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Abstract

It is well documented that N-capping motifs are stabilising local motifs for

α-helices. N-capping motifs have been identified within hGST A1-1 at the

N-terminal ends of α-helix 9 and α-helix 6. The conservational role of these

two motifs in protein stability, folding and function was investigated. α-Helix

9 is a unique structural feature to class Alpha GSTs that is important for its

catalytic functioning. This amphipathic helix is highly dynamic, where upon

ligand binding at the active-site, the delocalised C-terminal region becomes

immobilised to form a structured helix forming a “lid” over the active-site.

The specific role of the Asp N-cap motif toward the stability and dynamics of

α-helix 9 was determined by substituting the Asp-209 for a Gly. ANS binding

and urea-induced activity studies showed that by removing the N-cap motif

of α-helix 9 in hGST A1-1, the α-helix 9 is destabilised rendering a less hy-

drophobic binding site compared to that in the wild-type. The helical content

of the peptide, corresponding to α-helix 9 in the C-terminal region of hGST

A1-1 (208 -222), decreased significantly upon the removal of the N-cap motif.

The explanation for the conservation of the Asp N-cap residue can be found

in its stabilising role of the C-terminal region of class Alpha GSTs. This sta-

bilising role was however less apparent in context of the protein compared to

that in the peptide. Majority of the atomic contacts owing to the stability

of α-helix 9 appear to be governed by non-local tertiary interactions rather

than local interactions, such as the N-cap motif. These tertiary interactions

are likely to include short and long range contacts between residues on the

surface of the protein that are already known to contribute towards the sta-

bility of the C-terminal region. In this study, the ligand displacement-studies

and the molecular docking results strongly suggest that 8-aniline-1-napthalene
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sulfonate binds at the H-site in hGST A1-1.

The N-capping motif of α-helix 6 identified in class Alpha GSTs is located

within the core of domain 2. This motif is a common feature found amongst

almost all GST-like proteins and is thought to be the folding nucleation site

(Stenberg et al. J. Biol. Chem. 275 (2000), 10421-10428). The N-cap (Ser-

154) and N3 (Asp-157) residues were each substituted with an Ala in hGST

A1-1 to investigate the role of this motif in the folding of hGST A1-1. Both

substitutions resulted in thermal sensitive mutants compared to that of the

wild-type. The N3 substitution (D157A) was however too disruptive, where

the yields of this mutant were insufficient for any further studies to be carried

out. For the N-cap mutant (S154A), the unfolding kinetic studies revealed a

significantly destabilised core in domain 2 compared to that of the wild-type.

The kinetic folding studies monitored by fluorescence spectroscopy, revealed

that the N-cap motif contributes to the efficient folding and dimerisation of

the subunits, and to a far lesser extent towards the final tight packing and

reorganisation of tertiary interactions in hGST A1-1. Since no changes in the

burst-phase of S154A was evident compared to that of the wild-type, it seems

unlikely that this motif is a folding nucleation site in hGST A1-1. These results

do not exclude the possibility that this motif contributes to the rapid forma-

tion secondary structure during the burst-phase of folding. Due to the highly

conserved region surrounding α-helix 6 , the role of this motif contributing

to the stability of hGST A1-1 could be a general feature for GSTs and GST-

like proteins. In this study, further insight into the mechanism of folding for

hGST A1-1 was gained. The hydrophobic core packing surrounding α-helix 6

occurred as a late folding event, that is during the final packing and reorgani-

sation of tertiary interactions of the protein. The N-cap motif is an important

structural feature for the fast folding of domain 2. This N-cap motif is a unique

structural feature important for the efficient folding of the monomers, which

is exclusive to its role in stabilising α-helix 6 in hGST A1-1.
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Chapter 1

Introduction

1.1 Linear sequence to three-dimensional shapes

of proteins

Over the past four decades much research has been focused on deciphering the

mechanism by which proteins acquire their precise folded three-dimensional

structures. To solve this complex problem, two central questions have emerged;

what are the forces that determine and hence stabilise the native protein struc-

ture and, how does a polypeptide fold to its native state? A thorough under-

standing of the principles that govern folding of proteins in vitro is a prerequi-

site for elucidating protein folding in the cell, which has far-reaching biological

and medical implications. It is known that the unique native conformation of

the protein determines its function. By extension, the function of a protein

depends entirely on the ability of the protein to fold rapidly and reliably to its

native structure.

The structure of a protein can be described in four different hierarchical levels:

primary, secondary, tertiary and quaternary. The secondary structure refers to

the regular, re-occurring spatial arrangements of adjacent amino acid residues
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of a polypeptide chain (primary structure), such as: α-helices, β-sheets, β-

turns, β-barrel etc. The tertiary structure, that is the native protein, is de-

fined by the three-dimensional arrangement of secondary or super-secondary

structures. The quaternary structure defines the three-dimensional arrange-

ment of prosthetic groups and solvent with respect to the native protein. It

is the spatial arrangement of the atoms in the polypeptide chain, defined by

the dihedral bond angles of the peptide bonds, that governs the precise and

reproducible patterning of hydrophobic and hydrophilic components, positive

and negative charges, hydrogen-bond donors and acceptors, that ultimately

defines the unique structure. The atomic interactions within proteins can be

local, between residues close in sequence, or non-local, being medium-range

and long-range interactions.

To date the prediction of any particular secondary structure within an amino

acid sequence of a protein has an accuracy close to 80% (de Brevern et al.,

2002). The field has yet to produce consistent and reliable ab initio structure

prediction protocols (Bonneau and Baker, 2001). As the understanding in the

formation of the unique three-dimensional structure of proteins is increasing,

so new goals in protein design are also emerging. One such area of develop-

ment in protein structure design, has been the design of specific amino acid

sequences that are not necessarily similar to known proteins, nonetheless will

fold into a compact unique three-dimensional structure when synthesised in

vitro or in vivo. This approach will provide a means for the major advance-

ment in drug design. To date α-helical, β-sheet, and simple α/β proteins have

been synthesised. Site-directed mutagenesis is also a common approach to in-

crease the understandings of the forces that contribute to the conformational

stability of globular proteins in atomic detail (Matthews, 1993). A greater

understanding of these forces, and key features in relation to protein folding,

is providing for the ability to design new proteins (Betz et al., 1995).
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1.2 α-Helices and the N-capping motif

By identifying common key features that define a homologous fold or simple

secondary structural elements, such as in α-helices and β-sheets, is one area

under investigation attempting to ascribe most common features that can de-

fine secondary structural elements/or conserved folds.

1.2.1 α-Helices and their putative motifs

Several scales have been derived in defining the intrinsic helical tendencies

for the different amino acids determined from thermodynamic analysis of pro-

teins (Horovitz et al., 1992; Blaber et al., 1993), or peptides (Lyu et al., 1990;

O’Niel and DeGrado, 1990; Horovitz et al., 1992; Chakrabartty et al., 1994;

Munoz and Serrano, 1995b,a; Rohl et al., 1996). Although there are some

discriminating differences between one scale to another, in general, there is a

reasonable correlation. The best correlation of these scales is best described in

the algorithm, AGADIRs-2 (Lacroix et al., 1998). AGADIR has been derived

from analysing multiple peptides with different amino acid compositions. The

different helical propensities of the 20 amino acids in a central helical position

have been explained by taking into account the changes in solvation, enthalpy,

and side-chain entropy between the denatured and the helical states (Luque

et al., 1996). This program is useful in predicting the α-helix propensities of a

given amino acid sequence. Another point to take into account with regards to

the amino acid propensity, is that every amino acid appears to have different

helical propensities in a position-dependent manner.

Whilst understanding that there are different sequence-dependent factors that

contribute to the formation and stability of α-helices, it was found that through

statistical analysis of the frequency of occurrence of amino acids in different

secondary structures, certain side chains have distinct conformational prefer-

ences (Chou and Fasman, 1978). These preferences were termed amino acid

propensities, which lead to the discovery of local putative motifs that con-

tribute largely to secondary structure stability. One such statistical analysis
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has shown that there are specific amino acid preferences at or near the N-

cap and C-cap positions (Richardson and Richardson, 1988; Presta and Rose,

1988), see Figure 1.1. Three motifs at the N-terminus have been described:

the N-capping box, the hydrophobic staple motif (Munoz and Serrano, 1995a;

Munoz et al., 1995) and Pro-box motif (Viguera and Serrano, 1999). The

nomenclature of the N-capping region is denoted N’-N’-N-N1-N2-N3, where N

or N-cap is the residue with non-helical φ and ψ angles, immediately preceding

the first amino acid (N1) of the α-helix (Richardson and Richardson, 1988). At

the C-terminus, the Schellman motif or C-capping box (Viguera and Serrano,

1995) and a C-terminal proline box (Kim and Kang, 1999) have been identified.

The nomenclature of the C-capping region is denoted C3-C2-C1-C-cap-C’-C”.

The C-cap is the residue immediately proceeding the last residue (C”) of the

α-helix. The rational behind amino acids having different propensities in a

position-dependent manner is explained, in part, where the non-helical N-cap

side-chain can fulfil a hydrogen bond with the amino group of the first three

helical residues. These residues do not have main-chain hydrogen bond part-

ners as apposed to those within the α-helix. Asp, Ser, Thr and Asn are all good

N-cap residues where the side chain groups form hydrogen bonds with one or

two main-chain amino groups of residues at position N1, N2, N3 and/or N4.

The N’ and N-cap residues have shown to adopt dihedral angles in the β-region

of the Ramachandran plot (Munoz and Serrano, 1995b) and not α-helical con-

formation, and thus is part of the loop preceding the α-helix. The proline box

at the C-terminal end of helices is defined by a proline at C, creating the last

turn of the alpha-helix to be slightly unwound (310 helix) (Kim and Kang,

1999). The proline box at the N-terminal end of helices has a Pro residing at

the N-cap position, and is often accompanied with an Ile or Leu at position

N’, Val at position N3 and a hydrophobic residue at position N4 (Viguera and

Serrano, 1995). These N-capping motifs contribute significantly to helix sta-

bility, whereas the C-capping motifs contribute significantly less (Viguera and

Serrano, 1995). This emphasises the importance of the N-capping region as a

stabilising feature for helices, which in turn contributes to the overall helical

propensity of a given peptide sequence.
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N-cap

motif
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Hydrophobic

staple motif }

Pro

}

Pro

Figure 1.1: Schematic diagram showing putative N- and C-terminal capping

motifs of α-helices. The nomenclature for the capping residues are shown. N1

and C1 are the first and last helical residues, respectively. The lines represent

hydrogen bonds, hydrophobic residues are highlighted in yellow. An example

of an N-capping motif is shown where hydrogen bonds between the side-chain

(blue boxes) of N3 and N-cap residue form with the main-chain NH or CO

group of residues within the first helical turn. The hydrophobic staple motif

and C-terminal Schellman motif are defined by van der Waals contacts formed

between hydrophobic residues. The position of the proline residue (grey) form-

ing a Pro-box motif, either at the C- or N-terminal end of helices, is shown.

The δ - and δ + symbols indicate the partial negative and positive charge of

the helix dipole, respectively. The arrow indicates the direction of the N-Cα

peptide bonds.
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1.2.2 Stabilising role of N-capping motifs toward α-helices

Whilst understanding why small segments of secondary structures are rela-

tively more stable than the random coil state, it was found that the choice of

the amino acids within the capping motif have a major effect on the helical con-

tent of peptides (Chakrabartty et al., 1994; Cochran and Doig, 2001; Cochran

et al., 2001; Forood et al., 1993; Lyu et al., 1993; Zhou et al., 1994; O’Niel

and DeGrado, 1990; Petukhov et al., 1999) and towards the global stability

of proteins (elMasry and Fersht, 1994; Chen and Fersht, 1994; Serrano et al.,

1992; Bell et al., 1992; Wilcock et al., 1998; Zhukovsky et al., 1994; Parker and

Hefford, 1998), and see review by Scholtz and Baldwin (1992). The free en-

ergy preference for all 20 amino acids from the N-cap to the N3 positions have

recently been shown to correlate well to the statistical preferences of amino

acids at their corresponding positions of α-helices in proteins (Cochran and

Doig, 2001; Iqbalsyah and Doig, 2004; Cochran et al., 2001; Rohl et al., 1996).

The stabilising effect of an N-capping box is well established, which consists

of a hydrogen bond between the N-cap side-chain and the N3 main-chain

amide group, accompanied by a reciprocating hydrogen bond between the

side-chain of the N3 residues and the main-chain carbonyl group of the N-cap

residue (Richardson and Richardson, 1988; Presta and Rose, 1988). Both the

N-capping box and staple motif (hydrophobic residues flanking the N-cap mo-

tif) together have an additive effect on α-helix stability (Munoz and Serrano,

1995a) and also contribute to the helical rigidity. In addition to the impor-

tance of the hydrogen bonding patterns at the capping box, other factors also

play a role in the stabilisation of helical conformations of short peptides. Such

factors include interactions among side chains (Jimenez et al., 1994; Padman-

abhan and Baldwin, 1994), electrostatic interactions among polar and charged

groups at the helical ends with the helix macrodipole (Lockhart and Kim,

1992, 1993). The helix-dipole effects are likely to be present at all sites, how-

ever this can be overwhelmed by strong hydrogen bonds, such as the N-cap

motif (Cochran et al., 2001).

Even though the N-capping box is reported to be a recurrent hydrogen bond
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motif in proteins (Presta and Rose, 1988; Harper and Rose, 1993), it occurs

only in 5% of α-helices (Wan and Milner-White, 1999). Recently it has been

shown that a third of all α-helices have either a ST-motif (Ser or Thr at the

N-cap position) or Asx-motif (either Asp or Asn at the N-cap) (Wan and

Milner-White, 1999). These motifs are similar to the N-capping box, in that

the side-chain of the N-cap residue hydrogen bonds with the main-chain amino

group of N2 or N3, however they lack the reciprocal N3 or N4 side-chain

hydrogen bond with the main-chain N-cap CO group. In fact, it is proposed

that the N-capping box could be regarded as a subset of the ST- or Asx-motif,

where an Asx-motif found at the N-terminal end of an α-helix is termed an

Asx N-cap motif. Moreover, it is now known that motifs such as the Asx and

ST-motif, not only contribute to the stability of α-helices, but also to β-bulge

and β-hairpins. Interestingly, the ST-motif is more prolific amongst proteins

than the Asx-motif (Wan and Milner-White, 1999). Work by Wan and Milner-

White (1999) show that for the N-capping box, is it more common to find a

Ser or Thr at the N-cap position than an Asp (Wan and Milner-White, 1999).

In this study, the hydrogen bonding pattern is defined according to Wan and

Milner-White (1999).

A reasonable estimation of the enthalpy change for the helix-coil transition in

water is ∼5.4 kJ.mol−1 per residue (Scholtz et al., 1991). This supports the

explanation that the α-helix backbone conformation is stable in water. It is

well know that hydrogen bonds stabilise globular proteins, and in the case of

helices, the enthalpy contribution for each intramolecular hydrogen bond is

approximately between 4.2 and 9.2 kJ.mol−1 (Myers et al., 1995). In saying

this the hydrogen bond may have differing contributions in a peptide compared

to that of a full length protein, since peptides lack tertiary interactions unlike

proteins, and therefore this can complicate the interpretation of the results.

An example of this is the work done by Peterson et al. (1999) where they

attempted to introduce an N-capping box in a small phosphocarrier protein.

Instead they introduced a new tertiary hydrogen bond between an α-helix and

β-sheet, which resulted in more stable protein.

A comparative study of the N-capping residues in proteins and helices, is a

good approach to further ones understanding of the local (short range) and
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non-local (long range) contacts governing the stability and folding of proteins.

Helices in peptides tend to fray at their ends, whereas those in proteins are

constrained by the rest of the structure and they are thus better defined struc-

turally. A comparative study of a dimeric helical peptide, where its ends were

designed not to fray (O’Niel and DeGrado, 1990), suggest that like others

(Horovitz et al., 1992), the α-helix forming tendencies determined from stud-

ies on model peptides may not, to a large extent, be relevant to proteins.

Nonetheless, promising statistical mechanic approaches to the prediction of

helical propensities of short peptides were reported (AGADIR) to have excel-

lent accuracy in the prediction of the helical content of peptides, which include

a very wide range of lengths and sequences (Doig et al., 1997; Lacroix et al.,

1998).

1.3 Implications of stabilised secondary struc-

ture in protein folding

1.3.1 Mechanism of protein folding

The protein folding pathway is commonly modelled as an energy landscape that

resembles a funnel starting with a diverse multitude of unfolded conformations

at the rim, going “down hill” with the native-state at the bottom consisting

of a tight ensemble (Chan and Dill, 1998; Dill and Chan, 1997). Along the

interior of the funnel represents an infinite number of possible pathways, where

each pathway has its own distinct energetic topography. Figure 1.2 shows

three theoretical folding funnels illustrating the differences of the interior of

a folding funnel as a result of different folding mechanisms of proteins. The

width of the funnel represents conformational entropy, with maximum entropy

in the random coil state and minimum entropy in the final state, being the

native protein. The height of the funnel represents the free energy change.

The simplest kinetic behaviour for protein folding is the two-state kinetics

via a single exponential process, where the interior of the funnel tends to be

smooth, Figure 1.2 (Dill and Chan, 1997).
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Figure 1.2: Different folding scenarios shown as the energy surface of a folding

funnel. The vertical axis is the internal free energy. Each conformation is

represented as a point on the landscape. The two horizontal axes represent the

many chain degrees of freedom. Scenario A shows an idealised funnel landscape

of two-state (un)folding reaction. B shows a rugged energy landscape with

kinetic traps, energy barriers, and some narrow throughway paths to native

(N) protein. This folding can be multi-state. C is a “moat” landscape to

illustrate how a protein could have a fast-folding throughway process (2), in

parallel with a slow-folding process (1) involving a kinetic trap. Figures are

reproduced with permission from Dill and Chan (1997).
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The protein folds directly from the denatured state to the native folded state

without any detectible intermediates. The transition state of a folding reaction

is between the native and denatured state. In this scheme the transition state

is not considered as a single obligatory step through which all molecules pass,

but rather it is an ensemble of many different chain conformations (Onuchic

et al., 1996). Many small proteins have been observed to fold via two-state

pathway such as chymotrypsin inhibitor 2, SH3 domain of α-spectrin (Viguera

et al., 1994), IgG binding domain of streptococcal protein G (Alexander et al.,

1992) and cold-shock protein B, see review by Jackson (1998). However, other

small proteins, and in fact most proteins, fold via more complex multistate ki-

netics with transient intermediates, such as apomyoglobin (Kuwajima, 1977),

barnase (Matouschek et al., 1990; Wong et al., 2000), CheY (Lopez-Hernandez

et al., 1997) and cytochrome c (Sosnick et al., 1997; Sauder and Roder, 1998),

and for larger proteins dihydrofolate reductase (Jones et al., 1994; Jennings

et al., 1993), heterodimer luciferase (Clark et al., 1997; Fedorov and Baldwin,

1997) and dimeric Trp repressor (Gloss and Matthews, 1998; Gloss et al., 2001),

to name a few. Each step in the reaction will have exponential kinetics de-

scribing the time-dependent interconversion between the stable states adding

to the roughness of the interior of the funnel (Onuchic et al., 1995; Wolynes

et al., 1996). Here a protein molecule may follow the steepest (fastest fold-

ing) path, or a more round-about route passing through several local minima

(intermediates) and maxima (transition states). The transition state can be

described within the interior of the folding funnel as the “spurs” or “hills” and

the intermediates as being the “valleys”. Thus, there are potentially a plethora

of routes to the native state. A common characteristic feature of the transi-

tion state, observed from both mutational and computational studies, is that it

tends to be closer to the native structure than unfolded. It appears that some

native contacts are more probable than others due to the polymeric nature of

the peptide chain and the topology of the native state (Daggett and Fersht,

2003; Uversky and Fink, 2002). The main discrepancy between different fold-

ing theories in the “new view” is in relating the conformational breadth of the

transition state ensemble of proteins that fold via two-state mechanism with

existing proteins that fold via a multistate mechanism (Dill and Chan, 1997;

Onuchic et al., 1996; Abkevich et al., 1994). The folding of a protein following
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a two-state folding mechanism occurs without detectable and obligatory inter-

mediates, whereas a multistate folding mechanism involves intermediates. As

techniques for detecting structure during folding have improved with respect to

both spacial and temporal resolution, as well as monitoring folding on faster

time scales of nanoseconds to microseconds, so a unifying view is emerging

providing answers to these discrepancies (Fersht, 1997). In the unified view,

the delicate balance of both secondary and tertiary structural elements along

the folding pathway of proteins is highlighted, which appears to be an inherent

predisposition in determining the mechanism of folding.

1.3.2 Implications of local and non-local interactions in

protein folding

To date, the current studies that are involved in characterising the structural

elements in the folding reactions have highlighted the importance of both sec-

ondary and tertiary structural elements. From this two models have emerged

describing the mechanism of folding. This being the nucleation-condensation

(Fersht, 1997, 2000) and diffusion-collision (Baldwin, 1999) model. The for-

mer model is based on the concept that a rapid collapse in the polypeptide

chain occurs upon which further stable secondary structure exist either con-

currently or after the condensation of a collapsed chain (Fersht, 1997, 2000)

forming an extended nucleus (Itzhaki et al., 1995a). The diffusion-collision

model is based on the early formation of native-like secondary structure first,

followed by the diffusional docking of these structured elements, and hence

further organisation of tertiary structure (Baldwin and Rose, 1999). The dif-

fusion collision model predicts that the rate of folding is dependent on the

probability of a successful collision between two macrodomains or secondary

structural units. A third model is the hydrophobic collapse. Here the expulsion

of water molecules through hydrophobic interactions is the driving force for

the collapsing of the polypeptide chain (Baldwin, 1989; Kauzmann, 1959). In

cases where the native-like hydrophobic interactions that stabilise, otherwise,

weak secondary structural elements, during the hydrophobic collapse, in fact

fits more to the nucleation-condensation model (Itzhaki et al., 1995a; Fersht,
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1995, 1997).

It appears as if the nucleation-condensation and diffusion-collision models may

in fact fit the two extremes of what appears to be manifestations of the same

mechanism of folding, where in the case of inherently more stable and better

formed secondary structural elements, the diffusion model best describes the

folding mechanism rather than the nucleation-condensation model (Bilsel and

Matthews, 2000; Daggett and Fersht, 2003; Fersht, 2000). The persistence

of the secondary structure elements in relation to stabilising native-like and

non-native tertiary interactions along the folding pathway still remains to be

seen. It is by investigating the early folding events of the transition state

and intermediate conformations at atomic resolution, that one can probe for

such interrelationships of secondary and tertiary interactions and their relative

importance in defining the rate and mechanism of folding. As this work focuses

on investigating the likely existence of a folding nucleus defined by an N-

capping motif, this discussion will focus on describing the two folding models

in light of other experimental results in order to illustrate the current views in

describing the folding mechanism of proteins.

How important local interactions are in driving the formation of secondary

structure elements, is still an open question. An interesting set of results il-

lustrated by Bilsel and Matthews (2000) show that for cold shock proteins

(a β-sheet protein) the native-like transition state is attained via a higher-

order mechanism (Perl et al., 1998; Schindler and Schmid, 1996), i.e. involving

nonlocal interactions predicted by the nucleation-condensation model. On the

contrary an all-helical monomer λ repressor is described to fold according to the

diffusion-collision model where the preformed helical structures dock/associate

(Burton et al., 1998). These results also suggest that the stabilisation or desta-

bilisation of these local structural elements can shift the folding transition state

(Burton et al., 1996). It is apparent that there is a bias toward stability of local

structural units, where in the former case, it is improbable that the β-strand or

complete β-sheet formation occurs in isolation, whereas this is highly probable

in the latter case for the all-helical protein. Work by Viguera et al. (1996b)

demonstrated that by increasing the helical propensities, the rate of folding

increased. In some instances the stabilisation of secondary structure elements
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decreases the folding rate, especially when the intermediate is a kinetic trap

(Lopez-Hernandez et al., 1997). It has been proposed that the stabilisation of

intermediate structure can either enhance or retard folding depending on its

nature and content of native-like interactions (Chiti et al., 1999). It can be

suggested that the nature of the transition state and hence the mechanism of

folding is defined by the propensity of secondary structure formation (Viguera

et al., 1996a; Lopez-Hernandez et al., 1997). However, work by Munoz et al.

(1996) have shown that even though secondary structure is important, it does

appear more likely that tertiary interactions play a larger role in defining the

native structure. Contrary to this, work by Daggett and Fersht (2003) have

shown that during the early phases of folding of chymotrypsin inhibitor 2, the

formation of secondary and tertiary interactions occur concurrently support-

ing the notion of the equivocal role of both local and non-local contacts for

the rapid folding of a protein (Daggett and Fersht, 2003). It appears that

these factors are in some way contained inherently within the amino acid se-

quence of a protein. It would seem likely that persistent secondary structural

elements are likely to occur during the earlier phases in folding forming sta-

ble structural units independent of tertiary interactions, such as α-helices and

β-hairpins. However, in general, majority of peptide fragments that do tend

to populate as native-like conformations, do not occur to a large extent, but

more often occur as random coil conformations (Munoz and Serrano, 1996;

Gay et al., 1995).

1.4 Proposed role of stabilised α-helices in fold-

ing nucleation

1.4.1 Evidence of folding nucleation sites

The selective pressures arising within protein folding that is under some evolu-

tionary control would be evident as conserved residues or key structural motifs.

Assuming a folding nucleus promotes fast folding, it is hypothesised that dif-

ferent (even non-homologous) sequences that fold into the same structure may
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have similar folding nuclei and can be identified by conserved residues (Mirny

et al., 1998; Ptitsyn, 1998). A folding nucleus for the protein CheY has been

identified (Lopez-Hernandez and Serrano, 1996), where the key residues are

conserved within the superfold family to which CheY has a common topo-

logical fold (Mirny and Shakhnovich, 2001; Tseng and Liang, 2004). This

conservation of a folding nucleation site implies a mechanism whereby certain

amino acids (folding nucleus) form majority of their contacts in the transition

state (Mirny et al., 1998) and are key determinants for the fast folding of pro-

teins (Mirny and Shakhnovich, 1999; Li et al., 2000; Mirny and Shakhnovich,

2001). Even though it is suggested that some residues are conserved for ki-

netic reasons, the limited kinetic data available prevent any verification of

this relationship between sequence conservation across superfamilies and their

participation in the folding nucleus for many proteins.

The folding of small proteins in theoretical simulations via the two-state mech-

anism are shown to have a single folding nucleus, whereas for larger mul-

tidomain proteins, multiple nucleation sites are suggested to exist (Dinner

and Karplus, 1998). Kinetic refolding studies for some proteins, such as bar-

nase (Chu and Bai, 2002), GCN4 (Moran et al., 1999) and equine lysozyme

(Morozova-Roche et al., 1999) show that no strictly definable region exists

within the polypeptide chain which can been identified as an initiating point

in folding. Contrary to these results, a single nucleation site has been identi-

fied for CheY (Lopez-Hernandez and Serrano, 1996), chymotrypsin inhibitor

2 (Itzhaki et al., 1995b; Ptitsyn and Ting, 1999), and immunoglobulin do-

main protein (Fowler and Clarke, 2001) to name a few. It has been demon-

strated that a defined folding nucleus is more often not evolutionary conserved

(Plaxco et al., 1999; Larson et al., 2002; Tseng and Liang, 2004). These con-

tradicting results may indicate that the process involved in the initiation of

folding appears to be multifactorial, and is inherently defined in the sequence

(Morozova-Roche et al., 1999). One set of results that appear to suggest this,

is a computational study of circular permutations in a lattice protein. It was

demonstrated that by disrupting the original folding nucleus of a wild-type

protein by incision, a new folding nucleus existed accompanied by a novel, but

slower, folding mechanism to the original folding pathway (Li and Shakhnovich,
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2001).

1.4.2 α-Helices involved in early folding events

The “speed limit” to protein folding is determined by how fast a protein can

collapse (Hagen et al., 1996). Studies on the folding of peptides using both

computational simulations and from experimental work has thus far shown that

the essential elements in the initial folding include the hydrophobic collapse,

formation of hydrogen bonds and side-chain packing. Experimental results

have shown that the folding rates of λ repressor (Burton et al., 1996), Arc

repressor (Robinson and Sauer, 1996) and cytochrome c (Chan et al., 1997;

Sosnick et al., 1997) are under some rate-limiting step during the initial collapse

of the polypeptide chain. If this collapse is rate limiting, the next question is

whether this is attributed to interactions that are specific and deliberate, or

non-specific?

Answering this question requires knowing the intrinsic time scales and driv-

ing forces for all these processes. There are currently two views to date. In

the first view the chain collapses to form an unstructured globule, from which

native secondary structure and topology will form (Sadqi et al., 2003). The

second view is that the secondary structure form concurrently to chain col-

lapse. Whether folding is initiated by the formation of secondary structure or

hydrophobic collapse is still open to debate (Baldwin, 2002). Some α-helices

form in ∼600 nanoseconds measured by laser-induced temperature jump ex-

periments (Werner et al., 2002; Williams et al., 1996), whereas β-hairpin for-

mation occurs in microseconds (Munoz et al., 1998, 1997) and loops fold in 1

milliseconds (Eaton et al., 1997). However, current research has shown that the

hydrophobic collapse and intermolecular contacts occur at much faster time

scales than the formation of stable β-hairpins, and slightly faster than the

formation of helices Sadqi et al. (2003). It is possible that very stable helices

may compete with chain collapse. The extent of interactions that occur during

the collapse will most likely depend predominantly on the protein’s sequence,

and the solvent environment. This is in accordance with the unified view in
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protein folding explaining the delicate balance of both local and non-local in-

teractions, which appears to be an inherent predisposition that determines the

precise mechanism of folding (Daggett and Fersht, 2003).

1.4.3 Proposed role of N-capping motifs in α-helix nu-

cleation

The level of organisation needed to initiate favourable energetic contacts, re-

quires the protein to first pay an entropic price before the downhill tendency of

the energy landscape can be manifested (Higo et al., 2001). It has been noted

that unfolded polypeptides chains do have persistent structural regions such as

partially folded α-helices and turn structures or, less frequently, β-structures in

the form of β-hairpins (Dobson, 1992; Shortle, 1996). It is thought that these

structures may represent initiating points in structure formation, and hence

play an important organising role during the earliest stages along the protein

folding pathway (Thompson et al., 1997; Williams et al., 1996). This has been

shown for β-hairpin formation, where the loss in conformational entropy is

compensated for by strong stabilising interactions occurring early along the

reaction coordinate thus lowering the free energy barrier (Blanco et al., 1998;

Munoz et al., 1998; Maness et al., 2003). In saying this, it is possible that a

protein sequence may provide local or non-local interactions during the chain

collapse which can counteract the energy input of these motifs, invalidating

this possibility. The folding mechanism of β-hairpin is initiated by forming

a loop whereby side-chain and main-chain hydrogen bonds form, and hence

maintain the β-hairpin structure (Munoz et al., 1998). Helices tend to fold

differently, in that they require an initial local helical turn to initiate helical

growth along it axis (Williams et al., 1996; Thompson et al., 1997), see Eaton

et al. (2000) for most recent review on fast folding events. Therefore, α-helices

tend to represent a mechanism of folding involving more local interactions,

whereas β-hairpins and loops undergo a different mechanism of folding, involv-

ing local and non-local interactions. Current protein folding models attribute

local interactions as playing a more critical role in defining the protein-folding

pathway (Dill et al., 1993).
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The free energy barrier to helix formation is purely entropic (Shimada et al.,

2001), and the rate appears to be dominated by a rotational diffusive search

for a nucleation event (Hummer et al., 2001). The formation of helices incor-

porates two steps, that is helix nucleation followed by a series of helix propa-

gation steps. Once the nucleus is formed, the formation of the rest of the helix

is rapid. Ser is a good helix nucleation sites for helix growth (Shimada et al.,

2001), owing to its absence of side-chain entropy, thus lowering the free energy

cost of constraining this residue in a helical conformation. From a sequence

and structural based study, there appears to be a pronounced directionality (N

to C terminus of the polypeptide chain) of helix growth defined by the polypep-

tide sequence (Pal et al., 2003). Helix simulation show that helix nucleation

at the N-terminal end propagates helix growth towards the C-terminus (Shi-

mada et al., 2001). The Phe-Thr/Ser-X-X-Glu/Asp-Leu fingerprint sequence,

consisting of the N-cap residue (Thr/Ser) and N’ staple residue (Phe), have

also been shown to determine the growth direction of the polypeptide chain

forming helices (Munoz and Serrano, 1995b).

Thus, the N’ residues of a staple motif together with the Ser N-cap, could rep-

resent the nucleation site and direction for α-helix growth. In the nucleation-

condensation model it is proposed that in the unfolded chain, putative sec-

ondary structural motifs, such as N- and C-capping motifs may define the

starting point in folding (Fersht, 2000). N-terminal motifs of helices, such as

ST and Asx motifs (see section 1.2.1) are more common than the C-terminal

motifs (Pal et al., 2003). Thus, these putative motifs may represent com-

mon folding nucleation sites and/or stabilising features for the formation of

secondary structural elements, and hence the folding of proteins. The evolu-

tionary conserved N-capping motifs, identifiable from structure and sequence

based alignments of homologous proteins, may represent a folding nucleation

site of a particular topological fold and/or an obligatory structural element

during the early stages of folding (Tseng and Liang, 2004).
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Chapter 2

N-capping motifs in class Alpha

glutathione transferases

GSTs are a good model for investigating the evolutionary role of N-cap motifs

in context of protein function, structure stability and folding. hGST A1-1 has

two N-capping motifs per subunit; (1) at the N-terminal end of the catalytically

important α-helix 9 for class Alpha GSTs (see section 2.2.1), and (2) at the

N-terminal end of α-helix 6 which is positioned within the hydrophobic core

of domain 2 (Aceto et al., 1997). From the literature it is well known that

N-cap motifs serve to promote helix stability. Additionally, the evolutionary

conservation of these N-cap motifs does suggest their importance in playing

a role as a stabilising structural feature promoting helical stability and in

initiating helix formation.

2.1 Nomenclature, function and structure of

cytosolic glutathione transferase

Glutathione transferases (GSTs, EC 2.5.1.18) are a superfamily of complex and

multifunctional enzymes found in all aerobic organisms (Hayes and Pulford,
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1995; Reinemer et al., 1996; Ketterer, 2001). This superfamily of mainly cy-

tosolic enzymes is further subdivided into an ever-increasing number of species-

independent classes based on a variety of criteria such as; immunological prop-

erties, archetypal fold, intracellular location and biological activity. To date

there exist at least 15 gene classes: Alpha, Beta, Delta, Kappa, Lambda, Mu,

Omega, Phi, Pi, Sigma, Theta, Tau, Zeta and metalloglutathione transferases

(see review by Sheehan et al. (2001) and references therein). Members of each

enzyme class have been isolated and characterised from mammalian tissues,

plants, insects, fungi, bacteria and helminths. Although GST isozymes of each

class exhibit relatively broad substrate selectivity, most have unique catalytic

attributes that are important in defining their physiological significance (Shee-

han et al., 2001; Armstrong, 1991, 1994; Hayes and Pulford, 1995; Armstrong,

1997).

GSTs play an important role in cellular defense against endogenous or exoge-

nous toxic chemicals. This is achieved by their role as phase II detoxification

enzymes in the mercapturate pathway. This pathway involves rendering toxic

compounds more water soluble allowing for their eventual elimination from the

cell (Mannervik, 1985; Hayes and Pulford, 1995). This is achieved by catalysing

the conjugation of reduced glutathione (GSH) via its sulphur atom to a variety

of toxins containing an electrophilic functional group (Armstrong, 1991, 1997).

Products of oxidative metabolism such as organic hydroperoxides, epoxides,

quinones, and activated alkenes are possible “natural” substrates for the glu-

tathione transferases (Mannervik and Danielson, 1988). GSTs also function to

bind a wide range of endogenous and exogenous ligands non-catalytically. This

ligand binding facilitates the transport and storage of a variety of hydropho-

bic non-substrate compounds such as steroids (Barycki and Colman, 1997),

drugs (Listowsky et al., 1988) and hormone metabolites (Danger et al., 1992;

Ketley et al., 1976). GSTs have also been implicated in a variety of resistance

phenomena involving cancer chemotherapy agents (Tew, 1994; McLellan and

Wolf, 1999), insecticides (Tang and Tu, 1994; Ranson et al., 1997), herbicides

(Edwards et al., 2000; Dixon et al., 1998) and microbial antibiotics (Arca et al.,

1997; Bernat et al., 1997).

The cytosolic GSTs exist either as homo- or heterodimers (Armstrong, 1997).
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Within a particular class of these dimeric enzymes, subfamilies may some-

times be identified representing unique subunit types that often share a high

sequence identity (Hayes and Pulford, 1995; Rowe et al., 1998). The topo-

logical fold and structural scaffold is well preserved along the evolutionary

development of GSTs (Wilce et al., 1996; Dirr et al., 1994; Sheehan et al.,

2001). A representation of the structural fold of class Alpha GSTs (hGST A1-

1) is shown in Figure 2.1. A nomenclature system has been proposed such that

hGST A1-1 refers to human GST from class Alpha composed of two type 1

subunits (Mannervik et al., 1992). This nomenclature will be used throughout

this work. To date crystal structures resolved for all the representative classes

of GSTs indicate that cytosolic GSTs are dimeric consisting of two chains or

subunits. Each subunit consists of two distinct domains, namely; domain 1

(N-terminal domain) and domain 2 (C-terminal domain).

Domain 1 encompasses approximately the first 80 residues, comprising of four

β-sheet and three α-helices that is homologous to the thioredoxin fold (Martin,

1995). This fold can be subdivided into two motifs, being the N-terminal βαβ

motif and a C-terminal ββα motif connected by a loop of residues that incor-

porates a third α-helix. Domain 1 of GSTs comprise of an active-site, which

for the more ancient GSTs (Omega/Theta) is a redox active-site consisting of

either one or two cysteine residues (much like thioredoxin and glutaredoxin-

2) or a Ser (Theta). For the more evolved GSTs (Alpha/Mu/Pi/Sigma) the

equivalent active-site residue is a highly conserved Tyr, which is the active

center facilitating GSH conjugation to toxic chemicals (Dirr et al., 1994; Arm-

strong, 1997; Mannervik, 1985). A characteristic structural hallmark to the

thioredoxin-like fold is a conserved Pro in the cis configuration located in β-

turn immediately before β-strand 3, of which is adjacent to the active-site,

shown in Figure 2.2. In GSTs, domain 1 is highly conserved and constitutes

most of the GSH binding site.

Domain 2 of GSTs (residues 80 to 214 residues, on average) is connected to

domain 1 by a short linker sequence. Domain 2 is specific to GSTs and has

an all-helical topology referred to as the GST-like fold, where in most cases

consists of 5 helices (Dirr et al., 1994; Sheehan et al., 2001). For the more
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Helix 9

Helix 9 F52 A

F52 B

W21
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Figure 2.1: Ribbon representation of the structure of homodimeric class Alpha

GST, hGST A1-1 (Le Trong et al., 2002). Viewing down the two fold axis,

subunit A is represented in red, and subunit B in blue and orange. Each sub-

unit has a thioredoxin-like domain (domain 1, blue) at the N-terminal region,

connected to a GST-like domain (domain 2, orange). The active-site ligand

(in black, S-hexyl GSH) complexed to hGST A1-1 is located in the glutathione

(G-site) and hydrophobic (H-site) binding pockets. The catalytically impor-

tant residues; Tyr-9, Phe-10, Met-208 and Phe-220 and structurally important

residues; Phe-52 and Trp-21 are represented in ball-and-stick. The C-terminal

region (α-helix 9) of class Alpha GSTs forms a “lid” over the active-site. The

figure was generated using Swiss-PdbViewer (Guex and Peitsch, 1997).
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P56

D157

G150

helix 6

strand 3b-

a-

Figure 2.2: Ribbon representation of one subunit of class Alpha GST (hGST

A1-1) (Le Trong et al., 2002). The N-terminal domain 1 (blue) has a

thioredoxin-like fold, which is connected to the C-terminal domain 2 (orange)

which has a GST-like fold. Residues and S-hexyl GSH (pink) complexed with

hGST A1-1 are represented in ball-and-stick in order to highlight the active-

site. Conserved residues amongst the supergene family of GSTs, that are

non-functional, are represented in van der Waals contacts, namely; Pro-56 in

domain 1, and Asp-157 and Gly-150 in domain 2. The figure was generated

using Swiss-PdbViewer (Guex and Peitsch, 1997).
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modern GSTs (Alpha/Mu/Pi/Sigma) this domain makes up the second active-

site, a hydrophobic binding pocket (H-site) that lies adjacent to the G-site of

domain 1 (Wilce et al., 1996). This GST-like fold is more divergent in terms of

its amino acid sequence and topological fold compared to the thioredoxin-like

domain (Sinning et al., 1993; Dirr et al., 1994).

The dimeric structure of GSTs forms primarily through interactions between

domain 1 of one subunit and domain 2 from the second subunit. This results

in a V-shaped cleft at the intersubunit interface, and is exposed to the bulk

solvent. For more ancient proteins, such as class Omega and Theta GSTs,

the two interacting subunits form a surface interface that is flat (Board et al.,

2000; Reinemer et al., 1996), whereas for more evolved GSTs a more round

surface interface exists. A key distinguishing feature at the subunit interface

of the evolved GSTs separate from the more ancestral GSTs, is the hydropho-

bic “lock-and-key” interaction (Dirr et al., 1994; Sheehan et al., 2001). An

aromatic residue (Phe-52 in hGST A1-1) acts as a “key” extending from the

loop preceding β-3 which fits into a hydrophobic “lock” provided by α-helix 4

and 5 of the other subunit (Sayed et al., 2000), shown in Figure 2.1.

2.2 N-cap motif of α-helix 9 in class Alpha

GSTs

2.2.1 Identification of an N-capping motif of α-helix 9

A structural feature unique to class Alpha GSTs is α-helix 9 located at the

C-terminal end of the protein. The α-helix forms an integral part of both the

G- and H-site and is a defining structural feature for the catalytic functioning

of this class of enzymes (Board and Mannervik, 1991; Sinning et al., 1993;

Cameron et al., 1995). A sequence alignment of the C-terminal end of class

Alpha GSTs, represented in Table 2.1, shows the conservation of the N-cap

(Asp-209) residue of α-helix 9. This N-cap residue forms a class 3 Asp N-cap

motif according to Wan and Milner-White (1999), shown in Figure 2.3.
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Table 2.1: Sequence alignment of the C-terminal end of class Alpha GSTs

Gi number Type Source PDB Sequence

N’ N N1 N2 N3

121730 A1 human 1K3Y M D E K S L E E A R K I F R F

66611 A1 rat 1EV9 M D A K Q I E E A R K I F K F

11514503 A1 mouse 1F3B M D A K Q I Q E A R K A FK I Q

1170081 A1 rabbit M D E K N L E K A K K I F K I P

2495106 A1 bos taurus T D E K K I E E A R K V F K F

30749486 A2 mouse 1ML6 M D A K Q I E E A R K V F K F

121733 A2 human M D E K S L E E S R K I F R F

6166190 A3 human A D A K A L E E A R K I F R F

7767212 A4 human 1GUM P D E I Y V R T V Y N I F R P

3114387 A4 mouse 1GUK P D G P Y V E V V R I V L K F

The sequence alignment of the C-terminal region begins two residues preceding

the first α-helical residue (N1) of α-helix 9. The underlined residues correspond

to those located in α-helix 9 resolved from crystal structures for GST A1-1.

Type refers to the subunit type of class Alpha GST. The conserved N-cap

residue, Asp, is highlighted in bold.
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Figure 2.3: Graphical representation of hGST A1-1 (pdb code:1KY3) showing

Asp-209 residue forming an Asp N-cap motif of α-helix 9 (shown in ribbon) and

the surface of the protein is represented in its electrostatic surface potential.

Here the Asp N-cap side-chain CO group forms a bifurcated hydrogen bond

with the main-chain NH groups of the i+2 (i being Asp-209) and i+3 residues.

A second bifurcated hydrogen bond pattern occurs between the Asp N-cap

main-chain CO group and the main-chain NH group of i+3 and i+4 residues.

The latter hydrogen bonding pattern is typical for back-bone α-helical hydro-

gen bond. In the presence of the ligand S-benzyl GSH (pink), the α-helix 9 is

situated over the active-site where this ligand occupies both the H- and G-site

of hGST A1-1. The figure was generated using Swiss-PdbViewer (Guex and

Peitsch, 1997). 25



The side-chain CO group of residue Asp-209 of hGST A1-1 (pdb code: 1KY3)

forms two hydrogen bonds with the main-chain NH groups of N2 and N3.

This N-capping motif, however does not form an N-capping box, since there

is no reciprocal N3 (Ser-212) side-chain to main-chain N-cap hydrogen bond

(Figure 2.3). Upon inspection of all resolved structures of the class Alpha

GSTs (see section 3.2 for listed PDB codes), the Asp N-cap main-chain CO

group forms the first helical hydrogen bond of α-helix 9. In addition, the

side-chain carboxylate group of Asp, always fulfils at least one hydrogen bond

with the main-chain NH group of N3, thus forming an Asp N-cap motif at the

N-terminal end of α-helix 9 of class Alpha GSTs. In some instances amongst

class Alpha GSTs the Asp side-chain forms a second side-chain to main-chain

hydrogen bond with either N1, N2 or N4 residue, forming a bifurcated hydrogen

bond pattern. This is seen in rat GSTA2-2 (Gu et al., 2003) and GST A1-1

from human (Sinning et al., 1993), mouse (Gu et al., 2000), and rat (Adman

et al., 2001).

2.2.2 Role of α-helix 9 towards the catalytic mechanism

of hGST A1-1

Considerable amount of research has contributed in determining the precise

catalytic mechanism of class Alpha GSTs. Unique to this class of enzymes,

is the C-terminal region which includes α-helix 9 forming part of the active-

site (Board and Mannervik, 1991). For GSTs each active-site per subunit,

of this dimeric protein, functions independently of the other (Mannervik and

Danielson, 1988). In saying this, it is only in the native dimeric form, where

the subunits are sufficiently stabilised maintaining their native conformation,

that GSTs are fully functional. The G-site of hGST A1-1 shares a common

feature to the other classes of GSTs (Mu/Pi/Sigma), in that it is highly specific

for the binding of the tripeptide, glutathione (γ-Glu-Cys-Gly). Most of the

polar atoms in glutathione (GSH) are involved in hydrogen bonds or salt links

shown in Figure 2.4. The cysteinyl sulfur atom of GSH forms close contacts

with the hydroxyl group of Tyr-9 (numbering according to hGST A1-1). The

Tyr-9 residue at the G-site contributes to the catalytic mechanism of GSH
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GSH (A)

A

B

Ethacrynic acid (A)

The key for the above figure are as follows;               represents ligand bond,                non-ligand bond,              
hydrogen bond and its length,              non-ligand residues involved in hydrophobic contacts(s) and        
       corresponding atoms involved in hydrophobic contact(s).

Ethacryinic -

GS

Figure 2.4: Schematic representation of amino acid residues of hGST A1-1

forming van der Waals contacts and hydrogen bonds with ethacrynic-GSH

conjugate. For clarity, the ethacrynic portion bound to the hydrophobic bind-

ing pocket is shown in panel A. The GSH portion, bound to the G-site, is

shown in panel B. The key for the figure is shown below panel B. The figure

was generated using Ligplot (Wallace et al., 1995)
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conjugation reactions by modulating the pKa and the nucleophilic reactivity

of the enzyme bound GSH. This is achieved by stabilising the thiolate anion

through hydrogen bonding as Tyr-OH · · · −SG (Stenberg et al., 1991; Kolm

et al., 1992). By stabilising the thiolate ion, the Tyr-9 is directing the sul-

fur atom into position suitable for nucleophilic attack on the second substrate

situated at the H-site. In the substrate-free form of class Alpha GSTs the cat-

alytic tyrosine is “activated” by several nearby residues that lower the pKa of

the phenolic hydroxyl group from 10.3 (the pKa value of free tyrosine in solu-

tion) to 8.2 (Bjornestedt et al., 1995). This lowering of the pKa of Tyr-9 is an

important feature for its catalytic role in promoting GSH thiolate formation.

In the crystal structures GSH always binds in an extended conformation and

positioned such that the sulfur atom extends into the electrophilic substrate

binding site. Residues at the active-site that contribute to the binding of

the second hydrophobic substrate involve hydrophobic residues, Phe-10, Arg-

15, Met-208, Ala-216, Ala-219, Phe-220 and Phe-222. Figure 2.4 shows the

residues at the H-site that form van der Waals contacts with ethacrynic acid.

Of the above mentioned residues forming part of the H-site, the latter five

are located at the C-terminal region of the protein, including α-helix 9. It is

known that α-helix 9 provides for the specificity between the subclasses of class

Alpha GSTs (Gu et al., 2000; Bruns et al., 1999). Met-208 is situated at the

“bottom” of the electrophile binding pocket where its side-chain can interact

with the second substrate and possibly contributes to the specificity of bind-

ing to this site (Widersten et al., 1994). Moreover, this residue is suggested

to primarily affect the aromatic substitution reaction by means of interacting

with the delocalised negative charge of the substituted ring structure in the

transition state (Widersten et al., 1994).

X-ray crystal structures of hGST A1-1, in the presence of GSH product con-

jugates, demonstrate that the C-terminal region is a structured α-helix posi-

tioned over the active-site of the protein. This conformation brings the Phe-220

in close contact with the catalytically important Tyr-9 (Sinning et al., 1993;

Cameron et al., 1995), and is involved in “finely tuning” the ionisation of the

Tyr-9 (Lian, 1998; Allardyce et al., 1999). Interestingly, the docking the α-

helix 9 over the active-site in hGST A1-1, the Phe-220 and Phe-10 (adjacent
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to Tyr-9) compete for the same location in the active-site, and hence can-

not be accommodated simultaneously. It is the side-chain of the Phe-10 in

apo form, that changes its orientation so as to create room for Phe-220 and

thereby making it possible for the proper accommodation of the α-helix 9 to

dock tightly over the active-site. This altered orientation of the phenolic ring

of Phe-10 provides a molecular switch which plays a critical role in the direct

coupling in the ionisation of Tyr-9 (Ibarra et al., 2001), active-site solvation,

and conformational dynamics of α-helix 9 (Ibarra et al., 2001). This molecular

switching is absent for other isozymes of class Alpha GSTs, such as rGSTA1-1

(Adman et al., 2001) and mGSTA1-1 (Gu et al., 2000), since the Phe-10 (α-

helix 9 residue) occupies a different location, avoiding steric clashes with the

active-site Phe-220. Phe-10 with Phe-220 directly affect the lowering of the

Tyr-9 pKa in the apo conformation as well as in the enzyme’s complexed form

(Ibarra et al., 2001). Importantly, in the ligand free form, the Phe-220 of the

C-terminal helix does contribute to the environment of Tyr-9 (Ibarra et al.,

2001). An important feature to the H-site and catalysis for hGST A1-1 is the

desolvation of the active-site relative to bulk solvent as a result of the docking

of α-helix 9 over the active-site. This increased hydrophobicity of the H-site is

important in directing and facilitating the degree of substrate specificity and

turn-over rate of product formation (Allardyce et al., 1999; Dirr and Wallace,

1999; Bruns et al., 1999; Gu et al., 2003).

2.2.3 Non-substrate ligand binding to class Alpha GST

An interest in the non-substrate ligand binding of GST A1-1 lies in the abil-

ity of these compounds to elicit noncompetitive inhibition. The reports that

certain hydrophobic compounds (particularly endogenous anions such as pro-

phyrins and bile acids) act as non-competitive inhibitors. This lead to the

assumption that they bind at a discrete site which is dubbed the ligandin

site, i.e. the non-substrate ligand site. The anitihelmenthitic drug praziquan-

tel binds within the solvent-accessible inter-subunit cleft region of GSTs from

Schistosoma japonicum judged from crystal structures (McTigue et al., 1995).
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A variety of organic anions, including dyes and acidic drugs, have been charac-

terised as inhibitors of different GST isoforms. Two such examples are cibacron

blue and bromosulfophthalein, both of which are non-substrate ligands and

non-competitive inhibitors of GST P1-1 (Mannervik and Danielson, 1988). In

crystallographic studies, however, these ligands are clearly localised to the hy-

drophobic substrate binding site; and the observation of noncompetitive inhi-

bition appears to be due to the large size of this site which can simultaneously

be occupied by substrate and inhibitor (Oakley et al., 1999).

Another anionic dye, that has been demonstrated to bind to GSTs is ANS.

The usefulness of ANS as a fluorescent probe of non-polar binding-sites in

studies with enzymes and proteins has been demonstrated by a number of

investigators (Stryer, 1965; Semisotnov et al., 1991). It has been proposed

by Sluis-Cremer et al. (1996) from their fluorescence resonance energy trans-

fer studies that ANS binds to this amphipathic cleft of hGST A1-1 with a

stoichiometry of two ANS molecules per dimeric protein. It is generally as-

sumed that neither the negative sulfonate charge on the ANS, nor charges

on the protein, participate significantly in ANS-protein interaction. Titration

calorimetry studies of ANS binding to hGST A1-1 show that the C-terminal

α-helix 9 contributes towards an increasing affinity of binding, and that the

Phe-222 residue alone contributes a significant hydrophobic component of the

binding of ANS. Whether ANS binds at the amphipathic cleft or at/near the

H-site for GST A1-1 remains to be elucidated (Mosebi et al., 2003; Sayed et al.,

2002). It has been suggested by Le Trong et al. (2002) that extended ligand

binding surfaces for non-substrate ligands may exist for class Alpha GSTs,

adjacent to the G-site. Interestingly, no crystal structures of GST A1-1 have

emerged in the presence of non-substrate ligands despite the fact that this

isoform is most closely associated with ligandin function.
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2.2.4 Dynamics and conformational transition of

α-helix 9

The structural order of the C-terminal α-helix 9 is highly dependent on the

occupancy of the two binding pockets at the active-site. The C-terminal region

in hGST A1-1 is a well-ordered helical structure located over the active-site

when the protein is complexed with S-hexylglutathione (Le Trong et al., 2002),

S-benzylglutathione (Sinning et al., 1993), ethacrynic acid or ethacrynic acid-

GSH conjugate (Cameron et al., 1995; Lian, 1998; Zhan and Rule, 2004). The

C-terminal helix has been observed, in an altered position, with glutathione

sulfonate bound to rGSTA1-1. The stabilisation of this region appears to oc-

cur due to the crystal packing (Adman et al., 2001). Very recently, from NMR

studies, it has been reported that the C-terminal region in the presence of

GSH is a well ordered helix, however the α-helix 9 is more flexible at its ends

compared to that bound with ethacrynic acid-GSH conjugate (Zhan and Rule,

2004). From crystal structures, in contrast to the ligand complexed forms of

hGST A1-1, the C-terminal region is “invisible” in the apo form (Cameron

et al., 1995). Even though the information of the structure of this disordered

C-terminal region is limited, NMR studies by Zhan and Rule (2004) report

that the C-terminal region resembles an α-helical conformation. Their results

exclude the possibility that the C-terminal region in hGST A1-1 persists as a

random coil conformer (Zhan and Rule, 2004), but rather samples a hetero-

geneous ensemble of dynamic helices, whereby on average no single position

can be described (Cameron et al., 1995; Adman et al., 2001; Zhan and Rule,

2004). The structural changes of the C-terminal region, upon ligand binding,

can be best described as a transition between a disordered to a well-ordered

α-helix situated over the active-site of the protein, forming a “lid” (Zhan and

Rule, 2004). Urea-dependent activity studies of hGST A1-1 have shown that

when GSH is bound to hGST A1-1, there is an increased stability of α-helix

9 compared to that of the apo form (Dirr and Wallace, 1999; Mosebi et al.,

2003).

The NMR data demonstrate that the greatest heterogeneity of the “non-

uniformly” dynamic C-terminal region is at the Phe-220 position (Lian, 1998;
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Zhan and Rule, 2004). To date results have shown that the stabilised ty-

rosinate form of Tyr-9, that is hydrogen bonded with the free thiol of GSH,

appears to contribute in part toward stabilising/sequestering a more closed

helical conformation. More detailed studies have revealed that the coupled

Phe-10/Tyr-9 interaction functions as a whole in directing the sequestering of

a well-ordered α-helix 9 over the active-site (Ibarra et al., 2001; Atkins et al.,

1997). Another residue, Phe-220 also appears to have some contributing role

towards α-helix 9 stability (Atkins et al., 1997), however the effects appear to

be less pronounced as compared that of the Phe-10 residue. To date it appears

that the ionisation states of Tyr-9 and GSH and the conformation of α-helix 9

are all intimately linked. A more detailed model illustrating the order and the

direct role of these specific interactions remain to be elucidated. Additionally,

and very importantly the flexibility of the C-terminal region is not observed

for all subtypes of class Alpha GSTs. For A4-4 the crystallographic data show

that α-helix 9, in the absence of ligands, is a well ordered α-helix positioned

over the active-site of the protein (Bruns et al., 1999). This raises the question,

what factors contribute to the extent of a well-ordered C-terminal helix posi-

tioned over the active-site of GST A1-1 given that, for GST A4-4 the α-helix

9 is not disordered?

2.3 N-capping motif of α-helix 6 in class Alpha

GSTs

2.3.1 Identification of the N-capping motif of α-helix 6

A sequence alignment of all GSTs within the GST supergene family reveal the

existence of a Ser/Thr N-cap and Asp N3 (Allocati et al., 1999). This motif is

also common to chloride intracellular channel 1 (Clic1) (Harrop et al., 2001),

and Ure2 yeast prion protein from Saccharomyces cerevisiae (Bousset et al.,

2001). These two proteins have recently been identified as GST homologs,

and are functionally unrelated to mammalian GSTs. The Ser N-cap and a

conserved Gly in the loop preceding α-helix 6, shown in Figure 2.2, is located
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in the hydrophobic core of domain 2 of GSTs (Aceto et al., 1997; Cocco et al.,

2001; Rossjohn et al., 2000). The N-capping motif of α-helix 6 in class Pi and

Alpha GSTs forms an extensive hydrogen bond network, which has been shown

to contribute to the rate of folding and towards the thermal stability of these

proteins (Cocco et al., 2001; Dragani et al., 1997). Flanking the N-capping

motif in α-helix 6 is a hydrophobic staple motif identified in class Alpha and

Pi GSTs (Cocco et al., 2001; Stenberg et al., 2000).

The N-capping motif of α-helix 6, forms a reciprocal main-chain side-chain hy-

drogen bond between the N-cap (Ser-154) and N3 (Asp-157) residues (Dragani

et al., 1997; Cocco et al., 2001; Aurora and Rose, 1998), as shown in Figure

2.5. Here, the side-chain CO group of Asp-157 hydrogen bonds with the main-

chain NH group of Ser-154. The first helical hydrogen bond forms between the

Asp main-cain carbonyl group and the NH group of Ser-154. The side-chain

hydroxyl group of Ser-154 reciprocates a hydrogen bond with the main-chain

NH group of Leu-156. The hydrogen bond pattern between N-cap and N3

forming the N-capping motif is defined as a class 5 Ser-motif, according to the

classification by Wan and Milner-White (1999). An interesting feature of the

N-capping motif of α-helix 6 includes an additional hydrogen bond between

the side-chain of the N-cap and N3 residues formed via a water molecule. This

water molecule also mediates hydrogen bonds with the NH group of Leu-148

and Val-149, and the main-chain carbonyl group of Val-149 and Lys-152. The

side-chain carboxylate group of Asp-157 forms an additional hydrogen bond

with the main-chain amino group of Leu-148. This extensive hydrogen bonding

network, described above, has also been identified for class Pi GSTs (Dragani

et al., 1997; Cocco et al., 2001). A second helix stabilising motif, the staple

motif, in GST A1-1 is present consisting of two topologically conserved hy-

drophobic residues, being Leu-153 (N’) and Ile-158 (N4). The side chains of

these two residues, bracketing the N-capping motif, form hydrophobic interac-

tions which contribute to the stability of α-helix 6 of class Alpha and Pi GSTs

(Cocco et al., 2001; Stenberg et al., 2000).
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Figure 2.5: Graphical representation of hGST A1-1 (pdb code:1KY3) showing

the N-capping interactions at the N-terminal end of α-helix 6, which is charac-

terised by a network of 8 hydrogen bonds coordinated by the N-cap (Ser-154)

and N3 (Asp-157) residues. The hydrogen bonds are indicated as dashed lines

in purple. The side-chain OH group of Ser-154 forms a bifurcated hydrogen

bond with a water molecule (W) and the main-chain NH group of Asp-157.

One of the side-chain CO groups Asp-157 forms a bifurcated hydrogen with

a water molecule (W) and the main-chain NH group of Ser-154. The second

carboxyl moiety of Asp forms a hydrogen bond with the main-chain NH group

of Leu-148.
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2.3.2 N-capping motif of α-helix 6 as a folding nucle-

ation site in GSTs

Since the N-cap motif of α-helix 6 is highly conserved amongst GSTs and

GST-like proteins, this does imply the possibility that this conserved region

is a folding nucleation site (Mirny and Shakhnovich, 2001), and section 1.4.1.

The kinetics of folding of GSTs monitored by catalysis is limited in that the

conformational detail and hence the mechanism of folding for these mutants

cannot be resolved. In other words, the faster folding events i.e., the fast and

intermediate folding phases monitored by fluorescence spectroscopy (Wallace

and Dirr, 1999) remain unresolved. It has been proposed that N-capping motif

of α-helix 6 is a folding nucleation site for class Alpha and Pi GSTs (Aceto

et al., 1997). This has been proposed on the basis that the N-capping motif

contributes to the helical content of the peptide corresponding to the α-helix 6

of GST P1-1, and that this α-helix folds autonomously in more apolar solvents.

However, the role of the N-capping motif as a folding nucleation site (Dragani

et al., 1997) and/or as an important structural feature involved in the early

folding events of GSTs has not been validated. A more detailed study, such

as by stopped-flow fluorescence spectroscopy, is therefore required to ascertain

the significance of this motif in the mechanism of folding for GSTs.

2.3.3 Conformational stability and folding of GST A1-1

GSTs fold in vitro without the aid of other proteins or enzymes such as chaper-

ones, etc. Over the past decade unfolding mechanisms for the different classes

of GSTs (Alpha, Mu, Pi, Sigma and Sj26) have been elucidated and have re-

cently been reviewed by Dirr (2001). Work by Wallace et al. (1998b) have

reported that hGST A1-1 unfold via a cooperative two-state mechanism, in-

dicating that only the folded dimer and unfolded monomer are present in

significant concentrations at equilibrium. However, the kinetic folding reac-

tions of hGST A1-1 reveal a more complex multistate folding pathway with

the formation of intermediate species (Wallace et al., 1998b; Wallace and Dirr,

1999).
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The unfolding mechanism of hGST A1-1 proposed by Wallace et al. (1998a),

involves a sequential 3-state pathway, described below,

N2 → N∗
2 → 2U (2.1)

where N2 → N2
∗ represents the rapid and partial loss of the compact packing

of the protein, also resulting in the dissociation of the flexible C-terminal helix

from the surface of the protein. This is followed by the global unfolding of

the dimeric protein to its unfolded monomeric form, N2
∗ → 2U. To date, the

kinetics of unfolding of variant forms of hGST A1-1 have been carried out

demonstrating the stabilising role of Pro-56 (Nathaniel et al., 2003), Leu-164

(Wallace et al., 1998a) and Trp-21 (Wallace et al., 2000), where the transition

state of unfolding remained unaltered. The folding mechanism of these variant

forms have not been resolved.

The folding and assembly of hGST A1-1 proceeds via a more complex multi-

state mechanism compared to the unfolding reaction, and is described below

in scheme 2.2 proposed by Wallace and Dirr (1999):

2U c → 2M c → N2
∗ → N2

′ → N2

l ↑
2U t → 2M t

(2.2)

The unfolded monomers (U) fold rapidly (within the 2 ms) to an ensemble

of intermediates (M) that have a loosely packed secondary structure and high

degree of solvent exposed residues. This burst-phase intermediate species (2Mc

and 2Mt) proceeds via two parallel folding channels leading to the formation

of an inactive intermediate dimer (N2
∗). In scheme 2.2, the ensemble of U and

M species with a cis or trans configuration of the X-Pro-56 peptide bond, are

represented as subscript c and subscript t, respectively. The distinction be-

tween the two channels is as a result of the kinetic partitioning of a slower rate

limiting step, involving the trans to cis X-Pro-56 isomerisation (2Mt → 2Mc),

from the faster folding reaction where the X-Pro-56 pre-exists in its native cis
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(Mc) configuration and thus not requiring the isomerisation reaction. After

dimerisation the intermediate N2
∗ follows a slow unimolecular folding event

leading to the final docking of the monomers and the formation of a localised

C-terminal region (N2
′
). N2 represents, an additional conformational change

involving the α-helix 9 where in the presence of GSH or GSH conjugates, the

α-helix 9 is sequestered over the active-site forming a “lid”.

2.3.4 Folding mechanism of other proteins homologous

to GSTs

Recently, the folding mechanism of Ure2 (Galani et al., 2002; Thual et al.,

2001), class Pi GSTs and glutaredoxin-2 (Grx2) (Wallace et al., in prepara-

tion) have been reported. The monomeric Grx2 and dimeric Ure2 are ho-

mologous to GSTs (Galani et al., 2002; Thual et al., 2001; Xia et al., 2001).

Of the above mentioned proteins, all have an N- and C-terminal domain con-

sisting of the thioredoxin fold and GST-like fold, respectively. Briefly, the

distinctive features shared in the folding mechanisms of GSTs includes a fast

burst-phase involving the formation of well structured monomer species, fol-

lowed by the tertiary packing of the monomeric species via one (Ure2) or two

(Alpha/Pi/Grx/Trx) parallel channels leading to native protein. This tertiary

packing of the well-ordered monomeric species is coupled with dimerisation

(Ure2/Pi/Alpha), and the trans to cis isomerisation of the X-Pro (position

56 for class Alpha GSTs). Whereas for class Pi GSTs and Grx2, the X-Pro

isomerisation occurs during the slow folding phase (Wallace et al., in prepara-

tion), i.e. the final folding phase. The slow phase includes the reorganisation

and tight packing of the protein involving predominantly tertiary interactions.

It has been proposed that the predominant folding mechanism for the GST ho-

molog corresponds more to the thioredoxin folding mechanism (Wallace et al.,

in preparation), on the basis that the conserved folding of GST homologs are

the same as for thioredoxin. This suggests that domain 2 may be less important

in the folding mechanism of GSTs. However, it has been reported that domain

2 in GST P1-1 has an intrinsically higher stability than the thioredoxin-like

domain, and that this region is able to refold autonomously before subunit
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reassociation (Aceto et al., 1995; Dragani et al., 1998).

The Pro isomerisation step appears not to be an essential event for the correct

folding of hGST A1-1 but possibly as a rate-limiting step (Nathaniel et al.,

2003). Separate studies have investigated the folding of thioredoxin, where it

has been shown that the two subdomains within thioredoxin, representing the

thioredoxin-like domain of GSTs, fold and associate as a coupled event. Here a

trans/cis X-Pro (equivalent to X-Pro-56 of hGST A1-1) isomerisation occurs

in a compact intermediate with secondary and tertiary structure (Chaffotte

et al., 1997). Further, a separate study shows that the preceding β-strand 3

of Pro-56 and the β-strand 1 are involved in the association of the two sub-

domains of thioredoxin, where the anti-parallel β-sheet 3 is suggested to be

preformed and is an early folding event (Tasayco et al., 2000). The require-

ment of the X-Pro-56 bond in the cis configuration for the rapid formation

of dimers of class Alpha GSTs has been proposed based on the fact that the

driving force of dimerisation appears to be reliant upon the high specificity and

complementarity of the two monomers (Wallace and Dirr, 1999; Stevens et al.,

1998). Thus, the possible role of the slow trans/cis X-Pro-56 isomerisation

towards the mechanism of folding of the hGST A1-1, can be explained in that

the X-Pro-56 bond in its native cis configuration forces the proceeding loop

towards the dimer interface that forms the “lock-and-key” motif (Wallace and

Dirr, 1999; Dirr et al., 1994). The hydrophobic “lock-and-key” motif (Phe-52

of hGST A1-1) has been shown to compromise the stability of the protein,

without the formation of monomeric species (Sayed et al., 2000). Therefore,

the lock-and-key” motif appears not to be essential for dimerisation since more

stabilising interactions of a charged cluster persist. No refolding studies have

investigated whether this motif impacts upon the refolding rates of the protein.

The role of the charge cluster in class Mu GSTs contributing to the stability

and folding of the dimeric protein has been reported to be important (Luo

et al., 2002).

Even though the folding mechanism of proteins homologous to the GST-

supergene family have been proposed, much remains to be answered in terms

of the detailed mechanism of folding for this family of proteins. Questions

such as: (1) which residues or structural features are essential for dimerisation
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of GSTs, and to what extent are the monomers folded prior to dimerisation?

(2) Do tertiary interactions play an important role in the early stages of fold-

ing aiding the partial or complete formation of secondary structures? (3) Do

domains 1 and 2 of the monomeric subunit fold independently prior to associ-

ation where one domain predominates the folding of the subunits, or are the

folding of these two domains concurrent events.

2.4 Objectives

This work aims to address the question of the importance of the conserved

N-cap motif toward the stability of α-helix 9 and α-helix 6 in class Alpha GST

A1-1. In order to investigate the role of the N-cap motif, the N-cap Asp-209

is substituted with a Gly. Any changes in the structure and stability α-helix

9 can be monitored by catalysis and ligand binding studies, and compared to

that of the wild-type. Since the folding and assembly model of hGST A1-1

has been proposed (Wallace and Dirr, 1999), this protein is a good model for

investigating the role of the N-capping motif of α-helix 6 and the importance

α-helix 6 in the folding mechanism of this protein. In this study single site-

directed mutagenesis is employed in order to disrupt the N-capping motif,

where the N-cap (Ser-154) and N3 (Asp-157) are substituted with an Ala.

To investigate the role of the N-cap motif as a folding nucleation site for

GSTs, refolding kinetic studies are to be carried out of these N-cap mutants

and compared to that of the wild-type. Further, by investigating the role

of Leu-164 with respect to its role in the folding of GSTs will provide a more

detailed picture into the mechanism of folding with respect to the hydrophobic

core packing surrounding a stabilised α-helix 6 along the folding pathway of

hGST A1-1. Thus, these results together with the folding studies of the N-

cap mutants will give further insight into the role of the N-cap motif and the

implications of a stabilised α-helix 6 in the mechanism of folding in hGST

A1-1.
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Chapter 3

Experimental procedures

3.1 Materials

The High Pure Plasmid Isolation kit, DnaseI, XbaI SmaI were obtained from

Roche (Basel, Switzerland). Polypeptides, with sequences corresponding to

the C-terminus of the hGST A1-1 polypeptide (208 to 222), were synthe-

sised by Alpha Diagnostic Int. (San Antonio, USA), where their molecular

masses were confirmed by MALDI-TOF mass spectrometry, and were de-

termined to be 100% pure. QuikChange and ExSite site-directed mutagen-

esis kits were from Stratagene (La Jolly, California, USA). Ultrapure urea

was purchased from Merck laboratory supplies (Darmstadt, Germany). Glu-

tathione was from ICE Biomedical Inc. (Aurora, Ohio, USA). TFE (99 + %

grade), 8-aniline-1-naphthalene sulfonic acid, ethacrynic acid, glutathione sul-

fonate, p-bromobenzyl GSH and 1-chloro-2,4-dinitrobenzene were purchased

from Sigma-Aldrin (St. Louis, MO, USA). All other reagents were of analyti-

cal grade.
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3.2 Molecular graphics and sequence alignment

All sequence alignments were carried out using BLASTP 2.2.6 (Altschul et al.,

1997). The calculated root mean square deviation of superimposed structures,

the calculated possible hydrogen bonding and inter-atomic distances were car-

ried out using Swiss PDB Viewer (ver. 3.7) (Guex and Peitsch, 1997), unless

otherwise stated. Crystal structures were retrieved from the Brookhaven Pro-

tein Data Bank (www.rcsb.org) via anonymous file transfer. The following

PDB files were used for the crystal structures of human GST A4 (1GUM

and 1GUL; (Bruns et al., 1999)), murine GST A4 (1GUK; (Krengel et al.,

1998)), murine GST A1 (1F3A; (Gu et al., 2000)), rat GST A1 (1EV4; (Ad-

man et al., 2001)), murine GST A2 (1ML6; (Gu et al., 2003)), human GST

A1 (1K3Y and 1K3O; (Le Trong et al., 2002)). Representations of the various

crystal structures were generated by Molscript (ver. 2.0) (Kraulis, 1991), or

Swiss PdbViewer (Guex and Peitsch, 1997). Unless stated otherwise, all least-

squares data fitting were performed using the program SigmaPlot (ver. 5.0)

(Jandel Corporation).

3.3 α-Helix 9 peptide studies

3.3.1 Peptide design and predicted helical content

Two peptides were designed to investigate the role of Asp-209 (N-cap residue)

towards the helical content of the C-terminal region of hGST A1-1. The wild-

type peptide (WT-pep: Acetyl-YGMDEKSLEEARKIFRF), consisted of the

sequence of the C-terminal region, residues 207 to 222, of hGST A1-1. The mu-

tant peptide (DG-pep: Acetyl-YGMGEKSLEEARKIFRF) was derived from

the WT-pep, where the N-cap residue (Asp in bold), was replaced by a Gly.

The Tyr followed by a Gly was included at the N-terminal end of the peptide

sequence in order to facilitate the concentration determination of the peptides

by absorbance spectroscopy at 275 nm. The Gly was included as a helix breaker

(Rohl et al., 1996) ensuring Tyr does not form part of the helical conformation
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of the peptide. The predicted helical content of the peptides were calculated

using the AGADIR1s-2 helix-coil transition algorithm (Lacroix et al., 1998),

available at http://www.emblheidelberg.de/Services/index.html#5. The con-

ditions were set at pH 6.5, temperature 293 K and an ionic strength of 0 M.

3.3.2 Helical content by far-UV circular dichroism

Peptide stock solutions were made in water. The concentrations of WT-

pep and DG-pepwere determined by UV absorbance of the Tyr, using an ex-

tinction coefficient of 1450 M−1cm−1 at 275 nm (Brandts and Kaplan, 1973).

Far-UV CD measurements were at 20◦C in a 1 mm path length cuvette using

a Jasco model 810 CD spectropolarimeter. Averaged CD signals, corrected for

solvent baseline, were converted to mean residue ellipticity,

[Θ] =
100 X Θ

Cnl
(3.1)

where C is the peptide concentration in millimolar, and Θ is measured ellip-

ticity in millidegree, n is the number of residues (17 in this case), and l is

the path length (cm). The percentage helical content was calculated from the

mean residue ellipticity at 222 nm, using the equation,

%Helix =
[Θ]− [Θ]coil

[Θ]helix − [Θ]coil

(3.2)

where [Θ]helix and [Θ]coil represent the mean residue ellipticity of a helix [-

42500(1 - (3/n)] and random coil (+640), respectively (Rohl et al., 1996). The

units of mean residue ellipticity are deg.cm2dmol−1.

The relationship of ellipticity at 222 nm and increasing peptide concentrations

(0-100 µM) in 5 mM phosphate buffer, pH 6.5 was assessed. The peptide

conformation was monitored by far UV CD with increased concentrations of a
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helix propagating co-solvent, 2,2,2-trifluoroethanol (TFE), ranging from 0-63%

(v/v).

3.4 Site-directed mutagenesis of hGST A1-1

The plasmid (pKHA1), which contains the encoded gene for human glutathione

transferase A1-1 (hGST A1-1) from Hepatoma HepG2 cells (Stenberg et al.,

1992), was a gift from B. Mannervik (Department of Biochemistry, Univer-

sity of Uppsala, Sweden). The plasmid pKHA1 was used for the design and

expression of variant forms of hGST A1-1. Plasmids were purified using the

High Pure Plasmid Isolation Kit. The concentration of extracted DNA was

approximated and checked for its correct size by 0.8% agarose gel electrophore-

sis (AGE) using molecular weight markers. Single restriction digestions were

used to characterise pKHA1, where the restriction enzyme EcoRI and PvuI lin-

earise the plasmid. Commercial oligonucleotide site-directed mutagenesis was

carried out to construct all mutant plasmids encoding for hGST A1-1. The

ExSite mutagenesis kit was used to construct D157A, and the QuikChange kit

for all other mutant plasmids. A set of primers were required for each kit that

were designed according to the guidelines provided by the kits. The designed

primers were then synthesised by Integrated DNA Technologies Inc, USA. The

following primers were used for creating the S154A pKHA1, were:

5-GAATGTCAGCCCGGGCCAGCTTGTTGC and

5-GCAACAAGCTGGCCCGGGCTGACATTC.

Primers designed for the construction of D209G pKHA1 were;

5-GCCTCCATGGGTGAGAAATCTCTAGAAGAAGC and

5-GCTTCTTCTAGAGATTTCTCACCCATGGGAGGC,

and for D257A pKHA1,

TCCCGGGCTGCAATTCATCTGGTG, and

P*CAGTTCATTGCCAACGAG,

where the latter primer was phosphorylated at the 5’ end (P*).

43



The underlined nucleotides are the mutated nucleotides. The nucleotides in

bold represent the new codons creating the desired single site directed mutant

hGST A1-1. In the case of S154A, the mutation was at position 154; coding

for an Ala, where it was originally a Ser. For D209G, the mutation was at

position 209; coding for a Gly in place of an Asp. For D157A the mutation

was at position 157; coding for an Ala, where it was originally a Asp. The

nucleotides in italics represent an introduced unique restriction site, which is

a translationally silent mutant sequence.

The mutagenesis reactions consisted of 30 ng of full-length parental pKHA1

plasmid DNA, being the DNA sequence template. The thermal cycler: PCR

Express, Hybraid was used for the thermal cycling reactions. The PCR cycling

parameters are summarised in Table 3.4. After the PCR reaction, in the case

of the QuickChange kit, an additional step was included, including an hour

incubation of 10 Units of methylated DNA restriction enzyme (DpnI) at 20◦C.

Treated PCR product was transformed into super-competent Escherichia coli

cells (XL1-Blue) by heat shock, which were then grown over-night on agar

plates made with 2 x YT-culture media and 100 µg/ml ampicillin. The suc-

cessfully transformed cells were screened for mutant pKHA1 by restriction

analysis and agarose gel electrophoreses. A unique restriction site (SmaI) was

used to screen for S154A and D157A pKHA1, and for D209G pKHA1 (XbaI).

The isolated mutant plasmids were then sequenced using the ABI Prism se-

quencer to ensure that the respective mutations were correct and that no newly

introduced mutations existed.
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Table 3.1: Summary of the PCR reaction cycles

Desired Mutant PCR reactions Melting step Annealing step Elongation step

D157A x 1 cycle 240 sec, 94◦C 120 sec, 54◦C 120 sec, 72◦C

x 8 cycles 60 sec, 94◦C 120 sec, 94◦C 120 sec, 72◦C

D209G x 1 cycle 30 sec, 95◦C 60 sec, 70◦C

x 16 cycles 30 sec, 95◦C 480 sec, 68◦C

S154A x 1 cycle 30 sec, 95◦C 60 sec, 70◦C

x 16 cycles 30 sec, 95◦C 60 sec, 70◦C

The number of reaction cycles are indicated, with the corresponding tempera-

ture and length of time for each step that was performed. One cycle is defined

as involving all three steps beginning with the melting step and completing

with the elongations step.
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3.5 Expression and purification of hGST A1-1

The mutant and parental plasmids were transformed into BL21 (DE3) pLysS

Escherichia coli cells, which were utilised for the over-expression of hGST A1-

1 by induction with IPTG. The preferred cell growth medium was 2 x YT

broth for efficient growth. Prior to over-expression of the hGST A1-1 gene, all

cell cultures were grown at 280 r.p.m to an optical density to approximately

0.3 units at 600 nm, after which hGST A1-1 was over-expressed with 0.5

mM IPTG. The optimisation of over-expression of soluble mutant protein was

investigated by varying the time of induction and growth temperatures, in

this case 37 and 20◦C were used. Cells were harvested and resuspended in

10 mM phosphate buffer, pH 7.4 and lysed by freeze/thawing with 5 mg of

DNA digestive enzyme (DnaseI) per initial litre of cell culture. The degree

of solubility for each over-expressed mutant protein was assessed, where the

soluble and insoluble protein were partitioned by centrifugation and compared

by visual inspection by SDS-PAGE (Laemmli, 1970). The expected molecular

mass of the subunit of hGST A1-1 was 27 kDa.

Wild-type and mutant forms of hGST A1-1 were purified from the supernatant

of lysed cells on a CM-Sepharose column, using a 0 to 0.3 M NaCl salt gra-

dient in 10 mM phosphate buffer, pH 7.4 ,as described by Wallace and Dirr

(1999). The protein was stored at 4◦C in 20 mM phosphate buffer, pH 6.5, with

100 mM NaCl, 1 mM EDTA, 0.02% sodium azide. The purity of the protein

samples were judged by SDS-PAGE and size-exclusion high performance chro-

matography (SEC-HPLC). The oligomeric molecular mass of dimeric hGST

A1-1 was determined by SEC-HPLC, and expected to be about 57 kDa (Wal-

lace and Dirr, 1999). The concentration of the dimeric protein was determined

using the molar extinction coefficient of 38 200 M−1cm−1 at 280 nm (Perkins,

1986).
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3.6 Spectroscopic methods

3.6.1 Far-UV CD spectroscopy

Far-UV circular dichroism (CD) measurements were carried out using a Jasco

model 810 CD spectropolarimeter, with a 2 mm path-length cuvette. Far-UV

CD spectra (from 200 nm to 250 nm) of protein samples were obtained from

an average of 8-12 scans ranging. The final concentration of protein for each

scan was 2.5 µM in 5 mM sodium phosphate buffer, pH 6.5 at 20◦C. Single

ellipticity values were taken at 222 nm and were reported as molar ellipticity

([Θ]) using the equation:

[Θ] =
100 X Θ

Cl
(3.3)

where [Θ] is the ellipticity in degrees after subtraction of the solvent baseline,

C is the molar concentration of protein and l is the path length in cm.

3.6.2 Fluorescence spectroscopy

Fluorescence measurements were performed at 20◦C using a Hitachi model 850

fluorescence spectrofluorimeter. Trp fluorescence of hGST A1-1 was monitored

by selectively exciting a single tryptophan residue (Trp-21) per subunit dimeric

protein using an excitation wavelength of 295 nm and emission wavelengths

of 330 nm. Excitation and emission slit-widths of 5 nm was chosen for all

fluorescence studies, unless otherwise mentioned.

The anionic dye, 8-aniline-1-napthalene sulfonate (ANS) has previously been

reported to bind to hGST A1-1 (Sluis-Cremer et al., 1996). ANS fluorescence

was monitored using an excitation wavelength of 390 nm and 480 nm emission.

The fluorescence properties of ANS bound to 1 µM hGST A1-1 were monitored

in the presence of 100 µM of ANS. The contribution of ANS fluorescence free in

solution, uncomplexed with the protein, was subtracted from the ANS-protein
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fluorescence signal.

3.7 Active-site tyrosinate formation

The ionisation of the Tyr-9 in the active-site of hGST A1-1 was determined

by UV absorption difference spectroscopy measured at 20◦C on a Jasco V-

550, UV/VIS double-beam spectrophotometer. The final protein concentration

ranged from 20 to 50 µM in 0.1 M buffer consisting of sodium acetate, sodium

phosphate, glycine. The pH range used was from 5.5 to 9.0. A difference

spectra was obtained at each pH, with the use of a reference sample consisting

of an equivalent protein concentration at pH 5.5. Spectral peaks at 300 nm,

corresponding to tyrosinate of Tyr-9, were recorded and the concentration of

tyrosinate ion formation was calculated using ∆ ε of 2350 M−1cm−1 (Atkins

et al., 1997; Bjornestedt et al., 1995). The pKa of the Tyr-9 was obtained by

fitting the following equation using Origin 5, Microcal Inc software,

∆A = ∆Amax/[1 + 10(pKa−pH)] (3.4)

where ∆A is the concentration of tyrosinate ion formation per protein subunit

(Atkins et al., 1997; Bjornestedt et al., 1995).

3.8 Steady state enzyme kinetics

Steady state enzyme assays were performed by determining the rate of con-

jugation of CDNB to GSH catalysed by glutathione transferase (Habig and

Jakoby, 1981). The rate of the enzyme-catalysed reaction was monitored on

a Jasco V-550, UV/VIS double-beam spectrophotometer. The progression of

the reaction was monitored at 340 nm, at 20◦C for product formation (1-(S-

glutathionyl)-2,-4-dintotrobenzene), which has an extinction coefficient of 9600

M−1cm−1 . All rates were corrected for the spontaneous reaction of GSH and
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CDNB. Activity measurements were performed in triplicate and the standard

error between assays was less than 10%. A standard assay in order to de-

termine the specific activity of hGST A1-1 consisted of 1 mM CDNB and 1

mM GSH final concentration in 0.1 M phosphate buffer, pH 6.5; to which 3

nM final concentration of enzyme was added. For kcat/K
GSH
m determination;

0.05-0.15 mM GSH was used with 1.5 mM CDNB, and for kcat/K
CDNB
m ; 0.05-

0.15 mM CDNB was used in the presence of 5 mM GSH. Parameters used

for the determination of KGSH
m was 0.05-6.5 mM GSH with 1.5 mM CDNB,

and for KCDNB
m ; 0.15-1.5 mM CDNB with 5 mM GSH was used. Saturating

curves were fitted to a hyperbolic function of the Michaelis-Menten equation,

by non-linear regression analysis using Origin Microcal Inc software.

3.9 Binding studies

3.9.1 Dissociation constants determined for GSH and

ANS to hGST A1-1

The binding affinity of GSH and ANS to hGST A1-1 was determined by trypto-

phan fluorescence quenching and ANS fluorescence enhancement, respectively

(Bico et al., 1995; Sluis-Cremer et al., 1996). Fluorescence measurements were

obtained on a Hitachi model-850 fluorescence spectrophotometer, using a 5 nm

excitation/emission slit-widths. The Kd of ligand binding to hGST A1-1 was

determined by titrating aliquots of ligand into the protein sample. For GSH

binding, the quenching of the intrinsic Trp-21 fluorescence at 325 nm (excited

at 295 nm) is utilised as a probe which reports conformational changes oc-

curring upon ligand binding (Dirr and Wallace, 1999). For ANS binding, the

fluorescence enhancement of ANS excited at 390 nm (emission wavelength of

480 nm for hGST A1-1) was monitored. The fluorescence signal of each sample

(Fobs) was average over a period of 20 s and corrected for the inner filter effect

according to (Birdsall et al., 1983):
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F corr = Fobs x 10(Aex+Aem)/2 (3.5)

where Aex and Aem denote the absorbance of the ligand at the excitation

wavelength and emission wavelength respectively. The sum of Aex and Aem

were kept below 0.2 to ensure the inner filter effect is kept to a minimum. The

quenching data was analysed according to

1/F = Kd/(Fmax[L]) + 1/Fmax (3.6)

where F is Fcorr, Fmax the maximum ligand induced change in fluorescence

and [L] is the concentration of the ligand after correcting for the dilution effect

of titration (the volume was ≤ 10% of initial sample volume). The linear

regression of 1/∆F versus 1/[L] yields an intercept on the abscissa -1/Kd. The

same data was fitted according to:

F = Fmax - Kd(F/[L]) (3.7)

The obtained dissociation constants (Kd) from the fitted data using both equa-

tions were compared to ensure for accuracy of the fits.

3.9.2 ANS binding measured by isothermal titration

calorimetry

Isothermal titration calorimetry (ITC) was used to determine the thermody-

namic parameters, binding affinity and stoichiometry of binding, by the direct

measurement of the released or absorbed heat of the interactions. The titra-

tion experiments were performed on a VP-ITC calorimeter from MicroCal

(Northampton, MA, U.S.A) as described previously (Lopez-Hernandez et al.,
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1997; Brokx et al., 2001). Protein was dialysed, in 3500 Da molecular cut-off

dialysis tube, exhaustively against 20 mM phosphate buffer, pH 6.5. The stock

solution of 4.1 mM ANS was prepared in a sample of the final dialysed buffer.

Titrations were performed by injecting 5 µl of ANS stock into the ITC sample

cell containing 0.04 mM D209G hGST A1-1. Heats of dilution were deter-

mined by titrating ligand into buffer and the total observed heats of binding

were corrected for heats of dilution prior to data analysis. Concentrations of

protein and ANS were determined spectrophotometrically, and any effects due

to light scattering were corrected for according to Winder and Gent (1971).

Raw data were integrated and processed using ORIGIN 5 analysis software

(MicroCal, U.S.A). The independent variables for non-linear least-squares fit-

ting of titration curves with ORIGIN 5 are Ka, ∆H, and N . Once Ka and ∆H

were obtained, the free energy and entropy of binding were calculated using

the following equations:

∆G = ∆H−T∆S (3.8)

where T is the absolute temperature.

3.9.3 Molecular docking

Molecular docking programs, Cerius2 molecular modelling system (Accelrys

Inc, San Diego, U.S.A) and LIGIN software (Sobolev et al., 1996), were used

to predict the ANS binding site in hGST A1-1 (PDB code: 1K3Y). Molecular

modelling with Cerius2 was performed under the supervision of Fourie Joubert

at the Department of Biochemistry, University of Pretoria. The molecular

docking program, Cerius2, treated ANS as a flexible ligand and the receptor

as a rigid body. However, steric overlap were allowed between the ligand and

residues of the protein surface without penalty during the docking procedure,

thus providing a simple means of treating the receptor as a flexible molecule.

The program excludes ligands complexed with the protein in the crystal struc-

ture during the docking procedure. Various ligand conformations and binding
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locations were searched by Cerius2. The results were ranked according to the

conformational energy minima, with the lowest being the most probable bind-

ing complex. The output of the results was given in PDB format. A dynamic

molecular simulation followed by an energy minimisation was then carried out,

using GROMOS (van Gunsteren and Berendsen, 1990) in the software pack-

age WHAT IF, ver 2.0 (Vriend, 1990). The output of the results was in PDB

format, including the calculated energy minima of the structure.

Details of the docking algorithm implemented in LIGIN is described by Sobolev

et al. (1996). Surface complementarity between ligand and receptor was the

guiding principle for predicting the ANS binding site in hGST A1-1 using

LIGIN. In summary, each of these starting positions is subjected to a com-

plementarity optimisation procedure. The docked positions obtained are fur-

ther refined by optimising the lengths of hydrogen bonds formed with the

ligand. The entire protein was searched for binding sites by dividing it into

non-overlapping cubes. Then a number of random ligand positions and orien-

tations were generated within each cube so that the number of starting points

corresponded to a density of 5 per Å3 to ensure that global conformational

minima was achieved. ANS was docked to hGST A1-1 in the presence of GSH

(PDB code: 1GSE excluding ethacrynic acid), glutathione sulphonate (PDB

code: 1EV4) and in apo form (PDB code: 1K3Y). The output of the docking

results give surface complementarity between ligand and protein, predicted

hydrogen bonds and close contacts. The change in accessible surface area of

the ligand is also given. These results are also reported in the format of a

PDB file, and in a table format listing van der Waals contacts and predicted

hydrogen bonds stabilising the ligand-protein complex (Sobolev et al., 1996).

3.10 Thermal denaturation of S154A and wild-

type hGST A1-1

Thermal transitions were monitored by far-UV CD at 222 nm described in

section 3.6.1. The temperature was controlled with a PTC-348WI peltier-type
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cell holder attached to a Jasco model 810 CD spectropolarimeter. Thermal

denaturation transitions were carried out by increasing the temperature of the

samples from 10 to 80◦C, where different heating rates were employed, i.e. 0.5,

0.1 and 2.0◦C min−1. The final concentration of protein was 1 µM in 20 mM

sodium phosphate buffer, pH 6.5, with 1 mM EDTA, 100 mM NaCl, 0.02%

sodium azide. Renaturation profiles were recorded from 80 to 10◦C after the

denaturation transition had been completed; cooling rates were also controlled

through the peltier accessory, at the same unfolding rates.

3.11 Urea-induced unfolding studies

Samples of 1 µM hGST A1-1 in storage buffer, i.e. 20 mM sodium phosphate

buffer, pH 6.5, with 1 mM EDTA, 100 mM NaCl, 0.02% sodium azide were

incubated in urea (0-8 M). All studies were at 20◦C, unless otherwise men-

tioned. For equilibrium unfolding studies, protein samples were incubated for

at least 30 min to ensure equilibrium was achieved prior to analyses using var-

ious probes. Urea stock solutions were made fresh since urea solutions form

cyanate, both of which can react with the amino groups of proteins (Stark,

1965). The concentration of urea stock solutions were checked by refractome-

try (Warren and Gordon, 1966).

Establishing the reversibility of the unfolding reaction is essential as it indicates

whether the reaction can achieve equilibrium. Protein samples of 6 or 10 µM

final concentration, were unfolded in 6 M urea for a minimum of 16 min and up

to 6 hours at 20◦C. Unfolded protein samples were refolded upon dilution into

buffer without urea, giving a final concentration of 1 µM protein in 1 M urea.

The protein was allowed to refold for a minimum of 30 min before monitored

by the various probes. The degree of refolded native protein was compared to

equivalent final concentration of protein.

Changes in the structural conformation of hGST A1-1 were monitored using

various spectroscopic probes as well as enzyme activity. The activity of the

enzyme was monitored using the general CDNB assay described in section

53



3.8. The progress curves were linear for the duration of the assay, where the

reactivation of unfolded hGST A1-1 was kept less to than 10%. The secondary

structural content of hGST A1-1 was monitored by far-UV circular dichroism

at 222 nm described in section 3.6.1. The tertiary conformation of hGST A1-1

was monitored by the Trp-21 fluorescence emission (see section 3.6.2) at 330

nm for folded protein and 355 nm for unfolded protein. The Trp-21 emission

maximum (λmax) was obtained from fluorescence spectra ranging from 320 to

420 nm. The formation of protein aggregates was monitored by light scattering

from fluorescence excitation and emission wavelengths of 340 nm, using slit-

widths of 2.5 nm.

3.12 Analysis of equilibrium unfolding data

The equilibrium unfolding parameters were determined by fitting the fraction

of unfolded protein using the equation 3.9, to a two-state unfolding transition,

according to equation 3.10 previously described for hGST A1-1 (Wallace et al.,

1998b). The yobs in equation 3.9 is any measured property of the conforma-

tion of hGST A1-1, be it the Trp fluorescence emission (where the fluorescence

signal is expressed as a ratio of fluorescence emission at 355 nm and 325 nm),

ellipticity, specific activity or ANS fluorescence emission signal. The experi-

mentally observed signal (yobs) was converted to the fraction of the population

of protein in the unfolded form f U , using the relationship:

fU = (yF − yobs)/(yF − yU) (3.9)

yF and yU denote the signal of the probe for the native and unfolded states,

respectively. The values for the observed folded (yF ) and unfolded (yU) protein

were obtained by fitting the pre- and post-transition baselines observed in the

equilibrium unfolding transition curve to a linear equation, where yF and yU

are the y-axis ordinates. For the two-state model of dimeric proteins (Neet and

Timm, 1994; Bowie and Sauer, 1989), consisting of a monophasic transition
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from the native dimer (N2) to two unfolded monomers (U), the equilibrium

constant (Keq) is defined as,

Keg = [U ]2/[N2] = 2[Pt](fU
2)/(1− fU) (3.10)

where Pt is the monomer concentration of protein. The linear relationship of

the Gibbs free energy change calculated from ∆G = -RT lnKeq, from unfolded

to folded protein and the urea concentration is as follows (Greene and Pace,

1974);

∆G = ∆G(H2O) - m[urea] (3.11)

where m is expressed as the dependence of the protein susceptible to the dena-

turing effects of urea and can be represented as the change in solvent exposure

of the protein from the native to unfolded conformation. ∆G(H2O) is the

extrapolated Gibbs free energy change of the native protein and it unfolded

conformation in the absence of denaturant and can be used as an estimation

of the conformational stability of the protein.

3.13 Unfolding and refolding kinetics studies

3.13.1 Stopped-flow kinetics

Stopped-flow kinetic studies were performed in order to monitor the refold-

ing and unfolding pathway of hGST A1-1, in the presence of the denaturant

(urea). The folding events were monitored using fluorescence detection meth-

ods using an Applied Photophysics SX-18MV stopped-flow instrument (UK).

Stopped-flow methods allow for the detection of intermediate kinetic events,

being within the millisecond time range to as slow as 1000 seconds. The
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dead-time of the instrument, being the unobserved reaction occurring within

the mixing time of the experiment, was determined according to the meth-

ods described for the SX-18MV instrument. In this case the reaction between

6-dichlorophenolindophenol (DCIP) and L-ascorbic acid was used, where a

dead-time of approximately 2 ms was consistently determined.

The kinetic experiments designed to monitor the (un)folding reactions were

based on the urea-induced equilibrium unfolding transition for hGST A1-1.

The folding events were monitored using fluorescence detection methods, where

the fluorescence emission of the Tyr and Trp residues of hGST A1-1 were

monitored (excitation at 280 nm). The emission intensity was recorded using

a 320 nm cut-off filter, and a path-length of 10 mm for the sample. The

optimum excitation band-width chosen for all the fluorescence experiments

was 2.32 nm (0.5 mm for both entry and exit bandwidth). The chosen slit

width resulted in little or no observed Trp or Tyr photodecomposition. The

data were recorded at various time intervals depending on which phases of the

folding/unfolding events were being studied. All solutions were made up in

20 mM phosphate buffer, pH 6.5, with 100 mM NaCl, 1 mM EDTA, 0.02%

sodium azide.

For all refolding reactions, protein samples were unfolded in 6 M urea between

16 to 30 min. For (un)refolding stopped-flow kinetics of hGST A1-1, 6 µM of

native or unfolded protein samples were rapidly mixed with varying concentra-

tions of urea (8-5 M) in the sample cell. Asymmetric mixing was used, i.e. two

different sized syringes were used resulting in a mixing ratio of 1:5. Upon mix-

ing of the protein samples were diluted 6-fold in varying concentrations of urea

to initiate the unfolding or folding reaction of the protein. Prior to the refold-

ing reactions, the protein samples were incubated in 6 M urea for a minimum of

16 min where equilibrium of unfolded protein is achieved. The dependence of

apparent rate constant of unfolding with increasing final protein concentration

was investigated. The protein in 6 M urea were diluted 6-fold to a final pro-

tein concentration range of 0.5 to 5 µM into non-denaturing buffer. For both

unfolding and refolding kinetic experiments, Rayleigh scatter was monitored

for the introduction of any mixing artifacts, protein aggregation or crystalli-

sation of urea during the experiments. This was done by having repeated the
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same experiments as for the actual experiments, where the Rayleigh scatter

was monitored using an excitation wavelength at 340 nm, and the emission

fluorescence was recorded using a 320 nm cut-off filter.

3.13.2 Manual mixing kinetics

The manual mixing experiments for the kinetics of (un)refolding of hGST A1-1

was recorded using a Perkin Elmer, Luminescence spectrometer, model LS50B.

Upon the addition of protein to buffer solution, the samples were manually

mixed with a magnetic stirrer. The time zero for the manual mixing correlated

to the point upon addition of the protein sample to the buffer. The fluorescence

emission of Tyr and Trp residues of hGST A1-1 were used to monitor the

refolding events (280 nm excitation). The excitation and emission bandwidths

were set at 2.5 nm, which was optimised for best signal-to-noise ratio without

introducing photodecomposition. The folding events were recorded over the

required period of time at 330 nm, being 1000 sec to 2500 sec.

Kinetics of unfolding of 1 µM S154A in 3 M was carried out at 20 and 10◦C. The

unfolding reactions were monitored using various probes mentioned in section

3.11. For all stopped-flow and manual mixing experiments, the temperature

of the reactions were regulated within 0.1◦C of the required temperature using

a thermostated water bath connected to the instruments.

3.13.3 Kinetic data analysis

All kinetic data obtained from the stopped-flow instrument were fitted us-

ing the Applied Photophysics software, version 4.24. The program utilises

the algorithm of Levenberg-Marquardt (Marquardt, 1963) for non-linear least

squares fitting. The kinetic data obtained using the manual mixing method

were fitted using the iteration program in Sigma Plot (v 8). For each point

represented in the chevron (where the observed rate of the reaction phase is

plotted against final urea concentration) entailed an average of at least two
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separate experiments, where for each experiment at least 3 sample runs were

performed and averaged. The standard deviation represented in the chevron

was derived from the separate experiments.

The observed kinetic rates (kobs) for each kinetic phase represented in the

chevron plot were derived by the best fit according to the sum of the exponen-

tials, as follows,

At =
∑

[Ai + e−kit] + Ao (3.12)

where t is the time in seconds, At is the total fluorescence amplitude change

of the reaction signal, Ao is the final end-point value of the reaction and Ai is

the amplitude change for the kinetic phase i with the observed rate, ki. The

apparent rate constant for a reaction phase can be expressed as a time constant

(τ) which is the inverse of the kobs i.e. ki. The accuracy and quality of the

derived fitted function for the experimental data were judged according to the

residuals of the fit. The folding phases for hGST A1-1 have been previously

reported for both the refolding and unfolding pathway of hGST A1-1 (Wallace

et al., 1998b,a). The derived folding phases and the proposed folding model

for hGST A1-1 have been discussed in section 2.3.3.

The dependence of urea for each kinetic phase for hGST A1-1 is represented

according to the equation:

logkobs= logkobs(H2O) + m[urea] (3.13)

where kobs is the apparent rate constant for kinetic phase at different urea

concentrations, kobs(H2O) is the apparent rate in the absence of denaturant

and m is the change in solvent accessibility of the transition state for that

particular phase.
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Chapter 4

Significance of Asp N-capping

motif in α-helix 9 stability

4.1 α-Helix 9 peptide studies

It is well documented that an N-cap motif is a stabilising feature for α-helices,

as discussed in section 1.2.2. For this work, the role of the N-cap of α-helix

9 was investigated by replacing Asp residue with a Gly and thus removing

the stabilising N-cap hydrogen bonds formed by the Asp-209 side-chain. The

amino acid substitution was carried out both in context of the protein, hGST

A1-1, and in a peptide corresponding to the sequence of the C-terminal region

(residues 208-222). Since the disruption in the stability of α-helix 9 is desired,

a Gly substitution is preferred rather than an Ala, because (1) Gly based

peptides have a lower tendency to form helices compared to Ala based peptides

(Creamer and Rose, 1994; Chakrabartty et al., 1994), and (2) Gly is a strong

helix breaker (Rohl et al., 1996; Aurora et al., 1994).
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4.1.1 Predicted α-helix 9 content from the helix-coil

transition algorithm, AGADIR

The helix-coil transition algorithm AGADIR (Lacroix et al., 1998) is a useful

means to predict the helical content of a particular amino acid sequence. For

this study AGADIR was used to derive the amino acid propensities of residues

corresponding to the C-terminal helix (α-helix 9) of hGST A1-1 (208 - 222).

The amino acid propensity for Asp-209 (25%) and Ser-212 (7%) are relatively

high in comparison to the amino acid propensities of the other residues in

α-helix 9, which ranges between 1-5%, Table 4.1. These results highlight the

importance of the N-cap Asp-209 and Ser-212 at N3 position of α-helix 9,

which together form an N-capping motif. Moreover, the greater propensity of

Asp suggests a predominant role of this residue toward the stability of the helix

compared to Ser-212. This is likely to be the case, since the side-chain hydroxyl

group of Ser-212 does not form any stabilising hydrogen bonding patterns,

whereas Asp-209 residue forms a class 3 Asp N-cap motif, as discussed in

section 2.2.1. In addition, the results from AGADIR highlight the presence of

a staple motif, involving Met-208 (N’) and Leu-212 (N4) which flank the N-cap

motif. The sequence alignment, shown in Table 4.1, shows that the staple motif

is a conserved structural feature for class Alpha GSTs. The predicted overall

helical content for wild-type α-helix 9 is 20% (Table 4.1). Upon substituting

the Asp with a Gly, the predicted helical content drops to 8%. With this, the

results from AGADIR predict a 2.4 loss in helical content upon the removal of

the Asp N-cap motif.

4.1.2 Far-UV CD spectroscopic studies on α-helix 9 pep-

tides

The helical content of WT-pep and DG-pep peptides were investigated by far-

UV CD. The design of the peptides is described in section 3.3.1. The amino

acid sequence of WT-pep corresponds to the C-terminal region (208-222) of

the protein hGST A1-1, whereas the sequence of DG-pep, that is derived
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Table 4.1: Amino acid propensity scale of the C-terminal region of hGST A1-1

as predicted by AGADIR (Lacroix et al., 1998)

.
Wild-type Asp-209 to Gly substitution

Residue aa Helix N-cap H-staple aa Helix N-cap H-staple

208 M 0.6 0.18 27.17 M 0.7 0.07 4.11

209 D 0.8 27.17 0.00 G 0.7 4.11 0.00

210 E 27.9 0.83 0.00 E 4.8 0.69 0.00

211 K 28.7 7.75 0.00 K 5.5 0.64 0.00

212 S 29.3 10.29 0.00 S 6.1 10.29 0.00

213 L 37.0 0.73 1.11 L 16.4 0.97 1.48

214 E 37.4 1.11 0.00 E 17.3 1.48 0.00

215 E 37.3 0.33 0.00 E 18.5 0.43 0.00

216 A 36.5 0.02 0.00 A 18.6 0.03 0.00

217 R 31.3 0.00 0.00 R 16.4 0.00 0.00

218 K 21.6 0.00 0.00 K 11.7 0.00 0.00

219 I 21.2 0.00 0.00 I 11.4 0.00 0.00

220 F 7.3 0.00 0.00 F 4.0 0.00 0.00

222 R 2.2 0.00 0.00 R 1.1 0.00 0.00

223 F 0.0 0.00 0.00 F 0.0 0.00 0.00

Helical content for sequence: 19.97% Helical content for sequence: 8.34%

The output of the data is given as percent amino acid propensity (helix) for

each amino acid (aa), predicting the contribution of each amino acid towards

the helical content of the sequence corresponding to the C-terminal residues

208 - 220 (residue) in hGST A1-1. The predicted amino acid propensities

and helical content for the sequence of the C-terminal region, where the

Asp-209 was substituted with a Gly, is also shown. The conditions set were,

pH 6.5, temperature at 293 K and an ionic strength of 0 M, i.e. water as the

solvent. The predicted helical content for the sequence is given as percent

helical content. The amino acid Asp-209 and Ser-212 were predicted to have

high N-cap propensities (N-cap). Met-210 and Leu-213 are predicted to form

a hydrophobic staple motif (H-staple).
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from WT-pep, includes a replacement of an Asp with a Gly, corresponding to

position 209. Figure 4.1 shows far-UV CD spectra of both wild-type (WT-pep)

and mutant (DG-pep) peptides in water. The spectra of these two peptides

had an ellipticity minima at 222 nm and 201 nm and ellipticity maxima at 218

nm and 194 nm. The 222 nm minima and 194 nm maxima is indicative of a

helical conformation, and the 201 nm minima and a small trough at 225 nm

is characteristic of a random-coil. The findings of a linear dependence with

increased helicity with increasing peptide concentrations, i.e. the fractional

helical content is independent of peptide concentration, is indicative that the

peptides were monomeric. Thus, it is evident that both WT-pep and DG-

pep are a mixture of helical and random coil conformations.

Results in Figure 4.1 show that the far-UV spectrum of WT-pep shared the

same wavelength maximum and minimum as compared to DG-pep, showing

only a shift in the degree of ellipticity. The difference in the two spectra

can be interpreted as a result of the changes in the ratio between helical and

random coil conformations. The helical content for WT-pep and DG-pep can

be derived from the intensity of the far-UV CD signal at 222 nm (section

3.3.2), with the above assumption that the peptides undergo a two-state helix-

coil transition. The lower residual ellipticity of DG-pep at 222 nm compared

to WT-pep indicate a lower helical content for this peptide. The calculated

fraction of helical content for WT-pep and DG-pep in water (Figure 4.1) was

10% and 4%, respectively. This is a 2.5-fold decrease in helical content of

DG-pep compared to WT-pep. The experimental value of the helical content

of WT-pep in water was 2-fold less than what was predicted by AGADIR (see

section 4.1.1). Nevertheless, the contribution of the N-cap residue in α-helix 9

peptide was correctly predicted by AGADIR.

Changes in the intensity of the far-UV CD signal at 222 nm of helical pep-

tides is also dependent upon the length of helical formation, where increasing

length of helices along a peptide chain enhances the CD signal (Gans et al.,

1991). Therefore, not only can the intensity in signal be interpreted in terms

of helical content but also the extent to which helices tend to fray at their N-

or C-terminal ends. It is well documented that capping motifs increase helical

propensity by means of initialising and/or stabilising the helical propagating
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Figure 4.1: Far-UV CD spectra of DG-pep (4) and WT-pep (•). The samples

consisted of 70 µM of peptide in water.
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tendencies at their ends (Richardson and Richardson, 1988; Doig et al., 1997;

Dasgupta and Bell, 1993). Thus, the reduced CD signal of DG-pep could also

be interpreted in the lines of increased fraying at the N-terminal end, which

in turn decreases the helical length of the mutant peptide compared to that

of WT-pep. For either scenario, from the CD spectra of WT-pep and DG-

pep in water, DG-pep has a lower helical propensity compared to its wild-type

sequence.

TFE, as a co-solvent, is known to enhance the helical content of peptides with

intrinsic helical properties (Rohl et al., 1996; Kumaran and Roy, 1999; Myers

et al., 1998). Figure 4.2 shows far-UV CD spectra of WT-pep and DG-pep with

increasing concentrations of TFE. The TFE dependence of the CD spectra

for each peptide exhibits an isodichroic point at 202-204 (Figure 4.2). This

isodichrioc point is indicative of a two-state helix-coil transition (Brown and

Klee, 1971). The inset in Figure 4.2 illustrates the calculated helical content for

each peptide. A plateauing effect is evident for both WT-pep and DG-pep with

40% to 70% (v/v) TFE, where the maximum helical content for both peptides

is approximately 35%. It is a well known feature that a variety of peptides

reach their maximum helical content in 40% (v/v) TFE (Kumaran and Roy,

1999; Rohl et al., 1996). In this case, the convergence of helical content of DG-

pep and WT-pep, in approximately 30% TFE, can be explained in terms of the

non-linear increase in helical propensities among amino acids in water up to

40% TFE (Rohl et al., 1996; Myers et al., 1998). More specifically, the amino

acid propensity of Asp at the N-cap position in water decreases with 40% TFE,

whereas Gly remains as a strong helix breaker both in water and TFE (Rohl

et al., 1996). Thus, the equivalent helical content of WT-pep and DG-pep in

35% TFE, can be explained in terms of this convergence of the amino acid

propensity of Asp and Gly at the N-cap position (Rohl et al., 1996).
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Figure 4.2: TFE concentration-dependence of the far-UV CD spectra of WT-

pep (A) and DG-pep (B). The spectra are represented in the order of increasing

concentrations of TFE depicted by the arrow; 0, 10, 13, 18, 23, 27, 45, and 63%

(v/v). The dotted line is the buffer spectrum. The inset shows the dependence

of calculated percent helical content of DG-pep (4) and WT-pep (•) with

increasing concentrations of TFE. Peptide concentration is 50 µM in 5 mM

sodium phosphate buffer, pH 6.5.
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4.2 Construction and purification of D209G

The substitution of the residue Asp-209 with a Gly in hGST A1-1 by site-

directed mutagenesis (section 3.4) proved successful. DNA sequencing con-

firmed the desired mutation (Figure 4.3). As judged by SDS-PAGE (Figure

4.5) and size-exclusion HPLC (Figure 4.4) the purified D209G hGST A1-1 had

the expected molecular masses of 26 kDa (for subunit) and 55 kDa (for the

dimeric quaternary conformer).

4.3 Comparison of native D209G and wild-

type

Figure 4.6 shows far-UV CD spectra of D209G and wild-type hGST A1-1.

The spectra for both proteins have two ellipticity minima at 222 nm and 210

nm, characteristic of a predominantly helical protein. The CD spectra of

D209G and wild-type are coincident, indicating that no changes occurred in

the overall secondary structure of the mutant. In fact, the deletion of the C-

terminal region results in far-UV spectra which is identical compared to that

of the wild-type. Far-UV CD is an insensitive probe in detecting the α-helix 9

(Dirr and Wallace, 1999), where it constitutes only a small percentage of the

ellipticity signal at 222 nm in a predominantly helical protein.

Trp-21 is an intrinsic fluorescent probe, used to report global conformational

changes in hGST A1-1 (Dirr and Wallace, 1999; Nieslanik et al., 2001). hGST

A1-1 has only one Trp per subunit (Trp-21) that is located at the interface

between domain 1 and 2 of each subunit. Figure 4.7 shows the fluorescence

emission spectra of Trp-21 in D209G and wild-type hGST A1-1. The fluores-

cence intensity of D209G is about 91% that of wild-type. Changes in Trp-21

fluorescence can be related to conformational differences of α-helix 9, where

the docking of the α-helix over the active-site results in a quenching effect

on Trp-21 (Dirr and Wallace, 1999). Upon removing α-helix 9, an increase in

Trp-21 fluorescence intensity accompanied by a red-shift in emission maximum
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5'    G CCT CCC ATG GGT GAG AAA TCT CTA GAA GAA GC    
3'    C GGA GGG TAC CCA CTC TTT AGA GAT CTT CTT CG

K   P   P   M   D   E   K   S   L   E   E   A   R   
5'  AAG CCT CCC ATG GAT GAG AAA TCT TTA GAA GAA GCA AGG

Wi l d- t ype

A

B

K   P   P  M   G   E   K   S   L   E   E   A   R
5'  AAG CCT CCC ATG GGT GAG AAA TCT CTA GAA GAA GCA AGG

Pr i mer s

D209G

Figure 4.3: (A) A region of wild-type nucleotide sequence indicating the GAT

codon for Asp-209 in hGST A1-1 (underlined) that was selected for muta-

genesis. These changes in codons were designed into the primers (changed

nucleotides are highlighted in bold and italics). The codon change for D209G

mutation is GAT to GGT, where GGT codes for an Gly. The codon TTA

in the wild-type sequence corresponds to the codon to CTA in the primers.

This was a translationally silent mutation, incorporating a unique restriction

site into the mutated nucleotide sequence. (B) A portion of the nucleotide se-

quence obtained from DNA sequencing reaction of the D209G mutant plasmid

DNA. The nucleotide sequence demonstrates that an Ala was encoded for at

position 209 and a unique restriction site, XbaI, was incorporated (highlighted

in squares).
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Figure 4.4: (A) SEC-HPLC elution profile of D209G hGST A1-1. (B) The

calibration curve indicated the dimeric molecular mass of 55 kDa for D209G.
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k

Figure 4.5: (A) SDS-15% PAGE of purified D209G. MW indicates the lane

with molecular weight markers, and D209G consisting of purified D209G.

(B) Calibration curve constructed using the marker proteins indicated the

monomeric mass of D209G to be 26 kDa.
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Figure 4.6: Far-UV CD spectra of D209G (4) and wild-type (•) hGST A1-1.

Samples measured consisted of 2.5 µM protein in 5 mM phosphate buffer, pH

6.5.
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Figure 4.7: Intrinsic fluorescence emission spectra of D209G (4) and wild-

type (•) hGST A1-1. Trp-21 of hGST A1-1 was selectively excited at 295 nm.

The fluorescence emission maximum for both forms is 330 ± 2 nm. Samples

consisted of 1 µM of protein in 20 mM phosphate buffer, pH 6.5, with 100 mM

NaCl, 1 mM EDTA, 0.02% sodium azide.
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has been reported (Dirr and Wallace, 1999). The insignificant lower Trp-21

fluorescence of D209G compared to its wild-type form, suggests only a minor

conformational difference in the tertiary packing of the proteins. Therefore,

in the absence of the N-cap motif of α-helix 9, the conformation of the C-

terminal region appears not to be significantly different compared to that of

the wild-type.

Unlike far-UV and Trp-21 fluorescence, the enzyme’s activity is a sensitive

probe in monitoring any significant perturbations in the conformation and

dynamics of α-helix 9 (Dirr and Wallace, 1999). This is possible as the α-helix

9 forms part of the active-site of hGST A1-1 (Board and Mannervik, 1991;

Sinning et al., 1993). The specific activity, with CDNB as substrate, of wild-

type was 47 ± 6 mmol.min−1.mg−1 and that of the mutant form was 54 ±
8 mmol.min−1.mg−1. The similar specific activities of both proteins indicates

that the active-site conformation of D209G and wild-type were comparable.

From these results it can be concluded that there is no significant differences

in the overall tertiary packing of the protein and the active-site conformation

(including the α-helix 9).

4.4 Conformational stability of D209G and wild-

type

Equilibrium unfolding studies with hGST A1-1 were carried out in the absence

and presence of 10 mM of GSH. Figure 4.8 shows the urea-induced unfolding

curves of D209G and wild-type hGST A1-1 monitored by far-UV CD, Trp-21

fluorescence and enzyme activity. The unfolding transitions for both proteins

displayed a single sigmoidal transition between native and unfolded conform-

ers. A comparison of the unfolding transitions for wild-type and D209G, moni-

tored by ellipticity at 222 nm and fluorescence spectroscopy, showed that both

unfolding transitions are coincident. The unfolding thermodynamic parame-

ters of hGST A1-1 were obtained from the unfolding transition curves that

were monitored by ellipticity at 222 nm and fluorescence.

72



-12

-10

-8

-6

-4

-2

0
 

A

 

E
lli

pt
ic

ity
 a

t 2
22

 n
m

   
  (

m
de

g)

0.5

1.0

1.5

2.0 B

 

F
lu

or
es

ce
nc

e 
in

te
ns

ity
 (

35
5n

m
/3

25
nm

)

0 1 2 3 4 5 6 7 8
0

20

40

60

80

100 C

Lo
ss

 in
 e

nz
ym

e 
ac

tiv
ity

 (
%

)

[Urea] (M)

Figure 4.8: Urea-induced unfolding curves wild-type (circles) and DG209 mu-

tant (triangles) hGST A1-1, monitored by: (A) circular dichroism at 222 nm,

(B) Trp-21 fluorescence and (C) loss in enzyme activity. CDNB and GSH were

the substrates used to measure the activity of hGST A1-1. Samples consisted

of 1 µM protein in the absence (open symbols) and presence (closed symbols)

of 10 mM GSH, in 20 mM sodium phosphate buffer, pH 6.5, 1 mM EDTA, 0.1

M NaCl, 0.02% sodium azide.
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The free energy (∆G(H2O)) for the unfolding of wild-type was 112± 4 kJ.mol−1

and 117 ± 4 kJ.mol−1 for D209G. The m-values, assuming a two-state model,

was 18 ± 0.4 kJ.mol−1.M−1 urea for wild-type and 19.2 ± 0.4 kJ.mol−1.M−1

urea for D209G. The mid-point of the unfolding transition for wild-type and

D209G was 4.5 ± 0.1 M. The thermodynamic parameters of hGST A1-1, from

the fluorescent equilibrium unfolding studies in the presence and absence of

GSH, were identical for both wild-type and D209G. The similar thermody-

namic stability of D209G to that of the wild-type hGST A1-1 demonstrate

that the mutation at position 209 in the C-terminal region of D209G did not

affect the stability of the protein. This was to be expected since the C-terminal

region does not contribute to the overall stability of the protein (Dirr and Wal-

lace, 1999). Results in Figure 4.8 C demonstrated that, unlike for far-UV and

Trp-21 fluorescence studies, the mid-point of the unfolding transition observed

by enzyme activity was 4.2 M urea in the absence of 10 mM GSH. Moreover,

this mid-point shifted to 4.5 M urea in the presence of GSH (Figure 4.8 C).

Previous studies, have shown that a significant loss in activity of wild-type

hGST A1-1, in the pre-transition region of the unfolding curve in the absence

of ligand, is directly related to the destabilisation of α-helix 9 (Dirr and Wal-

lace, 1999; Wallace et al., 1998b; Mosebi et al., 2003). Important work by

Zhan and Rule (2004) used NMR to characterise the structure and dynamics

of the C-terminal region of hGST A1-1. In their work the C-terminal region

was shown to be more structured with GSH bound to the G-site compared

to that of the apo form. Thus GSH bound to this protein contributes to an

increased stability of the helical conformation at the C-terminal region. In

comparing the catalytic activity, as derived from unfolding transition curves

of D209G and wild-type in apo form (Figure 4.8 C), the activity of the mutant

(D209G) is slightly less between 3 to 4 M urea in comparison to that of the

wild-type. However, in the presence of GSH, the unfolding transitions of both

proteins were the same. One would expect a loss in enzyme activity at low

concentrations of urea in the case of a destabilised α-helix 9 (Mosebi et al.,

2003). Thus, in the absence of GSH, the lower activity of D209G compared

to that of the wild-type suggests that the stability of α-helix 9 in D209G is

marginally lower in comparison to that of the wild-type. Thus, the Asp N-cap

residue appears to play some favourable role towards the helical stability of
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α-helix 9 in hGST A1-1.

4.5 GSH binding and steady state kinetics of

D209G and wild-type

The fluorescent binding assays and steady state kinetics permitted the char-

acterisation of the structural fidelity of the active-site in hGST A1-1. This

includes elucidating the structural conformation of α-helix 9. The binding

affinity of GSH to hGST A1-1 was measured by fluorescence quenching meth-

ods (the dissociation constant, Kd). The Kd of GSH to D209G was 0.18 ± 0.01

mM, and 0.16 ± 0.01 mM to wild-type. Since the binding affinity of GSH is

independent of the α-helix 9, the equivalent Kd value for both proteins was ex-

pected (Dirr and Wallace, 1999; Allardyce et al., 1999; Nieslanik et al., 1999b).

The steady-state kinetic parameters for wild-type and D209G are summarised

in Table 4.2, and are in agreement with work published by other groups (Dirr

and Wallace, 1999; Allardyce et al., 1999; Board and Mannervik, 1991; Gustafs-

son et al., 1999; Widersten et al., 1994). D209G has approximately 1.2 and

1.4-fold lower kcat/Km values relative to those obtained for the wild-type for

CDNB and GSH, respectively. The KCDNB
m and KGSH

m values were 1.2 and

1.4-fold higher, respectively, for D209G compared to those obtained for the

wild-type (Table 4.2). The marginal differences in the steady-state kinetics of

the N-cap mutant (D209G) suggests that only modest changes have occurred

at the active-site of D209G compared to that of the wild-type (Table 4.2).

The slight enhanced Km values for CDNB and GSH of D209G and reduced

kcat/Km values, suggests that the active-site environment of D209G is less

favourable for the optimum binding of substrates when compared to that of

the wild-type enzyme. Since the binding affinity of GSH was the same for wild-

type and D209G, as mentioned previously, it seems likely that the binding site

of GSH for D209G remains intact, i.e. it is the same as for the wild-type. Since

the N-cap residue does not form part of the active-site of hGST A1-1,
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Table 4.2: Steady-state kinetic parameters of D209G and wild-type hGST

A1-1

D209G Wild-type

Km (mM) GSH 0.29 ± 0.02 0.21 ± 0.01

CDNB 0.35 ± 0.06 0.31 ± 0.08

kcat/Km GSH 115 ± 17 161 ± 4

(mM−1.s−1) CDNB 73 ± 2 86 ± 8
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the replacement of the Asp-209 with Gly, which contributes to a slightly less

favourable active-site environment, is most likely attributed to conformational

changes occurring at the C-terminal region. Work by Nieslanik et al. (1999a)

have reported that the rate-limiting step of the CDNB conjugating reaction

is not product release controlled as for ethacrynic acid conjugation reaction

which involves the dynamics of α-helix 9. However, Allardyce et al. (1999)

have demonstrated that the docking of α-helix 9 over the active-site plays an

essential role in facilitating the correct and productive binding mode of CDNB,

at the H-site, for its conjugation to GSH. Previous studies have shown that

by significantly increasing the dynamics of α-helix 9, where residues at posi-

tion Phe-220 and Met-208 were substituted for Ala, the catalytic efficiency of

the CDNB conjugating reaction was significantly decreased (Gustafsson et al.,

1999; Widersten et al., 1994; Ibarra et al., 2001). Hence, the relationship of

a reduced KCDNB
m and enhanced kcat/Km of GST A1-1, is evidence for an in-

crease in α-helix 9 mobility and/or a disruption at the H-site. Thus the slight

reduction in the catalytic efficiency observed for D209G is most likely due to a

more solvent exposed H-site attributed to marginal conformational differences

at the C-terminal region of D209G compared to that of the wild-type.

4.5.1 Active-site tyrosinate formation

The spectrophotometric determined pKa value of the catalytic Tyr-9 for wild-

type and D209G were determined from the data shown in Figure 4.9. The

Tyr-9 of hGST A1-1 has an unusually low pKa that distinguishes it spectro-

scopically from the other tyrosine residues in the protein (Bjornestedt et al.,

1995). The pKa of the active-site Tyr-9 determined for D209G and wild-type

hGST A1-1 was 8.2 ± 0.2 (Figure 4.9). These values are in accordance with

those reported in the literature (Bjornestedt et al., 1995; Gustafsson et al.,

1999). A lower Tyr-9 pKa in GST A1-1 has been observed upon replacing

Met-208 or Phe-220 with Ala, which was shown to be in relation the dislo-

cation of the C-terminal region of GST A1-1, leading to an increased solvent

exposed active-site (Gustafsson et al., 1999; Atkins et al., 1997). Contrary to

this, in the presence of a more destabilised C-terminal region, monitored by
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Figure 4.9: Titration of the tyrosinate formation in the active-site of wild-type

(•) and D209G (4) hGST A1-1. The number of tyrosinates per subunit is

plotted as a function of pH. The pKa values were obtained by fitting ∆A =

∆Amax/[1 + 10(pKa−pH)].
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the activity of the enzyme, the pKa of this active-site tyrosine was maintained

(Mosebi et al., 2003). Thus, the equivalent Tyr-9 pKa of D209G and wild-type

suggests that the dynamics of the C-terminal region in D209G, in the absence

of active-site ligands, is the same compared to that of the wild-type.

4.6 ANS binding to hGST A1-1

4.6.1 ANS fluorescence properties

The fluorescence properties of the anionic dye, ANS, bound to hGST A1-1,

as well as its binding affinity has been used to report the conformation of the

active-site and the C-terminal region of hGST A1-1 (Dirr and Wallace, 1999;

Allardyce et al., 1999; Mosebi et al., 2003). The binding affinity, i.e. the dis-

sociation constants (Kd) of ANS to hGST A1-1 was determined by fluorescent

enhancement methods. The KANS
d value for D209G (29 ± 7 µM) was similar

to that for wild-type (18 ± 2 µM). This is approximately in accordance with

the Kd obtained from isothermal titration calorimetry (section 4.6.2). The

similar ANS binding affinities suggests that the binding site of ANS of D209G

and wild-type are most likely the same. In the presence of 10 mM GSH, the

KANS
d value of D209G (25 ± 5 µM) and wild-type (15 ± 2 µM) were similar.

As no significant changes in the binding affinities of ANS occurred upon the

addition of GSH, these results show that the ANS binding affinity is indepen-

dent of G-site occupation. From fluorescence energy transfer studies, it has

been reported that GSH does not displace ANS that is bound to hGST A1-1

(Sluis-Cremer et al., 1996).

Figure 4.10 shows the fluorescence spectra of ANS bound to hGST A1-1 in the

absence and presence of GSH. The ANS fluorescence emission maximum is 475

nm for wild-type and D209G in apo form. The fluorescence intensity of ANS

bound to D209G is 1.6-fold lower compared to that bound to the wild-type.

In the presence of GSH, the fluorescence intensity of ANS decreased with a 5

nm blue shift in the emission maximum of the dye. On the other hand the
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Figure 4.10: Fluorescence emission spectra of ANS complexed with hGST A1-

1. Solutions consist of 100 µM ANS and 1 µM wild-type (circles) and D209G

(triangles) hGST A1-1 in the absence (open symbols) and presence of 10 mM

GSH (closed symbols).
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binding of GSH to D209G increased the fluorescence intensity of ANS without a

shift in emission maximum. Therefore, differences observed for the fluorescent

properties of the dye bound to D209G and wild-type can be explained in terms

the differences in the microenvironment at/or surrounding the ANS binding

site. Previous studies have shown that changes in the fluorescent properties of

ANS can be related to differences in conformation of the C-terminal region of

hGST A1-1 and the degree of hydrophobicity at the H-site (Dirr and Wallace,

1999).

The lower fluorescence intensity of ANS bound to D209G compared to that

bound to wild-type can be explained by the increased quenching effect of water

(Kirk et al., 1996). A more delocalised α-helix 9 over the surface of the protein

can give reason for a more solvent exposed ANS binding site. In Figure 4.10

the blue shift in ANS wavelength emission (wild-type) and the increased fluo-

rescence intensity (D209G), with GSH bound at the G-site of hGST A1-1, is

indicative of increasing hydrophobicity at the ANS binding site. As mentioned

previously (section 4.4), GSH bound to hGST A1-1 increases the stability of

the C-terminal region of hGST A1-1 forming a well-ordered helical structure

situated over the active-site (Zhan and Rule, 2004). There still remains some

degree of flexibility at the ends of the helical structure in comparing to that

when ethacrynic acid is bound to the protein (Zhan and Rule, 2004). Even

though the structure of the C-terminal region in the apo form of hGST A1-1

cannot be resolved either by crystallography (Cameron et al., 1995) nor NMR

(Lian, 1998; Zhan and Rule, 2004), results from this work support the no-

tion that this region persists as an ensemble of helical structures moving on

a type of hinge, rather than as a random coil conformer. The increased sta-

bility of a well-ordered and structured α-helix 9, in the presence of bound

GSH, demonstrates increased stability of this region compared to that of a

disordered C-terminal helix (Dirr and Wallace, 1999; Mosebi et al., 2003). An

increase in hydrophobicity at the ANS binding site of hGST A1-1, in the pres-

ence of GSH, is likely as a result of the induced conformational change of the

C-terminal region forming a well-ordered helical conformation positioned over

the active-site. This sequestering of the α-helix 9 is likely to result in the

expulsion of solvent molecules rendering a more hydrophobic active-site. The
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absence of a band shift in the fluorescence of ANS bound to D209G, in the pres-

ence of GSH, indicates that the ANS binding site of D209G is less hydrophobic

compared to that of the wild-type. A more solvent exposed ANS binding site

of D209G, both in the presence and absence of GSH, could be explained in

terms of a more disordered and/or delocalised α-helical conformation. Here

the degree of expulsion of water molecules is less in comparison to a tightly

packed α-helix 9 over the active site, as in the case of the wild-type. A second

possibility, is that the α-helix 9 of D209G is ordered but is in a novel location

where the active sight is partially exposed to solvent. The former seems more

likely, since the stability of the C-terminal region of D290G was marginally

less stable in comparison to that of the wild-type.

4.6.2 Energetics of ANS binding: an isothermal titra-

tion calorimetry study

To obtain a more detailed picture of the molecular environment of a more

solvent exposed ANS binding site of D209G compared to wild-type; the ther-

modynamics of ANS binding to D209G was investigated by isothermal titration

calorimetry. The binding energetics of ANS to wild-type hGST A1-1 has pre-

viously been reported by Sayed et al. (2002). Figure 4.11 A, shows a typical

calorimetric titration curve of ANS binding to D209G, where the binding of

the organic anion ANS to D209G is exothermic over the temperature range

studied (i.e., 5 - 25◦C).

All the data fit well to a model describing one binding site per monomer (Figure

4.11 B) which is consistent with that reported for wild-type (Sayed et al.,

2002). The association reaction of ANS with D209G is characterised by a linear

dependence in the observed change in enthalpy (∆H ) and entropy (T∆S ) of

the reaction with increasing temperature (Figure 4.12). An enthalpy-entropy

compensation is also indicated by a reasonably invariant ∆G with temperature.

The linear dependence of the change in enthalpy with temperature yields a

heat capacity change of +0.3 kJ.mol−1.K−1 for ANS binding to D209G (Figure

4.12).
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Figure 4.11: Calorimetric titration profile of the binding of ANS to D209G

hGST A1-1. This experiment was performed at 25◦C. Panel A shows the

exothermic heat effects associated with the addition of ligand to the protein

sample. Panel B shows the binding isotherm corresponding to results in panel

A where the heats of dilution have been corrected for. The line represents the

best fit to a single binding site per monomer hGST A1-1.

83



275 280 285 290 295 300
-30

-20

-10

0

10

20

30
T

he
rm

od
yn

am
ic

 p
ar

am
et

er
s 

(k
J/

m
ol

)

Temperature (K)

Figure 4.12: Thermodynamic parameters for the binding of ANS to D209G

GST A1-1 from the isothermal titration calorimetry data, where the ∆G (•),
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The major contributor towards ANS binding would be the entropic component

which increased with increasing temperature. The binding affinities were in

micromolar range (47 - 57 µM) and appeared not to be dependent upon the

temperatures in this study, Table 4.3. The Kd value for ANS to D209G at 20◦C

is 57 µM which corresponds well with that of wild-type (65 µM) (Sayed et al.,

2002). Thus, the binding affinity of ANS to D209G and wild-type were not

significantly different. seeing that the binding affinities of ANS to wild-type

and D209G are comparable, it seems unlikely the binding of ANS to D209G

is less specific compared to that of the wild-type.

The change in heat capacity (∆C p) upon ANS binding was +0.3 kJ.mol−1.K−1

for D209G, whereas for wild-type the ∆C p was reported to be -0.84 kJ.mol−1.K−1

(Sayed et al., 2002). The negative ∆C p obtained for the ANS binding to wild-

type hGST A1-1 is comparable to those values obtained for ANS binding

to other proteins such as I-FABP (-1.18 kJ.mol−1.K−1) and A-LABP (-0.922

kJ.mol−1.K−1) (Kirk et al., 1996). An increase in heat capacity change (+0.53

kJ.mol−1.K−1) has also been observed for the binding of ANS to the Phe-222

deletion mutant of hGST A1-1 (Sayed et al., 2002). This residue, positioned

at the end of the C-terminal region of hGST A1-1, contributes a hydrophobic

interaction with substrate bound at the H-site (such as the ethacrynic acid;

Cameron et al., 1995) and, hence the hydrophobicity of the H-site (Sayed et al.,

2002).

A negative ∆C p suggests a reduction in solvent accessible non-polar surfaces,

whereas a positive ∆C p suggests the burial of polar groups (Loladze et al.,

2001). The negative ∆C p exhibited by ANS complexed with the wild-type is

an attribution to a decrease in the exposure of the hydrophobic surface area

(Sayed et al., 2002). Since, the transferal of non-polar compounds to water

results in a positive heat capacity change, an increased or positive ∆C p upon

protein-ligand interactions could suggest the exposure of non-polar surface area

to solvent. The positive ∆C p for ANS binding to D209G, suggests that there

is a significant hydrophobic component that remains exposed to bulk solvent.

This may result in the amount of buried polar surface area in binding to be

greater than that of the nonpolar surface. Results from the ANS fluorescent

binding studies has provided evidence, and is in agreement, that the binding
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Table 4.3: Energetics of the interaction between D209G and ANS at different

temperature conditions. All these values are based on a single experiment and

the standard deviation were obtained by fitting the titration data using the

ITC programme (ORIGIN 5.0)

Temperature Kd N‡ ∆G ∆S ∆H

(K) (µM) (kJ.mol−1) (J.mol−1K−1) (kJ.mol−1)

278 51 ± 1.4 2.1 ± 0.05 -22.8 56 -7.3 ± 0.7

283 49 ± 1.7 2.2 ± 0.03 -23.3 60 -6.4 ± 1.2

288 57 ± 3.5 2.4 ± 0.1 -23.4 62 -5.3 ± 0.9

293 57 ± 4.1 2.4 ± 0.2 -23.8 68 -3.7 ± 1.5

298 47 ± 2.8 2.2 ± 0.02 -24.6 77 -1.5 ± 1.1

‡ N is the stoichiometry of binding of ANS per dimer hGST A1-1.
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of ANS to the wild-type is accompanied by a more hydrophobic/less solvent

exposed binding site compared to that of D209G, as discussed in section 4.6.1.

The free energy change (∆G) for ANS binding to D209G (-25 kJ.mol−1) and

wild-type (-24 kJ.mol−1) were similar, at 25◦C. At the same temperature the

favourable change in entropy (∆S ) seen for the binding of ANS to D209G (77

J.mol−1.K−1) was unlike wild-type (-23 J.mol−1.K−1), where the change in ∆S

was unfavourable. The change in enthalpy (∆H ) of ANS binding to both wild-

type and D209G were favourable, however for wild-type (-30 kJ.mol−1) this

enthalpic term contributed predominantly to the free energy binding of ANS.

Whereas for D209G the enthalpic contribution (-1.57 kJ.mol−1) was minimal

(Figure 4.12).

The changes in entropic (∆S ) and enthalpic (∆H ) contributions towards the

favourable free energy change are the sum of contributions from hydration

effects, polar interactions (hydrogen bonding and ion pairs) and non-polar in-

teractions (van der Waals contacts). ∆S is attributed to the changes in the

degree of hydration of the enzyme upon binding, and to the loss of translational

and rotational degrees of freedom upon formation of the complex, and any ad-

ditional changes in rotational and vibrational entropy as a result of a loss in

conformational flexibility of the enzyme and/or the ligand. The ∆H reflects

the formation or removal of hydrogen bonds, van der Waals forces, and electro-

static interactions between the protein, ligand, and solvent molecules. Thus,

the enhanced enthalpic contribution to the binding of ANS to wild-type can be

attributed to the formation of hydrogen bonds and/or hydrophobic contacts.

The change in free energy of solvent can be explained in terms of the two-

state entropy change of water. Water molecules form well-ordered structures

(clathrate-like structures) surrounding hydrophobic surfaces and are more or-

dered than bulk solvent (Franks, 1975). Additionally, water molecules are also

structured in instances of forming hydrogen bonds with well-organised polar

regions found on the surface of proteins. Hence, in the case of the binding

of two hydrophobic interfaces, the dehydration/desolvation of such interfaces

would contribute to an increase in free entropy of solvent. In the case of ANS

binding to hGST A1-1, the burial of hydrophobic groups would include the

surface interface of ANS that is bound to the surface of the protein, and the

87



interface between α-helix 9 and the H-site. Additionally, upon ligand binding

one would expect losses in translational, rotational, and vibrational degrees of

freedom in the protein, ligand and the newly electrostricted water molecules

hydrating the solvent exposed surface area, all of which would contribute un-

favourably to the free entropy change.

In the case of a disordered/delocalised α-helix 9 positioned over the active-

site the mechanism of binding is entropically favourable with an unfavourable

enthalpic contributions. In contrast, the slow isomerisation step is enthalpi-

cally favourable, where the α-helix is well-ordered and docked over the active-

site. Importantly, in the absence of α-helix 9, the mechanism of binding of

ethacrynic acid is enthalpically driven with unfavourable entropic contribu-

tions. The partitioning of these entropic and enthalpic components illustrates

that the binding energy can be best explained in terms of the conformational

differences of α-helix 9. Work by Nieslanik et al. (2001) proposed that the bind-

ing of ethacrynic acid-GSH conjugate to GST A1-1 proceeds via a two-step

mechanism, where α-helix 9 undergoes an intermediate transition conforma-

tion that is unlike the delocalised and the well-ordered/docked conformation.

This intermediate conformation is realised during the initial docking step of

the binding mechanism, prior to the isomerisation which involves the closure

of α-helix 9 over the active-site (Nieslanik et al., 1999b). Work by Sayed et al.

(2000) have reported that increased enthalpic contributions can be explained in

terms of increased hydrophobic binding, as a result of increased closure of the

active-site from bulk solvent owed to a well-ordered and tightly packed α-helix

9 over the active-site of the protein. Thus, the entropically favourable binding

of ANS to D209G is best explained by a more disordered α-helix 9 confor-

mation, much like the intermediate conformation described by Nieslanik et al.

(2001). Whereas, the enthalpically favourable binding of ANS to wild-type

is a result of increased hydrophobic interactions due to a more well-ordered

helical conformation. Thus an entropically favourable and enthalpically less

favourable binding of ANS to D209G, compared to the wild-type, is best ex-

plained in that the ANS binding site of D209G is more exposed to solvent

compared to that of the wild-type (Velazquez-Campoy et al., 2000). The de-

gree of solvent exposure of the active-site is expected to be greater in the case
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of a more disordered or flexible α-helix 9. These results are in agreement with

the those obtained form the ANS fluorescence studies, see section 4.6.1.

Since the α-helix 9 is essential for the turn-over and productive binding of

CDNB for its conjugation to GSH (Gustafsson et al., 1999), changes in the

conformation of α-helix 9 is expected to directly impact upon the catalytic

functioning of this enzyme. Thus a partially delocalised/increased disorder of

α-helix 9 of D209G, provides as a good explanation for the marginal decrease

in the steady-state turn over of the conjugation of CDNB to GSH (section 4.5)

when compared to that of the wild-type.

4.6.3 Predicted ANS binding site to hGST A1-1

Figure 4.13 shows the relationship of ANS fluorescence intensity with the addi-

tion of increasing amounts of active-site ligands to hGST A1-1 in the presence

of ANS complexed to the protein. The observed change in ANS fluorescence

intensity when bound to wild-type and D209G, with the addition of GSH, has

been explained in relation to the closure of the α-helix 9 over the surface of

the protein, rendering a more hydrophobic active-site, see section 4.6.1, Figure

4.10. Ethacrynic acid and GSH bound to hGST A1-1 are known to induce a

tightly packed α-helix 9 forming a “lid” over the active-site (Cameron et al.,

1995; Zhan and Rule, 2004). With the addition of increasing amounts of glu-

tathione sulfonate, ethacrynic acid and p-bromobenzyl GSH, the fluorescence

of ANS that is bound to hGST A1-1, decreases substantially compared to that

with saturating amounts of GSH. This substantial loss in the fluorescence sig-

nal of ANS does suggest for the competitive displacement of ANS bound to

hGST A1-1 by active-site ligands. This is likely, since the binding site of ANS

has previously been proposed to be near the H-site of hGST A1-1 (Sayed et al.,

2002). The observation that GSH does not displace ANS bound to hGST A1-1,

is consistent with a previous study investigating the ANS binding to GSTs by

fluorescence-resonance energy transfer (Sluis-Cremer et al., 1996). Recently,

displacement studies monitoring the decrease in fluorescence of ANS bound to
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Figure 4.13: Fluorescence emission of ANS when complexed with D209G (open

triangles) and wild-type hGST A1-1 (closed circles). Samples consisted of 100

µM ANS and 1 µM protein. Active-site ligands were titrated in µM amounts

into samples containing ANS bound to the protein. The fluorescence intensity

is normalised, expressed as a fraction of the initial fluorescence signal in the

absence of ligand. 90



the monomeric form of GST P1-1, lacking an interface cleft, was observed (Ab-

dalla et al., 2002). Ligands such as bromosulfophthalein, CDNB and ethacrynic

acid displaced ANS, suggesting that the ANS binding site may not be at the

interface cleft proposed by Sluis-Cremer et al. (1996). The Kd values reported

for ethacrynic acid (7 µM, Nieslanik and Atkins, 2000), glutathione sulfonate

(4 µM, Sayed, 2001), and p-bromobenzyl GSH (14 µM, Kolobe et al., 2004)

and GSH (170 µM, section 4.5) are all within the order of ten. The Kd of ANS

(65 µM, Sayed et al., 2002) is also within the same magnitude as the above

mentioned ligands, and hence has a similar binding to the other active-site

ligands used in this study. The fact that a concentration of 10 mM of GSH

is sufficient to saturate the G-site of hGST A1-1, gives reasonable evidence

that the displacement of ANS by active-site ligands that share similar binding

affinities to GSH, is due to steric clashes and/or electrostatic repulsion.

Molecular docking of ANS to hGST A1-1 was performed in order to predict

the ANS binding site. The software package Cerius2 and LIGIN were used (see

section 3.9.3 for a detailed description of the docking procedure). The advan-

tage in using Cerius2 was that the ligand was treated as a flexible molecule,

and hence all ligand configurations were searched during the docking proce-

dure. Contrary to this, the program LIGIN treated both ligand and protein as

rigid bodies. Nonetheless, an advantage in using LIGIN for this study was the

possibility of docking ANS to a ligand-protein complex. The docking results

obtained from Cerius2 (in red) and LIGIN (in CPK colour) are shown in Fig-

ure 4.14. Both programs predicted the ANS binding site to be at the H-site of

hGST A1-1. No steric clashes were observed. The predicted loss of the acces-

sible surface area of ANS to bulk solvent upon binding to the H-site was 80%.

Amino acid residues forming van der Waals contacts with ANS, are shown

in Figure 4.14, which include; Val-111, Leu-107, Met-208, Leu-213, and Ala-

216, and close contacts with Leu-108, Phe-220 and Phe-222. These residues

are commonly reported in forming contacts with other electrophilic substrates

bound at the hydrophobic pocket (H-site) of GSTs (see section 2.2.2). Other

contacts include Phe-10, Tyr-9 and Arg-15. These residues constitute as part

of the G-site. The hydroxyl group of Tyr-9 and the main-chain CO group of

Val-55 are predicted to form hydrogen bonds with the sulfonate group of ANS.
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Figure 4.14: Molecular docking results showing the predicted binding site of

ANS to hGST A1-1 in apo form (A), and in the presence of GSH pre-complexed

with the protein (B). The predicted ANS binding to hGST A1-1 obtained from

the molecular docking program Cerius 2 is shown in red, and from LIGIN is

shown in CPK colour. Residues that form van der Waals contacts with ANS

are shown. Hydrophobic residues are represented in yellow, Phe in orange and

Tyr in purple. Hydrogen bonds are depicted as green dotted lines. The figures

were generated using Swiss-PdbViewer (Guex and Peitsch, 1997).
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The sulfonate of ANS, averaged from both docking results, is positioned ap-

proximately 3.5 Å from the guanidino group of the positively charged Arg-15.

This close proximity of Arg-15 to the active-site, would appear to satisfy the

negative sulfonate group of ANS. Other evidence indicating that ANS binds at

the H-site, are the similar the atomic contacts formed between the protein and

ANS when compared those formed by other known electrophilic substrates,

such as ethacrynic acid (see section 2.2.2). Moreover, the binding of ANS at

the H-site of hGST A1-1 occurs with sufficient geometric complementarity.

These results are supported experimentally in that the Kd of ANS is similar to

that of ethacrynic acid, as mentioned previously in this section. Moreover, the

burial of accessible surface area of ANS upon binding does suggests for a sta-

bilised ANS-hGST A1-1 complexation. Residue Phe-220 and Phe-222 in the

C-terminal region, form the majority of hydrophobic contacts with the ANS

molecule, as judged by the greatest degree of surface area contacts with ANS

compared to other hydrophobic residues. In fact, the contribution of Phe-222

to the binding specificity of ANS to hGST A1-1 has been previously reported

(Dirr and Wallace, 1999; Sayed et al., 2002).

The question, however, is whether ANS binds to hGST A1-1 in the presence

of GSH and/or glutathione sulfonate. The program Cerius2 could not include

a pre-complex of ligand bound to the protein during a docking procedure.

Thus, the program LIGIN was used to predict the ANS binding site with GSH

or glutathione sulfonate pre-complexed to hGST A1-1 (see section 3.9.3 for

method). The predicted atomic contacts and shape complementarity of ANS

docked to hGST A1-1 by LIGIN and Cerius2 were comparable, shown in Figure

4.14. In the presence of GSH, the H-site was the predicted binding site for ANS.

Figure 4.14 shows the most probable binding mode of ANS. Interestingly, no

binding site could be predicted for ANS in the presence of glutathione sulfonate

that was pre-complexed to hGST A1-1. These results are in agreement with

those obtained from the ANS displacement studies (Figure 4.13). Briefly, the

saturation of the glutathione sulfonate binding site resulted in the displacement

of ANS bound to hGST A1-1, whereas no ANS displacement occurred with

saturating amounts of GSH bound to the G-site. Glutathione sulfonate is

different to GSH in that it has a sulfonate moiety which, when bound to
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hGST A1-1, protrudes into the H-site from the G-site (Adman et al., 2001).

The molecular docking results predict that the negatively charged sulfonate

moiety of glutathione sulfonate is responsible for the displacement of ANS that

is bound to the protein. This displacement is likely due to charge repulsion

(as ANS itself has a sulfonate moiety) and/or steric clashes. The results in

this study strongly suggest that the ANS binding site of hGST A1-1 is not at

the amphipathic cleft of the dimeric protein (Sluis-Cremer et al., 1996), but

rather at the H-site.

4.7 Tertiary interactions predominate the sta-

bility of α-helix 9 in hGST A1-1

Peptide studies of the C-terminal region, equivalent to residues 207-222 of

hGST A1-1, show that by removing the N-cap motif, where the Asp N-cap

was substituted with a Gly, the helical content of the peptide decreased sig-

nificantly favouring a more random coil conformer in water. Thus the local

interactions at the N-cap motif contribute toward the stability, and hence the

helical content of the C-terminal helix as a peptide. Interestingly, the dif-

ference in helical content of wild-type and the N-cap mutant peptides in the

presence of 40% TFE were similar. It appears that TFE, being a more apolar

solvent, may mimic an environment similar to that in proteins. It has been

proposed that helical propensities of peptides can be compared to those of he-

lices within the context of proteins. Thermodynamic and fluorescence binding

studies of ANS to hGST A1-1 proved to be a sensitive means to elucidate the

extent of the ordering/flexibility of this region in D209G relative to that in

the wild-type. Even though the stability of the C-terminal region of D209G

was reduced, and that a more solvent exposed active-site was evident in the

presence of active-site ligands, this was however limited in that the decrease

was only marginal. Nonetheless, the structural role of the Asp N-cap in con-

tributing towards an increase in the stability and dynamics of α-helix 9, can

give reason for its conservation amongst class Alpha GSTs. In conclusion,

the importance of the N-cap residue contributing towards the stability of the

94



C-terminal region was more apparent in the peptide, than that observed in

the protein. This provides evidence that even though local interactions, such

as the hydrogen bonds at the N-cap motif do play a stabilising role towards

helix stability, within context of the protein, protein-protein and/or ligand-

protein interactions tend to predominate in providing for increased stability

and induced docking of the C-terminal region of hGST A1-1.

Residues which have been identified in playing a role toward the C-terminal

helix stability and dynamics, include Ile-219 (Mosebi et al., 2003), Phe-220

in α-helix 9 (Nieslanik et al., 1999a), active-site Tyr-9 (Nieslanik and Atkins,

2000), Met-208 (Gustafsson et al., 1999; Widersten et al., 1994) and Phe-10

(Ibarra et al., 2001) and the ultimate C-terminal residues Arg-221 and Phe-

222, which are not part of the α-helix 9. The benzyl group of Phe-222 is

part of the hydrophobic wall of the H-site (Cameron et al., 1995). Phe-220

and Phe-222 contribute toward an increased hydrophobic cavity at the H-site

and form an aromatic cluster with Phe-10. Ile-219, in the presence of GSH, is

buried in a hydrophobic pocket provided by the side-chain atoms of Phe-220

and G-site residues Leu-41 and Ala-38. The fact that no significant chemical

exchange, observed by NMR, was detected for Asp-209, Glu-210, Lys-211,

Ser-212, Ala-216, or Ile-219 in the absence of ligand bound at the active-

site, is suggestive that these residues are forming extensive interactions with

the surface of the protein, and hence contributing toward stability of the C-

terminal region (Zhan and Rule, 2004). In the presence of GSH or ethacrynic

acid, the ligand-protein interactions induce a well-ordered C-terminal helix

over the active-site, rendering a more stable C-terminal region (Zhan and Rule,

2004; Cameron et al., 1995). In saying this, the stability/dynamics of the C-

terminal region of GST A1-1 appears to be governed predominantly by protein-

ligand interactions, whereas protein-protein interactions appear to contribute

to a lesser extent to a stabilised C-terminal region (Widersten et al., 1996;

Zhan and Rule, 2004).

The C-terminal region as a peptide has intrinsic helical properties in water,

favouring a helical conformation, even in the absence of stabilising tertiary

interactions. From this study it has been shown that the N-cap residue plays

an important role in favouring a more helical conformation. Even though
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NMR studies demonstrate that no significant chemical exchange was detected

for Asp-209, Glu-210, Lys-211, Ser-212, Ala-216, or Ile-219 (millisecond time

scale) in the absence of active-site ligands; Asp-209 and Phe-222 undergo mo-

tion on a short time scale, i.e. nanoseconds to picoseconds (Zhan and Rule,

2004). Residues, Met-208 and Asp-209 located at the N-terminal end of C-

terminal region are visible in the crystal structures of hGST A1-1 in its apo

form (Cameron et al., 1995). These two residues occupy similar positions to

those seen in a well-ordered α-helix 9, even though they have high tempera-

ture factors (Cameron et al., 1995). This suggests that the C-terminal region of

hGST A1-1 may occur as a structured helix, in its delocalised conformation in

the absence of ligands, and unlikely to persist as a random coil conformer (Nies-

lanik et al., 1999a). Work in this study supports the notion that the dynamics

of the C-terminal region consists of a helical structure moving on a type of

“hinge” at its N-terminal end (Dirr and Wallace, 1999; Nieslanik et al., 2001).

The marginal decrease of a well-ordered helical C-terminal region of hGST A1-

1, attributed to the loss of the N-cap residue, is suggestive that N-cap residue

does not play a predominant role in stabilising the α-helix 9. However, Met-

208 when substituted with an Ala, has been shown to contribute significantly

towards the stability of the C-terminal region. Even though Met-208 is known

to be involved in the direct catalytic function of the enzyme (Gustafsson et al.,

1999; Widersten et al., 1994), the role of Met-208 contributing to the stability

of the C-terminal region as a staple motif identified at the N-terminal end of

α-helix 9 (section 4.1.1, Table 4.1), remains to be elucidated.
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Chapter 5

Role of α-helix 6 N-capping

motif in hGST A1-1 folding and

stability

A highly conserved N-capping motif (Ser/Thr-X-X-Asp) within the hydropho-

bic core of domain 2 in GSTs and GST-related proteins has been previously

identified by Dragani et al., 1997 (see section 2.3). The focus of this work

is in investigating the role of this motif contributing toward the stability and

folding of hGST A1-1.

5.1 Over-expression of α-helix 6 N-capping mu-

tants

Single mutations were created by substituting the capping residues with an

Ala to investigate the role of the N-cap (S154A) and N3 residues (D157A) of

α-helix 6. The construction of mutant D157A and S154A pKHA1 plasmids

were successful as judged by DNA sequencing, i.e. the expected sequences were

in place and no undesired mutations were incorporated. The gene encoding

for mutant proteins were over-expressed in BL21 Escherichia coli with 1 mM

IPTG for 18 hours, at 37◦C. As judged by SDS-PAGE, Figure 5.1 and 5.2, the
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Figure 5.1: Panel A 15% SDS-PAGE stained with Coomassie Blue stain of

over-expression levels of D157A in lysed BL21 (DE3) pLysS cells. NI denotes

non-induced cells. The numbers indicate the hours of induction of cell cultures

with 1 mM IPTG. The temperatures reported above are the growth temper-

atures for the cultures. The arrow indicates the position of wild-type hGST

A1-1. Panel B shows the soluble and insoluble partitioning of over-expressed

D157A and wild-type hGST A1-1 after 6 hour growth at the temperature

indicated.
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Figure 5.2: 15% SDS-PAGE stained with Coomassie Blue showing the soluble

and insoluble fractions from lysed BL21 (DE3) pLysS Escherichia coli with

over-expressed S154A and wild-type hGST A1-1. Cell cultures were induced

at mid-log phase with 1 mM IPTG and grown for 16 hours. The growth

temperatures are indicated. The arrow indicates the position of wild-type

hGST A1-1.
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expression levels of the N3 mutant (D157A) was considerably less when com-

pared to that of the N-cap mutant (S154A), which in turn is less than wild-

type. Both N-capping mutants were expressed in the insoluble fraction at 37◦C.

By lowering the growth temperatures to 20◦C, there was no over-expression

of D157A (Figure 5.1), whereas S154A was over-expressed with a sufficient

amount of protein in the soluble fraction (Figure 5.2). Since no over-expression

of D157A was obtained at 20◦C, the N3 substitution appears more disrup-

tive than the N-cap substitution. The more disruptive substitution of the

N3 residue compared to the N-cap residue, is consistent with previous studies

(Cocco et al., 2001; Dragani et al., 1997), and is explained in that the N3 sub-

stitution results in a complete loss a hydrogen bond network, which in turn

results in an increase in mobility of the preceding loop and N-terminal end of

α-helix 6 (Rossjohn et al., 2000). Whereas upon removing the hydroxyl group

of the Ser N-cap residue, the N-capping hydrogen bonding network is not en-

tirely disrupted, where only 2 hydrogens bonds are lost (see Figure 2.5 for an

illustration of the N-capping motif). From these results it is apparent that

the hydrogen bond network provides an enthalpic contribution to the thermal

stability of these proteins, located within the hydrophobic core of domain 2 of

the protein.

5.2 Purification of S154A

As no over-expressed D157A could be obtained as a soluble protein, no further

studies of this N3 mutant were carried out. The growth conditions to obtain

soluble S154A were optimised. A 1 litre starting culture of S154A at 20◦C was

induced with 1 mM IPTG at mid-log phase, and harvested after 18 hours of

growth. S154A was purified, as described for wild-type (see section 3.5). The

purity and expected molecular mass of S154A, as judged by SDS-PAGE and

SEC-chromatography, is greater than 98% pure with the expected molecular

mass of 54 kDa. Due to the instability, and decreased expression-levels of

S154A, lower yields of protein were obtained compared to that obtained for

the wild-type. A typical purification of S154A yielded 40 mg of protein per 1

litre of culture.
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5.3 Characterisation of S154A

The degree of ellipticity reports the extent of secondary structural content,

while the selective excitation at 295 nm of Trp-21 fluorescence reports the

tertiary structural conformation of hGST A1-1 (Wallace et al., 1998b). The

far-UV CD (Figure 5.4) and the intrinsic Trp-21 fluorescence emission spectra

(Figure 5.3) of S154A coincide with those of the wild-type. The fluorescence

emission maximum of S154A and wild-type protein was 330 nm. These data

indicate that the α-helix 6 N-cap substitution did not alter the tertiary pack-

ing and secondary structural content of the protein. The specific activity of

S154A (45 ± 6 µmol.min−1.mg−1) was similar to that of the wild-type (52 ± 5

µmol.min−1.mg−1). Therefore, S154A and wild-type share the same conforma-

tion at the active-site. The preservation of the structural integrity of the Ser

to Ala N-cap mutant is consistent with that reported for the same mutant in

class Pi GSTs (Rossjohn et al., 2000). The crystal structure of the N-capping

mutants in class Pi GST showed that even though the structure of the mu-

tants did not vary from that of the wild-type, increased disordering of the loop

preceding α-helix 6 was observed, as judged by the B-factors (Rossjohn et al.,

2000).
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Figure 5.3: Trp-21 fluorescence emission spectra of S154A (�) and wild-type

(•) hGST A1-1. Samples consisted of 1 µM protein in 20 mM sodium phos-

phate buffer, pH 6.5, 1 mM EDTA, 0.1 M NaCl, 0.02% sodium azide.
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Figure 5.4: Far-UV CD spectra of S154A (�) and wild-type (•) hGST A1-1.

Samples consisted of 2.5 µM protein in 5 mM sodium phosphate buffer, pH

6.5, 0.02% sodium azide.
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5.4 Thermal stability of S154A and wild-type

hGST A1-1

The thermal denaturation profile of wild-type and S154A were determined at

different rates of heating (Figure 5.5). Thermal unfolding of wild-type and

S154A were irreversible processes, as shown in Figure 5.5, and is a general

feature of GSTs as a result of aggregation (Kaplan et al., 1997; Wallace et al.,

1998b; Stenberg et al., 2000). For wild-type hGST A1-1, the midpoint tem-

perature (Tm) was 57◦C, whereas the Tm for S154A was significantly reduced.

For wild-type, the Tm was independent of the heating rate, whereas for S154A

the Tm decreased with decreasing rate of heating (Figure 5.5). The most sig-

nificant decrease in Tm of S154A was from 47◦C and 43◦C, when the heating

rate was lowered from 2◦C.min−1 to 1◦C.min−1. The lower Tm for S154A com-

pared to wild-type indicates a less stable native conformation of S154A. The

decrease in thermal stability of S154A can be explained in terms of the loss of

the hydrogen bonding interactions, where for class Pi GSTs the removal of the

side-chain hydroxyl group of Ser-154 (N-cap: numbering is according to class

Alpha GSTs) results in a loss of two hydrogen bonds (section 2.3.1). Even

though the crystal structure of the S154A variant indicates no increase in the

conformational flexibility, a decrease in thermal stability does persist (Cocco

et al., 2001). Thus, this loss in conformational stability owed to the loss of two

hydrogen bonds observed for class Pi GSTs (Rossjohn et al., 2000; Cocco et al.,

2001), can be a general feature for GSTs, also giving reason for the decrease in

thermal stability of S154A compared to that of the wild-type. This decrease

in the Tm of S154A in relation to decreasing rate of heating, is suggestive that

the transition of unfolding for this variant is under some kinetic control, i.e.

most likely an unfolding step such as aggregation.
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Figure 5.5: Thermal denaturation of (A) S154A and (B) wild-type monitored

by circular dichroism spectroscopy at 222 nm. Sample of 1 µM protein were un-

folded at different rates, namely 0.5◦C.min−1 (dotted lines), 1◦C.min−1 (solid

lines) and 2◦C.min−1 (◦). The dashed lines indicate the re-cooling of the

unfolded protein sample at 2◦C.min−1 demonstrating irreversible heat denat-

uration of hGST A1-1.
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5.5 Reversibility of urea-induced unfolding of

S154A

To obtain thermodynamic parameters assigned to S154A, the unfolding tran-

sition of the protein is required to be a reversible process (Pace and Scholtz,

1998). Since the thermal denaturation of wild-type hGST A1-1 is an irre-

versible process, whereas urea-induced unfolding is reversible (Wallace et al.,

1998b), urea was therefore the preferred denaturant used for this study. The

minimum time required for S154A to reach equilibrium in 6 M urea was 16

min. This is the same as for the wild-type (Barnwell, 2004). The reversibility of

folding of S154A and wild-type was investigated. The protein was refolded in 6

M urea via a 6-fold dilution into renaturation buffer, i.e. without denaturant.

The recovery of the native conformation was assessed by the extent to which

the protein regained activity, the degree of ellipticity measured by far-UV CD

and the intrinsic fluorescence of the protein. The yield of recovered protein in

relation to the time the protein was incubated in 6 M urea is reported in Table

5.5. The reduced yield of recovered activity of both proteins, in a final concen-

tration of 1 M urea, decreased with increased incubation periods of protein in 6

M urea, i.e. from 30 min and onwards. Between 16 - 30 min of incubating the

protein in 6 M urea, the percentage in regained activity and far-UV CD signal

of S154A and wild-type was greater than 95%. This is consistent to previous

results (Wallace, 1998). The regain in the intrinsic fluorescence indicated a

sufficient recovery, but slightly lower yield in refolded protein i.e., 88 - 95% is

native protein. The recovery of the secondary and tertiary structure of both

proteins indicate that the unfolding reaction under strong denaturing (6 M)

and renaturing conditions (1 M urea) is reversible. Since a reduced yield of

refolded protein is a common phenomena occurring most often at high con-

centrations of protein (Fink, 1998), this behaviour was investigated for S154A.

Results in Table 5.5 show that the dependence of recovered S154A was in-

dependent of increasing concentrations of denatured protein in 6 M urea, i.e.

between 3 to 10 µM. This is comparable to the wild-type (Wallace, 1998). To

ensure the maximum yield of recovered protein was obtained after refolding,

samples of protein in 6 M urea were incubated for no longer than 30 min.

106



Table 5.1: Percent recovery of native S154A and wild-type hGST A1-1 re-

folded from protein in 6 M urea. The percent recovered protein is shown with

increasing times of incubation of protein in 6 M urea.

Wild-type S154A

Incubation time (min) % activity % activity % FI % ellipticity

3 µM 3 µM 10 µM 10 µM

18 97 99 98 92 106

30 98 96 101 88 94

60 84 86 81 94 100

120 83 72 77 95 101

180 60 63 74 100 103

240 68 50 65 105 117

The activity, fluorescence intensity (FI) and ellipticity at 222 nm of hGST A1-

1 in buffer was taken as 100%. Concentration of protein samples in 6 M urea

are indicated. Protein samples were denatured in 6 M urea. The refolding

reaction was initiated by diluting a sample of denatured protein by 6-fold in

20 mM phosphate buffer, pH 6.4. The minimum time required necessary for

the refolding reaction to reach completion was 30 min.
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5.6 Unfolding kinetics of S154A

The unfolding of S154A was monitored by fluorescence detection on a stopped-

flow instrument. The unfolding of hGST A1-1 is biphasic (Wallace et al.,

1998b): N2 → N2
∗ → 2U, where N2 is the native dimer, N2

∗ is a transiently

formed dimeric intermediate, and U is the unfolded monomer (see section

2.3.3, scheme 2.1). The two kinetic unfolding phases observed for S154A were

similar to those of the wild-type (Figure 5.6). Within the first 200 ms of

the reaction an increase in fluorescence was observed (fast phase), which was

followed by a slower more gradual decrease in fluorescence, i.e. the slow phase

(Figure 5.7). The fast unfolding event has been described as involving the

partial dissociation of the domain 1-domain 2 interface (Wallace et al., 1998b)

which results in the destabilisation/unfolding of α-helix 9, represented as N2 →
N2

∗. The slow unfolding event, represented as N2
∗ → 2U, involves the global

unfolding of the dimeric protein. An unfolding temperature of 10◦C was chosen

to resolve the fast unfolding phase together with the slow phase (Wallace et al.,

1998b,a). The increased fluorescent amplitude for the fast phase of S154A

and wild-type were similar (-0.6 ± 0.12 units), as well as for the decreased

fluorescence amplitude of the slow phase (0.68 ± 0.5 units). It is apparent from

the equivalent change in amplitudes for both folding phases of wild-type and

S154A that the unfolding pathway for both proteins are similar, see also Figure

5.6 and 5.7. The order of the reaction is best described by the relationship of

protein concentration to the rates of each unfolding phase. For wild-type, the

rates of the unfolding phases are first-order, i.e. the unfolding reaction from

the native dimer to unfolded monomer is unimolecular (Wallace et al., 1998a).

The rates of unfolding of S154A for both phases were independent of protein

concentration (0.5 to 6 µM final concentration), and hence were first-order

kinetic events.

The apparent rates for the fast unfolding phase of S154A, shown in Figure

5.8, displayed a slightly lower dependence upon increasing urea concentrations

compared to that of the wild-type. The apparent rates for the slow phase of

S154A resulted in an increased dependence with increasing urea concentrations
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Figure 5.6: Kinetic unfolding trace of wild-type hGST A1-1 monitored by

fluorescence (excitation at 280 nm and emission above 320 nm) using stopped-

flow at 10◦C. Two unfolding phases were resolved, being the fast (insert) and

slow folding phases. Both phases are best fitted to a single exponential function

(residuals are shown). Samples consisted of 1 µM final concentration of protein,

pH 6.5. The arrow indicates the fluorescence signal corresponding to the native

(N) and unfolded protein.
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Figure 5.7: Kinetic unfolding trace of S154A monitored by fluorescence (ex-

citation at 280 nm and emission above 320 nm) using the stopped-flow in-

strument. Two unfolding phases were followed at 10◦C with a final protein

concentration of 1 µM, pH 6.5. Both the fast (insert) and slow folding phases

are shown, where both phases fit best to a single exponential function (resid-

uals are shown). The arrow indicates the fluorescence signal corresponding to

the native (N) and unfolded protein.
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two unfolding phases are the fast (open symbols) and slow unfolding phases

(closed symbols). Samples consisted of a final concentration of 1 µM protein,

pH 6.5.

111



compared to that of the wild-type (Figure 5.8). The unfolding kinetic param-

eters obtained in Figure 5.8 are shown in Table 5.6. The ku(H20) of the fast

unfolding phase of S154A was 3-fold greater compared to that of the wild-type,

whereas for the slow phase the ku(H20) of both proteins were similar (Table

5.6). The mu-value for the fast phase of S154A is less compared to that of

the wild-type, whereas for the slow phase the mu-value is greater for S154A

compared to that of the wild-type (Table 5.6).

The mu-values reflect changes in the solvent-accessible surface area of the tran-

sition state between the two species of a particular unfolding phase (Tanford,

1970). Thus, the increased mu-value observed for the slow phase of S154A

compared to that of the wild-type can be interpreted in that the transition

state of S154A is more closely related to the solvent-accessible surface area of

the unfolded state compared to that of the wild-type. Whereas, a decrease

in the mu-value of the fast folding event of S154A, is explained in terms of

a less solvent exposed/more native-like transition state for S154A when com-

pared to that of the wild-type (Shortle and Meeker, 1986; Shirley et al., 1989).

However, this seems unlikely since the slightly enhanced rate of unfolding of

the fast phase of S154A compared to that of wild-type, suggests an increased

susceptibility for the rapid dissociation at domain 1-domain 2 interface of this

mutant. The possibility that the change in transition state may also reflect a

change in the initial and final states, needs to be considered since the transition

state is dependent upon the nature of these two conformers. Any differences

in the unfolded species due to the N-cap mutation is unlikely. As mentioned

previously, the structure of native S154A shares the same conformation to that

of the wild-type. However, the decreased thermal stability of S154A compared

to that of the wild-type, suggests that the dynamics of the structure of S154A

could be greater than that of the wild-type. By removing the N-capping motif

of α-helix 6, an increase in mobility of the loop preceding α-helix 6 in the na-

tive structure of class Pi GSTs has been reported. This resulted in increased

motion of the entire structure, judged by the averaged B-values obtained from

the crystal structures of the N-capping mutants when compared to that of the

wild-type (Rossjohn et al., 2000). Enhanced thermal instability of the native
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Table 5.2: Unfolding kinetic parameters of S154A and wild-type hGST A1-1.

ku(H20) (s−1) mu-value

(J.mol−1 M−1 urea)

Fast

Wild-type 2.6 ± 1.3 x 10−6 686 ± 80

S154A 0.14 8.5 ± 1.8 x 10−6 527 ± 50

Slow

Wild-type 1.2 ± 0.7 x 10−6 1263 ± 16

S154A 0.67 ± 0.3 x 10−6 1690 ± 16
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structure of the N-capping mutants for class Pi GSTs is likely to be a general

feature amongst GSTs. Therefore, in the case of hGST A1-1, an increase in

the flexibility of the native structure could give reason for a less cooperative

unfolding event for the fast phase of S154A compared to that of the wild-type.

As a general feature, the tight packing of a protein is crucial for stabilisation

of its native three-dimensional conformation. It is well documented that the

core of globular proteins are tightly packed and are stabilised by hydrogen

bonds (Myers and Pace, 1996) and hydrophobic interactions (Dill, 1990). In

the case of S154A, the loss of two hydrogen bonds at the N-motif of α-helix 6

resulted in the decrease stability of hGST A1-1. This decrease in thermal sta-

bility demonstrates the requirement of a tightly packed interior of the protein

necessary for the overall structural stability of hGST A1-1. The hydrophobic

core packing surrounding Leu-164 in α-helix 6 is reported to contribute to-

ward stabilising domain 2 through van der Waals and hydrophobic contacts

(Wallace et al., 1998a). It has been suggested that the unfolding reaction of

wild-type GST A1-1 is most likely attributed to the penetration of solvent into

the hydrophobic core of domain 2 which in turn causes disruption of van der

Waals forces and hydrophobic interactions at the domain 1-domain 2 interface

(Wallace et al., 1998a; Nathaniel et al., 2003; Wallace et al., 2000). This is

reasoned since an increased rate in the partial unpacking and dissociation of

the domain 1-domain 2 interface has been observed as a result of destabilised

regions in both domain 2 (Wallace et al., 1998a) and domain 1 (Nathaniel

et al., 2003) in hGST A1-1. The more loosely packed and destabilised hy-

drophobic core of domain 2 can give reason for the increased solvent-accessible

surface area of the transition state ensemble along the unfolding reaction co-

ordinate of S154A compared to that of the wild-type (Wallace et al., 1998a;

Nathaniel et al., 2003). The increased rate of unfolding for the fast phase is

best explained where a more loosely packed and destabilised core of domain 2

directly impacts on the stability of the domain 1-domain 2 interface rendering

a less cooperative unfolding reaction with respect to the solvent environment

(Wallace et al., 1998a; Nathaniel et al., 2003).
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5.7 Implications of α-helix 6 in the folding of

hGST A1-1

5.7.1 Folding kinetics of S154A

The folding pathway has been described for wild-type hGST A1-1 (Wallace

and Dirr, 1999). The fast folding reaction of S154A was monitored by fluores-

cence spectroscopy on a stopped-flow instrument, described in section 3.13.1.

The intrinsic Trp and Tyr fluorescence of hGST A1-1 are useful probes in

providing sufficient structural information of this protein. Thus, an excitation

wavelength of 280 nm with a 320 nm cut-off filter was used for this study. The

folding reaction of hGST A1-1 was initiated where 6 µM of unfolded protein

(in 6 M urea) was diluted 6-fold. This resulted in a final concentration of 1

µM protein in 1 M urea. All the refolding reactions were carried out at 15◦C.

Figure 5.9 shows a refolding trace of both the wild-type and S154A in a final

concentration of 1 M urea at 15◦C. The refolding trace for both was triphasic.

No burst-phase was observed for the folding reactions of both proteins, i.e.

the total amplitude change in fluorescence signal of the unfolded and refolded

protein was observed. The folding reaction of wild-type was followed by an

initial increase in fluorescence signal (20 sec), and thereafter a decrease in signal

was followed (200 - 1000 sec) reaching an end-point that corresponds to the

fluorescence of native-folded hGST A1-1. For S154A, the refolding reaction

was followed by an initial increase in fluorescence (0 - 100 sec), similar to

that of the wild-type, however only an increase in fluorescence (200 - 1000

sec) was observed for S154A. Nonetheless the end-point of the reaction was

equivalent in fluorescence signal to that of the native S154A. For both proteins

the initial increase in signal was best fitted to a double-exponential growth,

which describes the rates of the first two folding phases, i.e. the fast and

intermediate phases of hGST A1-1 (Wallace and Dirr, 1999). The decrease in

fluorescence signal observed for the wild-type (200 to 1000 sec) was best fitted

to a single-exponential decay and has been described as the slow folding phase

(Wallace et al., 1998b).
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Figure 5.9: Folding kinetics of S154A and wild-type hGST A1-1 folded in

a final concentration of 1 M urea and 1 µM protein at 15◦C, pH 6.5. The

folding of the proteins were monitored by fluorescence (excitation at 280 nm,

monitored using a 320 nm cut-off filter). Panel A shows that the best fit to a

double-exponential function (residuals are shown in the insets) for the fast and

intermediate folding phases of wild-type (•) and S154A (�). Panel B shows

the slow folding phase best fitted to a single-exponential decay (residuals are

shown in the insets). S154A and the wild-type share the same fluorescence

signal for native (N) and unfolded (U) protein as indicated by the arrows.
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The slow folding phase involves the final tertiary packing and organisation of

the dimeric protein leading to the native conformation (Wallace et al., 1998b).

Even though the reverse in polarity in fluorescence was not detected for the

slow folding phase of S154A (Figure 5.9), this folding event was also best fitted

to a single-exponential decay, as for the wild-type. The apparent folding rates

for the respective folding phases are reported in Table 5.3.

Any occurrences of enhanced light scattering due to aggregate formation or

mixing artifacts, for the respective refolding reactions, was monitored by the

fluorescence emission intensity signal. An excitation wavelength of 340 nm was

selected, using a 320 nm emission cut-off filter. For wild-type the absence of an

increase in light scattering indicated that no aggregate formation and mixing

artifacts was apparent, whereas the non-reproducible increase in light scatter-

ing observed during the refolding reaction of S154A suggested that aggregate

formation was occurring to some extent (Figure 5.10). The kinetic traces of

S154A monitored by fluorescence emission were reproducible for all the folding

phases.

The standard deviation of the apparent refolding rates reported for the fast

and intermediate folding phases of S154A were comparable to those of the wild-

type. However a large standard deviation was apparent for the observed rate

constant of the slow phase of S154A compared to that of the wild-type. This

increase in standard deviation may be explained by the non-reproducible slow

increase in light scattering observed for S154A, possibly as a result of some

kinetic partition occurring during this phase, such as aggregate formation. The

extent to which kinetic partitioning occurs is dependent upon the magnitude of

the rates of the reactions. Intuitively, the partitioning of a reaction is unlikely

to occur in the case where the two folding rates are very different, for instance

a faster folding reaction would contribute predominantly to the observed rate

of the reaction in the presence of a much slower reaction rate. Whereas the

partitioning of two reactions of similar folding rates would contribute similarly

to the observed rate. In the case of S154A, in the event of a slow rate of

aggregation, this reaction is likely to contribute to the observed rate of the slow

folding phase, moreover than to the observed rates of the fast and intermediate

folding phases.
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Figure 5.10: Fluorescence scattering monitored during the refolding of S154A

(�,�) and wild-type (•) hGST A1-1. Protein was refolded in a final concentra-

tion of 1 M urea at 15◦C, pH 6.5. The fluorescence scattering was monitored

using a 320 nm emission cut-off filter, with an excitation of wavelength of 340

nm).

118



Table 5.3: Apparent refolding rates for the respective folding phases of wild-

type and S154A hGST A1-1. A 6-fold dilution of unfolded protein was used

to initiate the folding reaction. The refolding reaction consisted of a final

concentration of 1 µM protein in 1 M urea at 15◦C.

Fast Intermediate slow

kapp (sec−1) kapp (sec−1) kapp (sec−1)

wild-type 3.7 ± 0.2 0.4 ± 0.01 3.7 ± 0.3 x 10−4

S154A 0.35 ± 0.05 0.029 ± 0.01 3.5 ± 2.2 x 10−4
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The increase in fluorescence amplitude of the fast (0.09 ± 0.02 units) and

intermediate (0.14 ± 0.07 units) folding phases of S154A were significantly

less compared to that of the fast (0.27 ± 0.04 units) and intermediate folding

phases of the wild-type. The decrease in fluorescence during the slow folding

phase of wild-type had an amplitude of 0.25 ± 0.05 units. Whereas the increase

in fluorescence observed for the slow folding phase of S154A had an amplitude

of 0.06 ± 0.06 units. The apparent refolding rate of the fast and intermediate

folding phases of S154A were 18 and 14-fold lower compared to those of the

wild-type, respectively. These reduced rates did not affect the fraction of

recovered native protein observed for S154A (under strong refolding conditions,

0.5 - 1 M urea), as judged by the enzyme’s specific activity. The reduced

apparent rate and fluorescence amplitude of the fast and intermediate folding

phases of S154A compared to that of the wild-type, suggests the importance

of the N-cap residue playing a significant role during the fast and intermediate

folding phases of hGST A1-1. The apparent rates of the slow folding phase

of S154A and wild-type are similar. This indicates the insignificance of the

stabilised N-cap motif of α-helix 6 during this folding phase of hGST A1-1.

Since the mechanism of the fast and intermediate refolding phases of wild-type

hGST A1-1 involves the association of partially folded monomeric chains (Wal-

lace and Dirr, 1999), the influence of protein concentration on the apparent

refolding rate was investigated for both of these folding phases. Figure 5.11

shows the progressive linear dependence of the observed rates for the fast and

intermediate folding phases with increasing concentration of S154A (0.8 - 2 µM

final concentration protein in 1 M urea at 15◦C). The value derived from this

linear dependance is the second-order rate constant (kf ) of the rate of associa-

tion of monomers forming dimeric hGST A1-1 (Wallace and Dirr, 1999). The

kf for the fast and intermediate phases of S154A were 4.0 x 104 M−1s−1 and

8.7 x 103 M−1s−1, respectively (Figure 5.11). For wild-type, the kf for the fast

and intermediate phases has been reported to be 5.7 x 105 M−1s−1 and 4.7 x

104 M−1s−1, respectively (Wallace and Dirr, 1999). In general the majority of

the second-order rate constants, measured for subunit association on assembly

folding pathways of proteins, are in the range of 103 to 106 M−1s−1 (Price,

1994; Jaenicke, 1987). The kf for the intermediate phase for both proteins is
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Figure 5.11: Protein concentration-dependence of the observed rate of refold-

ing of S154A for the (A) fast and (B) intermediate phases. The straight line

represents the best fit according to the equation, (1/τ) = kapp = 4[Protein]kf ,

where kf is the second-order rate constant. The folding reactions were mea-

sured at 15◦C in 1 M urea.
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10-fold slower compared to that of the fast phase. The intermediate and fast

folding phases for hGST A1-1 are parallel folding events involving the folding

and dimerisation of the preassembled monomeric species. The intermediate

phase is the kinetically slower event involving the slow isomerisation of X-Pro-

56 peptide bond from a trans to cis configuration (Wallace et al., 1998b).

The variation in second-order rate constants for different proteins has been

noted to be tightly coupled with the association reaction and the extent to

which the folding of the monomers occurs (Zitzewitz et al., 1995). The rate

of association approaches the diffusion limit in the presence of substantially

folded monomers and the rates are 2-3 orders of magnitude smaller when the

monomers are disordered (Chaffotte et al., 1997). Thus, the larger the frac-

tion of folded monomer or partially folded monomer the greater the observed

bi-molecular rate constant. The 10-fold lower rate of association during the

intermediate folding phase compared to that of the fast phase could be related

to the tight coupling in the rate of association to the X-Pro-56 isomerisation

step. The X-Pro-56 bond in the native cis configuration is suggested to allow

for a rapid association, possibly due to a more native-like folded monomer

structure than those folding conformers with the X-Pro-56 bond in the trans

configuration (Wallace et al., 1998b). Thus, an explanation for the reduced

rate of association of monomers during the fast and intermediate folding phases

of S154A compared to that of the wild-type, can be given in that there is a re-

duced fraction of folded monomeric species of S154A formed during the earlier

phases of folding for hGST A1-1.

The rapid folding of S154A monitored by far-UV shows that 82% helical

structure forms within 16 sec of the refolding reaction (Fig. 5.12), where the

dead-time (unobserved reaction during the mixing of the experiment) is 10 sec.

This is consistent with that observed for wild-type protein, where 85% helical

structure forms within the burst-phase of the folding reaction, i.e. within the

dead-time of the reaction being 10 ms (Wallace and Dirr, 1999). No burst-

phase was observed for the folding of S154A and wild-type monitored by flu-

orescence, whereas a significant burst-phase was detected by far-UV. These

results demonstrate the insensitivity of fluorescence as a structural probe for

monitoring the formation of partially structured monomers (Wallace et al.,
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1998b).
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Figure 5.12: Folding of S154A monitored by far-UV CD at 15◦C. The protein

(1 µM final concentration) was refolded in a final concentration of 1 M urea

at 15◦C, pH 6.5. The dead-time of the folding experiment was 10 sec.
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A more detailed study of the earliest folding events of hGST A1-1 was not

possible, as in previous studies (Wallace et al., 1998b), since the data ob-

tained from far-UV CD had a low signal-to-noise ratio, as well as the fast

mixing times were insufficient to observe the earlier more rapid formation of

secondary structure. Whether the reduced rates of the fast and intermediate

folding phases were attributed to the disruption or decrease in the formation of

misfolded vs partially folded monomers remains to be resolved (Wallace et al.,

1998b). Nonetheless, since 85% of the secondary structure was formed during

the burst phase of the reaction of S154A, which is comparable to the wild-type,

this does provide some evidence that the N-cap motif is not an essential feature

for the sufficient and rapid formation secondary structural elements. Thus, it

is unlikely that this motif is a folding nucleation site for the formation of the

α-helix 6.

The absence of a burst-phase monitored by fluorescence, and the similar struc-

tural content of the rapid formation of secondary structure reported by far-UV

CD suggests no differences in the rapid folding of S154A compared to that of

the wild-type, i.e. within the mixing time of the experiments. As mentioned

previously, the rapid formation of well structured monomeric species for S154A

was similar to that of the wild-type. Whereas the rate of dimerisation and ter-

tiary packing of the subunits of S154A were significantly reduced compared

to that of the wild-type. This is likely a result of an unstable loop preced-

ing α-helix 6 in S154A, as suggested from thermal denaturation and unfolding

kinetic studies mentioned in the previous sections. This structural motif ap-

pears to be an important feature for the tight packing of folded monomers

which occurs during the earlier folding phases of hGST A1-1. Moreover, the

unstabilised/misfolded monomers of S154A formed during folding, is likely a

kinetic trap and hence gives rise to aggregate formation.

5.7.2 Folding kinetics of L164A

Even though the N-cap motif does play a significant role towards the thermal

stability of the protein (section 5.4), the specific role of this motif in the folding
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mechanism of hGST A1-1 remains unclear. Since α-helix 6 is an important

structural feature for the core packing hGST A1-1, the question is whether the

N-cap motif plays a role in the folding mechanism of hGST A1-1 as a specific

local structural feature, that is exclusive to its role in stabilising α-helix 6 in

domain 2. Leu-164 in α-helix 6 is known to play a role in the tight packing in

the core of hGST A1-1 through hydrophobic contacts. The refolding of L164A,

where the Leu was substituted with an Ala resulting in the removal of three

methylene groups, was investigated to gain more insight as to the involvement

of α-helix 6 in the folding of hGST A1-1.

The refolding kinetics L164A was carried out using the same conditions and

fitting parameters as described for the wild-type and S154A, see section 5.7.1.

The kinetic trace of L164A was the same as the wild-type, which was triphasic

(Fig. 5.13), where the three folding phases are described as the fast, interme-

diate and slow phases. The mf -value derived from the results in Figure 5.14

for the fast (891 ± 25 J.mol−1 M−1 urea) and intermediate (962 ± 75 J.mol−1

M−1 urea) phase of L164A are comparable to that of the wild-type, being 753

± 25 J.mol−1 M−1 urea for the fast phase and 1054 ± 46 J.mol−1 M−1 urea for

the intermediate phase. These comparable mf -values gives evidence that the

transition state of the respective folding phases are similar for both L164A and

the wild-type. The derived kf(H20) for the fast (7.8 ± 0.42 s−1) and intermedi-

ate (1.2 ± 0.2 s−1) folding phases of wild-type were 1.5-fold greater compared

to that derived for L164A, being 6.2 ± 0.8 s−1 for the fast phase and 1.7 ±
0.1 s−1 for the intermediate phase. This fold difference between wild-type and

L164A is insignificant. The kf(H20) and mf -values of the fast and intermedi-

ate folding events of L164A are similar to that of the wild-type. This suggests

that the rate of dimerisation and the formation of structured monomers of

L164A follows a similar folding mechanism to the wild-type. The kf(H20) of

the slow folding phase of L164A (5.0 ± 0.8 x 10−3 s−1) is similar to that of the

wild-type (5.8 ± 0.7 x 10−3 s−1). However, the reported mf -value of the slow

phase of L164A (753 ± 87 J.mol−1 M−1) is 1.8-fold greater compared to that

of the wild-type. This increase in mf -value suggests that the transition state

ensemble of the slow folding phase of L164A has an increased solvent-accessible

surface area compared to that of the wild-type. This is suggestive of a more
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Figure 5.13: Kinetic trace of L164A showing the folding of L164A at 15◦C.

Samples consisted of final concentrations of 1 µM protein in 1 M urea, pH 6.5.

The folding reaction were monitored by fluorescence (excitation 280 nm, with

a cut-off 320 nm filter). The slow folding phase was fitted best to a single-

exponential decay (residuals are shown), whereas the fast and intermediate

folding phases were best fitted to a double-exponential function (inset). The

arrows indicate the fluorescence signal for native (N) and unfolded (U) hGST

A1-1.
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Figure 5.14: Chevron plot representing the linear dependence of the logarith-

mic rate of the fast (�,�), intermediate (N,4) and slow folding phases (�,�)

of L164A (open symbols) and wild-type (closed symbols) hGST A1-1 at 15◦C.

Samples consisted of 1 µM protein, pH 6.5.
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loosely packed transition state, being the isomerisation reaction involving the

final tight packing of the tertiary structure of the protein. From these results

it can be said that the three methylene groups positioned at 164 in α-helix 6

participates in facilitating the final and tight packing of the tertiary structure

of hGST A1-1 and less likely involved in the rapid formation and dimerisation

of the structured monomers.

5.8 Role of hydrophobic core packing surround-

ing α-helix 6 in hGST A1-1 folding

From the kinetic refolding studies carried out in this study, the role of the

three methylene groups of Leu-164 in α-helix 6 appears not to contribute to

the rate of the folding of hGST A1-1. However, this residue appears to con-

tribute significantly towards the tight packing of the hydrophobic core during

the overall reorganisation of the tertiary interactions and tight packing of the

hGST A1-1. This is reasoned since the transition state ensemble of the slow

folding phase of L164A is more loosely packed compared to that of the wild-

type. These results can shed further light into the mechanism of folding of

hGST A1-1. From crystallographic data of hGST A1-1, the Leu-164 forms

close van de Waals contacts with residues Leu-182 and Lys-185 (from α-helix

7) and Phe-133 (α-helix 5), as well as more distant contacts with Leu-181 (α-

helix 7). α-Helix 7 is an amphipathic helix forming contacts with the interior

of the protein, i.e. α-helix 6, α-helix 5 and bulk solvent (Figure 5.15). Includ-

ing the above mentioned contacts, α-helix 5 also forms contacts with Phe-52

of the second subunit which forms the “lock-and-key” motif. This motif is

located at the dimer interface where the Phe-52 forms the “key” to this motif,

as shown in Figure 5.15, and is known to contribute to the stabilisation of the

dimeric protein. Since the hydrophobic core packing surrounding the Leu-164

in α-helix 6 contributes to the overall tertiary packing of the dimeric protein,

it seems reasonable to assume that this packing includes those structural fea-

tures that Leu-164 forms close contacts with, being α-helix-7 and α-helix 5.

However, since the interior packing encompassing α-helix 6 does not involve
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Figure 5.15: Ribbon representation of the structure of hGST A1-1. Viewing

down the two-fold axis of the dimeric protein (Le Trong et al., 2002), chain A

is shown yellow, and chain B in red. Each subunit consists of an N-terminal

domain (domain 1) connected to the C-terminal domain (domain 2). Leu-

164 in helix 6 (in domain 2, chain B) and Phe-52 (in domain 1, chain A) are

represented as ball-and-stick. The helices highlighted in green are α-helix 5

and 7 in domain 2, and α-helix 6 is shown in maroon. The figure was generated

using Swiss-PdbViewer (Guex and Peitsch, 1997).
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the “lock-and-key” motif, it is reasonable to assume that the role of Leu-164

is involved in the tight packing of α-helix-7, and to a lesser extent α-helix 5.

This is based on the observation that the truncation of Leu-164 did not impact

upon the folding and dimerisation of the monomers. α-Helix 5 forms contacts

with the ”lock-and-key” motif and α-helix 7 forms part of the exterior surface

of the protein distant from the dimer interface, forming minimal contacts with

α-helix 6 and α-helix 5.

5.9 Role of α-helix 6 N-capping motif in the

folding of hGST A1-1

In this study and in previously published results, the conservation of the N-

cap motif in the core of domain 2 has been shown to contribute to increased

stability, and increased rate in folding of hGST A1-1. α-Helix 6 is within the

core of domain 2 of the protein forming contacts with all neighbouring helices

in domain 2 and forms interfacing interactions with α-helix 1 (Figure 5.15). It

is therefore a central structural feature in the hydrophobic core of GSTs. It

has been proposed that α-helix 1 in domain 1 is the least stabilised structural

unit of GSTs (Aceto et al., 1995; Dragani et al., 1998), and that the structured

α-helix 6 in domain 2, which forms contacts with the α-helix 1, participates

in specifying the packing and stabilisation of the N-terminal end of domain 1

(Stenberg et al., 2000). The hydrophobic core packing surrounding Leu-164 in

α-helix 6 is shown to occur during the tight packing and reorganisation of ter-

tiary interactions in hGST A1-1, whereas a stabilised N-cap motif in α-helix 6

appears to facilitate the rate of folding and dimerisation of the monomers, and

does not contribute toward the final tight packing of the dimeric structure.

The rate of folding and dimerisation of the monomers, as well as the Pro-

56 isomerisation reaction are all tightly coupled folding events. The detailed

mechanism into how the N-capping motif specifies the structuring of domain

2, and hence as a cooperative folding event with the isomerisation of X-Pro-

56 and dimerisation of the monomers would require a more detailed study.

Nonetheless, it is evident that the role of the N-capping region of α-helix 6
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in the folding of hGST A1-1 is an important structural feature for the ter-

tiary packing and dimerisation of the monomers of hGST A1-1, and to a much

lesser extent, in contributing toward the final interior packing of the protein.

Since the N-capping motif in α-helix 6 is not an essential structural feature

in specifying the formation of helical structures, which are formed during the

burst-phase of the reaction, this clearly indicates that this motif is not a fold-

ing nucleation site for hGST A1-1. Previous results have reported that the

hydrophobic staple motif at the N-terminal end of α-helix 6, which excludes

the involvement of hydrogen bonding, also contributes to increased rates of

folding for both class Pi and Alpha GSTs (Stenberg et al., 2000; Cocco et al.,

2001). Therefore, both the helical content and/or stability of the α-helix 6,

defined by the N-capping and staple motif, contributes to the fast folding of

both class Alpha and Pi GSTs. Importantly, it has also been shown that the

conserved Gly-150 in the loop preceding α-helix 6, which also forms part of

the same conserved folding module as the N-capping motif (Kong et al., 2003),

is also an important structural feature for the fast folding of class Pi GSTs.

In conclusion it seems that the extensive hydrogen bond network described in

section 2.3.1 and the N-capping and staple motif of the N-capping region of

α-helix 6, all represent a universal motif that plays a critical role in the folding

and stability of GST P1-1 and GST A1-1, and possibly for all other proteins

homologous to the GST superfamily.
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Chapter 6

Concluding remarks

In this study the helical content of the peptide, corresponding to the C-terminal

region of hGST A1-1 (residues 208 - 222), and the stabilising role of the N-cap

motif was correctly predicted by AGADIR. The significant stabilising effect

of the N-cap motif in the α-helix 9 peptide, did not translate directly within

context of the protein. In the absence of this N-capping motif, the stability and

dynamics of the α-helix 9 was only marginally destabilised. An explanation

for this is that the non-local stabilising tertiary interactions predominate the

overall dynamics and stability of this amphipathic helix. These results are

surprising and highlights the careful balance of local and non-local interactions

play in contributing to the function and stability of proteins. Although one

can carefully weigh out the context dependent nature of a single amino acid

replacement by applying the helix-coil helical algorithm for protein design, the

outcome remains largely context dependant. Thus, the specific ratio between

local versus non-local interactions contributing to the stability of secondary

structures and hence the overall conformation and stability of a protein appears

to be inherently defined, as suggested by Munoz et al. (1996).

If the rate of protein folding and its stability is under some evolutionary pres-

sure, it is possible to identify conserved regions representing key structural

features that may be critical for the folding and structural stability of that

particular fold. Work by Mirny and Shakhnovich (2001) have related folding

nucleations site as being conserved features, however this does not mean that
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all folding nucleation sites are conserved. Larger proteins may have multiple

folding nuclei, i.e. possibly located separately from each domain. The conser-

vation of Pro-56 in domain 2, i.e. the thioredoxin fold and an N-capping motif

located in the GST-like fold, suggests for multiple folding nucleation sites of

proteins homologous to GSTs. However, kinetic refolding studies in this work

show that the N-capping motif is not an essential nor critical structural fea-

ture for the rapid formation of structured monomers. The same conclusion

has been made for Pro-56 residue (Kelley and Richards, 1987; Kelley et al.,

1986; Galani et al., 2002; Yu et al., 2000), which represents the conserved Pro

in the thioredoxin fold (Nathaniel et al., 2003). It seems unlikely that the

evolutionary conserved N-cap motif in domain 2 of GSTs serves as a folding

nucleation site for GSTs, but rather it is an important structural feature in

maintaining the conformational stability and the efficient folding of GSTs.
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