwin, 1990; Cochran et al., 2001; Zuhovsky, 1994; Dragani et al., 1997; Dirr et al., 

2005). These studies suggest that the N-capping boxes contribute significantly to the 

stability of proteins. Although the N-capping box of the α1 helix is conserved throughout 

the CLIC family, the significance of the N-capping box of the α1 helix on the stability and 

the function of CLIC1 was unknown. The aim of this study was to examine the importance 

and contributions of the N-capping box, Ser27, to the structure and stability of the α1 helix, 

the putative transmembrane helix in CLIC1, using the engineered mutant CLIC1-S27P. In 

creating the mutant to explore the contribution of the N-capping box in the structure and 

stability of CLIC1, the introduction of a proline was favoured as its as it is a helix-breaker 

and its closed side chain would disrupt the α1 helix.  

4.1. Structural components of native CLIC1-S27P 

4.1.1. The global native structure of CLIC1-S27P is affected by 

the mutation 

There are significant alterations in secondary and tertiary structure of CLIC1-S27P 

compared to CLIC1-WT (Section 3.4). According to the far-UV circular dichroism studies, 

CLIC1 is mainly alpha helical in structure (Figure 8). This is confirmed by the crystal 

structure of CLIC1 that reveals 10 α-helices and 4 β-strands (Figure 3) (Harrop et al., 

2001). However, according to the far-UV circular dichroism spectra (Figure 8), changing 

serine to proline at the N-cap position of the α1 helix, contributes a loss of α-helical content 

to the protein as compared to that of the wild-type. There is also a difference in α-helical  
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structure at both pH7 and pH5.5 that is observed in both the wild-type and the mutant. The 

loss in ellipticity observed at pH5.5 compared to that at pH7 suggests the proteins have a 

less α-helical content at pH5.5 than at pH7 (Figure 8). The loss of α-helical content at 

pH5.5 has been explained in a recent study using hydrogen exchange mass spectrometry 

(Stoychev et al., 2009). The study suggested that at low pH the α1, α3 and α8 helices of 

CLIC1 take on a more flexible conformation. The reason for this is probably the 

neutralisation of acidic residues at the surface of the protein at the lower pH. This may 

break two interactions that are formed at pH7: the salt-bridge that is formed between Arg29 

and Glu81 and the interaction between the α1 and α8 helices and could explain the 

reduction in helicity with lowered pH in the wild-type and a similar event is likely in the 

mutant as discussed in Section 4.1.2. In addition to this, the change in the secondary 

structure of the mutant compared to the wild-type could be affected by the breakage of the 

connection between the α1 helix and β1 strand of CLIC1 induced by the mutation as 

discussed in section 4.1.2.  

In terms of tertiary structural alterations, the reduction in fluorescence intensity and the 

blue-shifted λem max of the native mutant at pH5.5 as compared to the wild-type imply that 

the tryptophan (Trp35) of the mutant becomes more buried at pH5.5 compared to pH7 

(Figure 9). The CLIC1-WT intermediate state also exhibits a more buried tryptophan 

compared to the native wild-type structure (Fanucchi et al., 2008). This can be explained 

as: First, it suggests that the mutant may take on an intermediate conformation at pH5.5 as 

is seen in the wild-type at that pH under mild denaturing conditions (Fanucchi et al., 2008). 

The second is that the mutant may exhibit an altered native state at pH5.5. This is because 

although the fluorescence studies do not show significant alterations in the structure, the 

native mutant shows structural alterations as its hydrophobic surface becomes exposed to 

the solvent and, thus, binds ANS at pH5.5.  

The fluorescence intensity measurements in the presence of ANS of the wild-type and 

mutant used to detect the hydrophobic patches that are exposed to the solvent suggest  
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significant structural alterations induced by the mutation at the N-cap of the α1 helix 

(Figure 10). The native CLIC1-S27P, in the absence of urea, binds ANS at both pH7 and 

5.5 indicating hydrophobic patches being exposed in the native conformation which are not 

detected in the native wild-type conformation (Figure 10). ANS binds to the native CLIC1-

S27P relatively tightly with Kd values of 17.5 µM
 
and 23.3 µM at pH7 and pH5.5, 

respectively, in the presence of 0 M urea, while the wild-type binds to ANS only at pH5.5 

and under mild denaturing conditions (Figure 11). Therefore, the mutation significantly 

affects the position of the hydrophobic residues of the α1 helix and hence the tertiary 

structural properties of the protein, with greater exposure of the hydrophobic regions 

occurring. This may be a result of the loose packing of the helices and thus lack of packing 

interactions such as short-range Van der Waals interactions in the protein. 

The environment of the single tryptophan, Trp35, was further investigated using acrylamide 

quenching as a probe (Section 3.4.3). As the Ksv values calculated from the Stern-Volmer 

plots indicate, Trp35 in the native wild-type is found to be most solvent accessible at pH7 

(14.3 M
-1

) and at pH5.5 (8.3 M
-1

) while the mutant displays a more buried tryptophan 

conformation at pH7 (7.7 M
-1

) and at pH5.5 (3.4 M
-1

) compared to the wild-type (Figure 12 

and Table 3). This result is consistent with the fluorescence studies where the lone 

tryptophan of the mutant adopts a more buried conformation and is accompanied by a blue-

shifted λem max and a decrease in fluorescence intensity (Figure 9). The burial of the lone 

tryptophan is suggested to attribute to local structural alterations under mild denaturing 

conditions (McIntyre, 2007). Since the mutation was engineered in the vicinity of the single 

tryptophan (Trp35), any alterations at this point may affect the tryptophan causing to be 

buried or exposed to the solvent. Changing a polar amino acid, serine, with a hydrophobic 

amino acid, proline, may have caused breakage of interactions between this residue and 

other residues. Therefore, although the tryptophan is more buried, the overall helical 

structure shows a more exposed conformation. The latter is supported by ANS studies 

(Figure 10). Moreover, the effect of pH on the behaviour of CLIC1 has previously been 

mentioned. The protein shows a lower degree of secondary structure at pH5.5 and is  
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proposed to form an intermediate state under these conditions where the major structural 

alterations in the tertiary structure take place in the α1 helix (Fanucchi et al, 2008; Littler et 

al., 2010). The mutant displays similar characteristics to the wild-type with exhibiting 

intermediate species under mild denaturing conditions at pH5.5 and thus this may affect the 

location of tryptophan as taking on a more buried conformation at pH5.5.  

4.1.2. The helical interactions are affected by the mutation 

The α1 helix is composed of two polar, two basic and nine hydrophobic amino acid 

residues. The impact of the mutation at the N-capping box in terms of interactions between 

the residues forming the α1 helix has been examined (Figure 15). The analysis shows that 

each of the amino acid residues interacts with the others by means of hydrogen bonding 

according to the n-(n+4) formula that describes a classical α-helix and is observed with all 

the amino acids in the α1 helix of CLIC1 (Figure 15). Moreover, these amino acid residues 

also form backbone hydrogen bonds with the residues located three residues downstream 

formulated as n-(n+3) in the α1 helix. The backbone amide and carbonyl group of the N-

cap residue, Ser27, interacts with Cys24 by means of hydrogen bonding (Figure 16). This 

type of interaction between the n-(n+3) corresponds to the N-cap motif (Richardson, 

Richardson, 1988) although the hydroxyl group of serine is not directly active in 

interactions with residues in the helix as is the case with most of the serine N-capped 

proteins (Doig et al., 1997).  

The residue does, however, form hydrogen bonds with two water molecules nearby. This 

stabilising interaction has been shown to occur with some N-cap residues (Doig et al., 

1997). In the case of the mutant, S27P, the hydrogen bond formation of Ser27 with the two 

water molecules (H2O355 and H2O356) is disrupted when the serine is mutated to a proline 

(Figure 15). These interactions with water molecules also function as a bridge between the 

α1 helix and β1 strand where Lys13 forms hydrogen bonds with these water molecules 

when serine is at the N-cap position. This bridge is, therefore, broken by the mutation.  
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Figure 15: The hydrogen bond formation of the α1 helix of CLIC1. Red and yellow 

dashed lines indicate the strong and weak hydrogen bond formations between the backbone 

residues, respectively. The backbone hydrogen bonds formed between Ser27-Cys24 and 

Ser27-Phe31 are indicated in red and green circles, respectively. The Figure was generated 

using Swiss PDB Viewer (Guex and Peitsch, 1997). The PDB code is 1k0m (Harrop et al., 

2001) for CLIC1. 
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Figure 16: The hydrogen bond formation of the N-capping box (Ser27) of the α1 helix 

in CLIC1-WT and CLIC1-S27P. Ser27 and Pro27 are indicated in blue. Cys24 and Phe31 

are shown in pink and green, respectively. Lys13 is shown in cyan. Both Ser27 and Pro27 

form backbone hydrogen bonds with Cys24 and Phe31 as shown in the illustration. The 

hydrogen bond formations between the Ser27 side chain and water molecules (yellow 

spheres) are also shown. These are not present when proline is at the N-cap position. There 

is also a clash (black dashed lines) observed between the proline and the cysteine residues 

which implies structural alterations in the mutant. The Figure was generated using Swiss 

PDB Viewer (Guex and Peitsch, 1997). The PDB code is 1k0m (Harrop et al., 2001) for 

CLIC1.  
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Moreover, both rotamers of Pro27 form a clash with Cys24, caused by the steric hindrance 

of the proline side chain and possibly causing the proline in this position to break the helix 

(Figure 16). This may attribute more flexibility to the α1 helix and thus to the protein, 

contributing to a less compact and less stable structure. 

It is clear that even though hydrophobic interactions have a fundamental role in stabilising 

proteins, hydrogen bonding should also be satisfied in order to provide stability to the 

protein and may overcome the hydrophobic effect (discussed in Gilis and Rosman, 1996) as 

may be the case with the mutant. Furthermore, Ser27 was found to be one of the hot spots 

found in the domain interface of CLICs (Stoychev, PhD, 2008). This residue is proposed to 

have fundamental roles in the structure and have interactions with other conserved residues 

in the interior part of the CLICs as seen in CLIC1. 

Serine itself is a prominent amino acid residue in many transmembrane proteins. Serine 

motifs are found to be common in twelve transmembrane segments searched in the SWISS-

PROT database (Dawson et al., 2002) and this residue has been found to exist 

predominantly on the lipid-exposed surface of membrane proteins (Gratkowski et al., 

2001). Serines are also proposed to give membrane proteins their self interacting property 

(Senes et al., 2000). Therefore, even though further studies are required to discover the 

contributions of this single residue to the membrane function of the CLIC proteins, there is 

no doubt that a number of serines have had a fundamental role in stabilising the interactions 

in transmembrane helices (Kolbe et al., 2000). 

The helical propensities of CLIC1-WT and CLIC1-S27P were obtained using AGADIR 

(Munoz and Serrano, 1994; 1997) showing that serine at the N-cap position of the α1 helix 

contributes 5.55% to the α1 helix propensity while this value is 3.27% when proline is at 

the N-cap position. This finding is confirmed by the circular dichroism data where the α-

helical content decreases in the mutant at both pH7 and pH5.5 (Figure 9).  
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Similar results have been suggested in previous studies done elsewhere (Lattman and Rose, 

1993; Zuhovsky et al., 1994). Thus, helix capping interactions of the α1 helix of CLIC1 are 

significant properties providing the α1 helix with its helical propensity. Overall, there were 

significant alterations induced by the mutation in terms of secondary structure with loss of 

helical components and tertiary structure with a buried tryptophan along with more exposed 

hydrophobic surfaces. Moreover, the breakage of interactions in the α1 helix and a decrease 

in helix propensity also arose from the mutation, although these speculations need to be 

proved in future by solving the crystal structure of this mutant. 

4.2. Changes in the stability and unfolding of CLIC1 induced by 

S27P mutation 

The concept by which the N-capping boxes stabilise proteins is supported by this study 

where CLIC1 is destabilised by the N-cap mutation. A similar result was observed in a 

mutant generated by changing the N-cap of the α9 helix, D209G, of GST alpha (Dirr et al., 

2005). Here the results suggested that the N-cap motif of the α9 helix is important in the 

folding and the stabilisation of GST alpha although the mutation did not alter the secondary 

and tertiary structure of the protein. CLIC1-S27P shows 37% decrease in the free energy of 

unfolding and 50% decrease in the m-value compared to CLIC1-WT at pH7 (Table 4). 

Trp35 may be quenched by other residues that result in burial of this residue, and hence it is 

not accessible to the solvent. The increase in m-value with a decrease in pH is generally 

correlated with an increase in the solvent accessible surface area (SASA) of the denatured 

state (Whitten et al., 2001). The decrease in the m-value of the mutant at pH7 refers to a 

significant decrease in SASA upon unfolding and the stabilisation of less compact states of 

the protein. This is consistent with the fluorescence and CD-monitored results. The increase 

in the m-value of the mutant in the transition of N→I at pH5.5 as compared to the wild-type 

may refer to a more compact intermediate state of the mutant. In addition, the drop in the 

Cm value in the mutant implies that lower concentrations of urea are sufficient to initiate the 

denaturation of the mutant suggesting a loss of the tertiary compactness of the protein 
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(Table 4). Therefore, the mutation causes a reduction in the compactness of the native state 

or an increase in the compactness of the denatured state compared to the wild-type. Thus, 

the composition of the ensemble of proteins in solution available at equilibrium has altered. 

A three-state transition is observed in both the proteins at pH5.5 with a highly populated 

intermediate species for each (Figure 14) (Zitzewitz et al., 1995; Bilsel et al., 1999). The 

ΔG value of the N↔I transition is lower (4.2 kcal/mol) than the I↔U transition                 

(7.3 kcal/mol) suggesting that the intermediate is stabilised by the mutation. A stabilised 

intermediate species is also observed in the wild-type at pH5.5 (Table 4).  

4.3. Conclusion 

The main focus of this project has been to study the significance of the N-capping box of 

the α1 helix on the structure and stability of CLIC1 through a mutation at the N-cap. Both 

the wild-type and the mutant proteins have been investigated in terms of their secondary 

and tertiary structure and thermodynamic stability at pH7 and pH5.5. 

It has been found that a single mutation at the N-cap position of the α1 helix has 

significantly affected the secondary and tertiary structure of CLIC1. Firstly, the mutant was 

found to become less helical. Moreover, the helical propensity of the α1 helix is 

significantly dropped when mutated at the N-cap which contributes a less compact helical 

structure to the protein. Secondly, the tertiary structure of the protein was altered by the 

burial of the lone tryptophan and exposure of hydrophobic regions. Thirdly, the interactions 

between Ser27 and two water molecules and hence the bridge between the α1 helix and β1 

strand was broken as a result of the mutation. Finally, the equilibrium unfolding study has 

shown that the protein is significantly destabilised by the N-cap mutation although the 

mutant exhibits a stabilised intermediate species similar to the wild-type at pH5.5.  

Serine is a significant amino acid in transmembrane proteins as it is often found in the 

transmembrane region (Ballesteros et al., 2000; Dawson et al., 2002; Gratkowski et al, 

2001; Senes et al., 2001) where it is implicated in oligomerisation prior to membrane 
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insertion (Dawson et al., 2002). The work presented in this dissertation gives significant 

information about the contributions of Ser27 at the N-cap position of the α1 helix to the 

structure and the stability of CLIC1. Its contributions to the function of CLIC1 in the 

presence of membranes can be elucidated further by functional studies.  
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