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ABSTRACT

Proteins in the glutathione transferase family share a common fold. The close packing of
secondary structures in the thioredoxin fold in domain 1 forms a compact hydrophobic
core. This fold has a BaBoppa topology and most proteins/domains with this fold have a
topologically conserved isoleucine residue at the N-terminus of a—helix 3. Class Alpha
glutathione transferases are one of 12 classes within the glutathione transferase family.
To investigate the role of the conserved isoleucine residue in the structure, function and
stability of glutathione transferases, homodimeric human glutathione transferase Al-1
(hGST AIl-1) was used as a representative of the GST family. Ile71 was replaced with
valine and the properties of I71V hGST Al-1 were compared with those of wildtype
hGST Al-1. The spectral properties monitored using far-UV CD and tryptophan
fluorescence indicated little change in secondary or tertiary structure confirming the
absence of any gross structural changes in hGST Al-1 due to the incorporation of the
mutation. Both wildtype and mutant dimeric proteins were determined to have a
monomeric molecular mass of 26 kDa. The specific activity of 171V hGST Al-1 (130
umol/min/mg) was three times that of wildtype hGST Al-1 (48 pmol/min/mg). 171V
hGST Al-1 showed increased kinetic parameters compared to wildtype with a 10-fold
increase in k., /K, for CDNB. The increase in K,, of I71V hGST Al-1 suggests the
mutation had a negative effect on substrate binding. The AAG for transition state
stabilisation was —5.82 kJ/mol which suggest the 171V mutation helps stabilise the
transition state of the SNAR reaction involving the conjugation of reduced glutathione
(GSH) to 1-chloro-2,4-dinitrobenzene (CDNB). A 2-fold increase in the ICsy value for
171V hGST Al-1 (11.3 uM) compared to wildtype (5.4 uM) suggests that the most
noticeable change due to the mutation occurs at the H-site of the active site.
Conformational stability studies were performed to determine the contribution of Ile71 to
protein stability. The non-superimposability of 171V hGST Al-1 unfolding curves and
the decreased m-value suggest the formation of an intermediate state. The conformational
stability of 171V hGST Al-1 (16.5 kcal/mol) was reduced when compared to that of the
wildtype (23 kcal/mol). ITC was used to dissect the binding energetics of S-
hexylglutathione to wildtype and 171V hGSTAI1-1. The ligand binds 5-fold more tightly
to wildtype hGST Al-1 (0.07 uM) than 171V hGST Al-1 (0.37 uM). The I71V mutant

v



displays a larger negative AC, than wildtype hGST Al-1 (AAC, = -0.41 kJ/mol/K). This
indicates that a larger solvent-exposed hydrophobic surface area is buried for I71V hGST
A1l-1 than for wildtype hGST Al-1 upon the binding of S-hexylglutathione. Overall the
results suggest that Ile71 conservation is for the stability of the protein as well as playing

a pivotal indirect role in catalysis and substrate binding.
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CHAPTER 1
INTRODUCTION

1.1 Protein folding and stability

The question of how efficiently and reliably individual protein sequences achieve their
native state following synthesis on the ribosome is one of the most challenging problems
in structural biology (Dobson and Karplus., 1999). The folding of a protein into its
unique three-dimensional conformation uses the information contained within its linear
amino acid sequence (Anfinsen, 1973). The folding of a protein is crucial to its role in the
cell since the biochemical character of a protein is determined by its three-dimensional
state. Proteins have many different biological functions and play a crucial role in all
biological functions. The genetic information of a cell is ultimately expressed as protein;
in other words, proteins provide the functional flesh to genes. The gene encodes
information specifying the proteins sequence of amino acids or the primary structure
however the molecular mechanisms of protein folding, i.e., how the amino acid sequence
directs the formation of the functional three-dimensional state, although extensively

studied, is still unknown.

The principles that govern protein folding are not fully understood. The two most widely
accepted explanations for the control of protein folding are the thermodynamic
hypothesis proposed by the work of Anfinisen (1973) and the kinetic hypotheses based
on calculations of Levinthal (1968). The thermodynamic hypothesis states that the three-
dimensional state of the native protein represents the lowest Gibbs free energy state. This
implies that the kinetic pathway taken results in the most stable product with the lowest

Gibbs free energy.

The kinetic hypothesis proposed by Levinthal however assumes that the final product is
formed via the fastest route possible and thus the final product may or may not be the
most thermodynamically stable state. Levinthal calculated the number of different
conformations about the polypeptide backbone that were possible before the final folded
product was reached and showed that a polypeptide backbone of 100 residues would

require 4 X 10" years to sample each polypeptide conformation. Considering most



proteins manage to fold into their native state within seconds or minutes and therefore the
thermodynamically most stable state may not be attained suggests that protein folding is

kinetically controlled (Levinthal, 1968).

The complete folding pathway of a protein involves an initial unfolded state, possible
stable intermediates and a final native or folded state. Proteins in biological environments
can exist in a variety of different states and the state of a given protein under particular
conditions depends on a complex series of thermodynamic and kinetic factors. The
maintenance of the proteins three-dimensional state is dependent on the cooperative
interactions of a large number of non-covalent forces such as hydrogen bonds and
hydrophobic interactions. These interactions are thought to be the most dominant forces

involved in stabilizing the folded state (Dill, 1990).

1.2 Conserved residues in proteins

A particularly puzzling problem is how highly divergent sequences fold to give the same
overall topology, as is the case with different proteins within a superfamily (Michnick e?
al., 1998). Despite low sequence identity (<20%), proteins within a superfamily still
have common structural features. Structurally related proteins have the necessary
information embedded in their sequences for their common fold. Sequence comparisons
of protein superfamily members with divergent sequences and functions can identify
conserved amino acids that probably contribute to maintaining the fold. There are a
number of reasons for the conservation of a residue. Conserved residues could either play
a role in the structure and stability of a protein, where they are involved in long-range
interactions to maintain the tertiary structure of a protein, or they could have a catalytic or
binding function. Often conserved residues are found at a protein’s active site and have a
key role in the activity of the enzyme. Conserved residues may also be involved in the
folding mechanism of a protein. It is not uncommon for structurally similar proteins to
have only 10% sequence identity suggesting that many residues have no critical role in
structure determination and that folding is determined by a limited number of residues

(Friedberg et al., 2001).



1.2.1 Folding nucleus
Natural selection conserves functionally important residues in proteins to preserve
biological activity and likewise conserves residues critical to protein stability. Does
evolution also maintain sequence to ensure folding? (Plaxco et al., 2000). Both
experimental (reviewed by Fersht (1997)) and theoretical (reviewed by Pande (1998))
studies suggest that protein folding occurs via the formation of a small region of native
like structure that serves as a nucleus upon which further residues condense in a process
that can be compared to a phase transition (Plaxco et al., 2000). The formation of a
nucleus in protein folding is known as the nucleation-condensation mechanism. An
interesting aspect of this nucleation-condensation mechanism of protein folding is its
relation to protein evolution. Mutation of residues making up the folding nucleus affect
the folding rate to a much greater extent than elsewhere in a protein. It has thus been
concluded that if there were evolutionary control of the folding rate, positive selection
pressure would then be applied to residues within the folding nucleus. This evolutionary
pressure is shown by the fact that folding nucleus residues are significantly more
conserved than the non-folding regions (Mirny et al., 2001). This does not mean that
nucleus residues are the only conserved residues in any family of proteins. This also does
not mean that folding nucleus residues are more conserved than other residues within the

protein core since the nucleus is equally important for protein stability and for folding.

1.2.2 Hydrophobic cores
Generally in a globular protein the hydrophobic residues are found in the interior of a
protein, whereas the hydrophilic residues are found on the exterior. It is the hydrophobic
residues buried in protein interiors that form the hydrophobic cores. The burial of
hydrophobic groups (the hydrophobic effect) serves as a primary source of stabilising
energy in folded proteins. Core residues drive collapse through the hydrophobic effect
and form stabilising van der Waals interactions through tight packing of the folded
conformation (Di Nardo et al., 2003). The hydrophobic effect is the energy of
stabilisation provided by the transfer of hydrocarbon surfaces from solvent to the interior
of a protein, which ranges between 104 — 125 J mol™ A (Richards, 1977). The specific
packing interactions within a core are important for maintaining the stability of the

protein and it has been shown that these buried groups are packed as efficiently as



crystals of organic molecules (Richards, 1977). The inside of a typical protein contains
side-chains that fit together with a striking complementarity, like pieces of a three
dimensional jigsaw puzzle (Behe et al., 1991). It is likely that such efficient packing
originates in natural side chain complementarity, and indeed, the shapes of many residues
do seem potentially complementary. For example the planar rings of aromatic residues —
phenylalanine, tryptophan, and tyrosine - could stack like aromatic bases in nucleic acids
(Behe et al., 1991). It is commonly accepted that hydrophobic core residues of proteins
are more conserved than non-core residues due to evolutionary and physicochemical

constraints of side chain packing in the core (Kellis et al., 1988; Dill, 1990).

1.2.3 Hydrophobic core residues
In light of the previous statement on side chain complementarity, core residues could be
conserved due to the fact that the packing environment within the core cannot tolerate
any other residue besides those that complement the environment perfectly. Core residues
drive hydrophobic collapse of the polypeptide chain and form stabilizing van der Waals
interactions through tight packing in the folded conformation. Conserved clusters of
hydrophobic residues without an obvious functional role are suggested to belong to the

folding nucleus of the proteins (Mirny et al., 2001).

Some core randomisation studies have shown that hydrophobic cores can tolerate drastic
changes in composition without losing the ability to fold or function. Studies have shown
that many mutations introduced into protein sequences have little effect on the proteins
activity (Rennell et al., 1991; Suckow et al., 1996) or stability (Milla et al., 1994). Most
mutations that had an effect were located either in the hydrophobic core or the proteins
functional sites. The core residues where conservations seemed to be important, were
mostly hydrophobic, but their identity was not crucial and different hydrophobic residues
could replace one another without affecting the structure (Lim et al., 1989; Bowie et al.,
1990). These results imply that mere hydrophobicity is a sufficient requirement for core

composition (Di Nardo et al., 2003).

While it has been shown that some protein folds can tolerate drastic substitutions to their

core and still function, specific packing interactions appear to be crucial for the



maintenance of maximal stability (Di Nardo et al., 2003) and proper core packing
interactions are important determinants of the proteins precise structure and stability
(Ventura et al., 2004). It is true that improving the packing of the core does not
necessarily increase the stability of proteins. Mutagenesis studies involving the
substitution of one amino acid with another smaller amino acid within a core generally
creates cavities, which reduce the stability to an extent that has been found to be
proportional to the loss in van der Waals contacts (Di Nardo et al., 2003). Also small to
large mutations often decrease the stability due to the introduction of strains and/or

unfavourable van der Waals contacts (Lim et al., 1989; Baldwin et al., 1993).

When choosing suitable changes for folding studies, it is especially important to use
nondisruptive mutations to introduce as small a change as possible and not affect the
overall structure of the protein (Kellis er al., 1988). Side chain truncation substitutions
have been studied in a number of proteins containing hydrophobic cores (Kellis et al.,
1988; Eriksson, 1992). Side chain truncations such as the substitution of an isoleucine to
a valine, involve the removal of a methyl (CH2) group, which decreases the number of
van der Waals contacts that may be important in the stability of a protein. The removal of
van der Waals contacts decreases the hydrophobic effect in the cavity and decreases the
protein stability. The contribution of hydrophobic interactions to protein stability on
small ribonuclease from Bacillus amyloliquefaciens was measured by truncating the
hydrophobic side chains at an o helix/P sheet interface. Mutations included an Ile — Val,
Ile — Ala and Phe — Leu. It was reported that the removal of a CH2 group destabilized
the enzyme by 4.6 kJ/mol (Kellis et al., 1988).

The effects of mutations underscore the uniquely important role of interactions involving
the mutated residue in molecular stability and catalysis. The thermodynamic and
structural consequences of mutations depend, however, on the exact location within the
hydrophobic core and vary from virtually no structural movement, which is usually
coupled to maximum destabilization, to almost complete collapse of surrounding atoms
into the cavity along with some compensation of the loss of free energy of stabilisation

(Eriksson, 1992; Buckle ef al., 1996).



1.3 Thioredoxin superfamily

The thioredoxin fold has been identified in a large number of proteins and these proteins
are grouped into the thioredoxin-like superfamily. There are at least 12 different protein
families within the thioredoxin superfamily and these families are tabulated (Table 1).
Although functions differ and sequence identity to thioredoxin is low (7%-28%), all
members of the thioredoxin superfamily maintain the same characteristic fold in domain
1 (Holmgren et al., 1975). Of these the Glutathione transferase (GST) family is the

subject of this investigation.

1.4 Glutathione transferase family

The GSTs make up a supergene family of detoxification enzymes. GSTs catalyse the
nucleophilic addition of reduced glutathione (GSH) to a wide range of compounds such
as alkyl- and aryl halides, lactones, epoxides and esters (Mannervik et al., 1988) and also
display a ligand-binding function. GSTs have dimeric quaternary structures (molecular
mass (Mr) = 50 000) and exist as either homo- or heterodimeric structures (Cameron,
1995; Wallace et al., 1999). The GST family is grouped into at least 12 classes: Alpha,
Beta, Delta, Mu, Phi, Pi, Theta, Kappa, Sigma, Tau, Omega and Zeta (for review see
(Sheehan, 2001)). Recently glutaredoxin-2 (Grx2) (Xia et al., 2001), yeast prion protein
Ure2p (Bousset, 2001) and chloride intracellular channel (Clicl) (Harrop et al., 2001)
protein have also been classified as members of the GST structural family by virtue of the
fact that they possess the archetypal thioredoxin fold in domain 1 and contain an alpha
helical domain 2. Generally GSTs within a class share greater than 60% sequence identity
but between classes there is between 20 — 30% identity (Sheehan, 2001). Despite a low
sequence identity proteins in the GST family have the same overall fold (Wallace et al.,

1999).

1.5 Thioredoxin fold

As stated, all members of the GST family contain the thioredoxin fold in domain 1 (for
review see Sheehan (2001)). The thioredoxin fold comprises about 80 residues and is
characterised by a Bapafpo topology (Holmgren et al., 1975; Dirr, 1994; Martin, 1995).
A mixed 4-strand [ sheet, in the order 4312 with strand 3 antiparallel to the others is

sandwiched between two layers of o—helices The fold is subdivided into an



Table 1. Members of the thioredoxin-like superfamily .

Glutathione S-transferase N-terminal domain (GST)

Protein disulphide isomerase (PDI)

Calsequestrin

Disulphide-bond formation facilitator (DsbA)

Thioltransferase

Phosducin

Endoplasmic reticulum ERP29

Splicesomal protein U5-15 kd

Disulphide bond isomerase C-terminal

Glutathione peroxidase-like

Thioredoxin-like 2Fe-2S ferredoxin

Arsenate reductase ArsC

Classification of the thioredoxin superfamily according to the Structural Classification Of

Proteins server website at http://scop.mrc-lmb.cam.ac.uk/scop (Murzin et al., 1995)



N-terminal Bof motif and a C-terminal BBo motif connected by a loop of residues that
incorporates a third helix (Martin, 1995). The packing of secondary structures in the
thioredoxin fold form a compact hydrophobic core. Alpha helices 1 and 3 as well as beta
strands 1, 2 and 4 make up the hydrophobic core of the fold due to the packing of the
alpha helices 1 and 3 against the one side of the beta sheet (Martin, 1995).

Although superimposed subunit structures indicate a great degree of similarity between
the structures of domain 1 from the various GST classes, it is clearly apparent that the
gene classes are characterised by specific structural features (Dirr, 1994). Class Mu has
an extended and mobile loop called the Mu loop. This loop occurs in the connecting
sequence between P2 strand and o2 helix (Ji et al., 1992). Alpha class enzymes are
characterised by an additional 15 amino acid C-terminal o helix, a9 helix that has been
shown to be crucial for catalysis (Board et al., 1991). The recently determined structure
for class Kappa enzymes show that domain 2 is inserted into the thioredoxin fold-
containing domain 1. The all-alpha helical domain 2 is inserted between a2 helix and 33
strand of the fold, yet the archetypal thioredoxin fold is still present (Ladner et al., 2004).
Figure 1 (A and B) show structure-based sequence alignments of representatives of the
12 classes in the GST family as well as Grx2, Ure2p and Clicl. Only the thioredoxin-like
domain 1 of the proteins was aligned. The alignment shows that certain residues are
conserved throughout the family, with 3 residues being conserved within the thioredoxin

fold of domain 1.

There are five highly conserved amino acids that have been identified in all known GST
sequences. The five conserved residues are Pro56, Asp61, Ile71, Glyl150 and Aspl157,
numbered according to the Alpha class GST. Pro56, Asp61, Ile71 are all found within
domain 1. Proline-56 has been determined to play an important role in the binding of
glutathione to the G-site (Wang et al., 1992). lle71, Gly150 and Asp157 are found in the
interior of the protein and may be necessary for determining and maintaining the fold and
stability of the protein (Wilce et al., 1994). Figure 2 is a representative structure of the
thioredoxin fold to show the positioning of the conserved isoleucine residue (Ile71). This
residue is situated in the hydrophobic core of the thioredoxin fold and, as mentioned,

could have a possible role in the stability of the protein since core residues drive the



A) Alpha ag-————- vefeekfik————---——- saedld--klrndgyLm-fggvPMVeld-gmklVgtrallnyIaskynly

Beta Sg-————- kdftlvsvdlmkk---rleng————- ddYfa--vNp-kGqVPALllddgtlltegvalmgyLAdsvpdr
Delta Vg-———-— velnlklTnlma————————- gehmkpeF lk——iNp-ghcIPTLvDn-gfalweSralctyLaekygkd
Mu ytd-————- ssyeekrYamgda—-—-—-pdydrsqWl--nekfklgLd-fpnLPYLidg-srkitgsnalmryLarkhhl
Phi eKn————- ldfelvhvVelkd-————————— gehkkepFls--rNp-fGqVPAFedg-dlklfeSraltgylahryeng
Pi Ladgg————— gswkeevVt-——————————-— vetwgegslka-—-sCl-yggLPkFgdg—-dltlygsntTlrhLgrtlgly
Theta Akkng—-——-- IpLelrtvdlvk————————- gghkskeFlg--ins—-1GkLPTLkdg-dfiltessalliyLsckyqTp
Kappa vlcryghlwnIkLklrpallagimkdsgng-ppamvphkgg-———-———-——————————————— yilelIpllkglfqgVp
Sigma Fayld-————- igyedhrIe-—————————- gqadwp-—-eiks—--tLp-fgkIPILevd-gltlhgslalaryLtkntdla
Tau g-————-— lsyedveEdly———————————- kkselLlk—--sNpvhkkIPVLIhn-gapvceSmiTlgyIdevfast
Omega g-————-— irhevinInlk—-—-——--—————- nkpewFfk--kNp-fGlVPVlensgggliyeSaiTe

Zeta lkg————- idyktvpinlik-——————- dgGgafskdFga—-—1Np-mkgqVPTLkId-gitihgSlalieyLeetrpt

bbbb bbbb bbbb aaaaaaaaaaa

B) Alpha rMesTrwlLaaagvefeekfiksae-dldklrndgyLmfggvPMVeldg--—-mklVgtrallnyIaskyn—-—-lygkd—-
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Figure 1. Structure based sequence alignment of domain 1 of representatives of the
glutathione transferase family whose 3D structures have been determined. Alignment was
done using the COMPARER online server (Sali and Blundell, 1990). The results are
shown in JOY format and the key for the alignment is shown below. Secondary structural
elements are indicated, alpha helices (a) in red and beta strands (b) in blue. The
conserved isoleucine residue (numbered according to human class alpha GST Al-1) and
the topologically equivalent residues are shown in green.

A) Structure based sequence alignment of representatives of the 12 classes within the
glutathione transferase family

B) Structure based sequence alignment of representatives of the glutathione transferase
family. Class Alpha is used as a representative of the 12 classes within the family and
other proteins in the alignment are glutaredoxin-2 (Grx2), chloride intracellular channel
protein (clicl) and yeast prion protein Ure2p. These proteins show similar folds as hGST
A1-1 but do not have glutathione conjugation activity.

JOY format key:

solvent inaccessible UPPER CASE
solvent accesible lower case
positive italic

cis-peptide breve

[Thelix red

310-helix maroon

t

hydrogen bond to other sidechain tilde
hydrogen bond to mainchain amide bold
hydrogen bond to mainchain carbonyl underline
¢ disulphide bond cedilla

Cstrand blue

Mo e X Nd
IR




Figure 2. Ribbon representation of the thioredoxin fold in domain 1 of hGST Al-1.
Alpha helices are shown in red and beta-strands in yellow. The topologically conserved
isoleucine residue is indicated in blue. The figure was generated with Swiss-pdb

Viewer (Guex et al., 1997) using PDB file IGUH (Sinning et al., 1993).
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hydrophobic collapse and form stabilizing van der Waals interactions through tight
packing in the folded conformation (Kellis et al., 1988; Dill, 1990). This conserved

isoleucine residue is the subject for this study.

The topologically conserved isoleucine residue is present in 11/12 of the sequences
aligned. In the sequence for Omega, where the topologically equivalent residue is not an
isoleucine, comparisons show that this residue has been replaced with a threonine.
Comparing the structures of the two amino acids, there is little difference in the bulk of
the side chains and thus, in this sense, can be considered a conservative replacement.
Given that proteins in the GST family have the same general structure human class Alpha
glutathione transferase Al-1 (hGST Al-1) has been chosen to represent the 12 classes of

GSTs to investigate the role of this highly conserved isoleucine.

1.6 Environment of the topologically conserved isoleucine

When analysing the role of a conserved residue it is important to consider the residue
type as well as its context within the environment of the protein. The question to ask is
whether the residue is conserved for a specific function such as catalytic or structural, or
due to physiochemical and evolutionary constraints? Figure 3 shows the isoleucine
environment in domain 1 of hGST Al-1. The residues shown in red are those that form
hydrophobic-hydrophobic contacts with the isoleucine. From Figure 3 it can be seen that
isoleucine fits into a hydrophobic pocket formed by the surrounding hydrophobic
residues in the interior of the hydrophobic core. It is important to note that the
hydrophobic core of the thioredoxin fold is formed by o-helices 1 and 3 and B—strands
1,3 and 4. The isoleucine as well as the hydrophobic residues packed around the

isoleucine are all located within the hydrophobic core.

From the positioning of the isoleucine residue within its environment one can hypothesise
that the residue is conserved due to evolutionary and physiochemical constraints of side
chain packing. It could be that the isoleucine is conserved because the pocket in which it
is found is conserved such that any other residue besides isoleucine would not
complement the packing environment and thus not allow for the correct folding of the

protein therefore rendering the protein enzymatically functionless.
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Figure 3. Spacefill representation of the isoleucine environment in domain 1 of hGST

Al-1. The thioredoxin fold (grey) has been included to show the positioning of the
isoleucine residue within the fold. Isoleucine is coloured orange. Residues that form
hydrophobic-hydrophobic contacts with isoleucine are shown in red. The figure was
generated with Swiss-pdb Viewer (Guex et al., 1997) using PDB file IGUH (Sinning et
al., 1993).
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1.7 Human class Alpha glutathione transferase A1-1

Human GSTs are named with respect to the class in which they fall and their subunit
composition. Therefore hGST A1l-1 refers to human class Alpha GST that is a dimer of
two type 1 subunits (Armstrong, 1997). Human class Alpha glutathione transferase Al-1
(hGST AIl-1) is the major isoenzyme found in human liver where it represents about 2 %
of the cytosolic protein (Allardyce et al., 1999). The homodimeric glutathione transferase
A1l-1 contains 221 amino acid residues per subunit and each subunit is composed, as is
typical of GSTs, of two structurally distinct domains with hydrophobic cores (Figure 4).
Domain 1 is a small thioredoxin-like N-terminal domain and domain 2 is a larger all-
alpha-helical domain (Allardyce et al., 1999; Wallace et al., 1999). The subunits are
related by a two-fold axis and each subunit contains one active site consisting of two
adjacent substrate-binding sites; a specific glutathione binding site (G-site) and a less
specific hydrophobic binding site (H-site) (Allardyce et al., 1999; Wallace et al., 1999).
The conserved isoleucine residue under investigation is Ile71 in hGST Al-1 and the
position of Ile71, located at the N-terminal of alpha helix 3, within the hGST Al-1

structure is shown in Figure 4.

1.8 Catalytic mechanisms of hGST A1-1

Glutathione transferases catalyse the reaction that involves the SNAR reaction of reduced
glutathione (GSH) to a variety of electrophilic compounds. The catalytic mechanism
involves a ternary complex formed by sequential addition of reduced glutathione and the
electrophilic substrate to the active site of the enzyme (Armstrong, 1991). Class Alpha
GST has a tyrosyl hydroxyl group that acts as a hydrogen bond donor to the sulphur atom
of GSH. This lowers the pK, of the thiol group in the enzyme®GSH complex so that it
exists as an ionised form (GS") at physiological pH. (Kolm et al., 1992; Wang et al.,
1992; Armstrong, 1997). Class Alpha GST also incorporates an interaction between the
N® of Argl5 and the sulphur atom of GSH. The presence of this interaction is proposed to
further promote the stabilisation energy of the thiolate and assist in lowering the pK, of
the tyrosyl hydroxyl group, thereby making it a better hydrogen bond donor (Sinning et
al., 1993; Bjornestedt et al., 1995; Armstrong, 1997). The role of the C-terminal region of
hGST Al-1 in catalysis has been proposed by several authors to contribute to the

chemical step of the reaction as well (Nilsson et al., 2002).
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o9 helix

Domain II

Figure 4. A ribbon diagram of the crystal structure of human glutathione transferase
hGST Al-1 in complex with S-benzylglutathione, viewed parallel to the two-fold axis.
One subunit is shown in yellow, the other indicating the two domains. Domains 1
(a/B) and 2 (all o helical) are shown in blue and red respectively. The S-
benzylglutathione (ball and stick) locates the G-site (occupied by glutathione) and the
H-site (occupied by the benzyl moiety) and the L-site is unoccupied. S-benzyl
glutathione is shown in pink. Trp20 is indicated in green and Ile71 in light blue. The
alpha-9 helix forms a lid over the occupied active site and is also shown. This figure
was generated using Swiss-pdb Viewer (Guex et al., 1997) and the PDB file IGUH was
used (Sinning et al., 1993).
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The sequential mechanism of the SNAR reaction may be represented as follows:

R-X
E + GSH © EGS™ + H" < EeGS®R-X < E¢GSReX < E + GSR + X

where E is GST, R-X is the hydrophobic electrophilic substrate, GSH is reduced
glutathione and GS™ is the highly reactive thiolate anion. Due to the high GSH
concentration in the cell (1-10 mM) it is likely that reduced GSH is complexed to the
enzyme G-site before the arrival of the H-site substrate (Dirr, 1994). An example of such

a reaction is shown in Figure 5.

GSTs are involved in SNAR reactions, example shown in Figure 5. The GSH/CDNB (1-
chloro-2,4-dinitrobenzene) conjugation reaction is commonly used for assaying GST
enzymatic activity and is therefore of crucial importance in understanding the kinetic
mechanisms of these enzymes. The SNAR of this nitro-substituted aryl chloride proceeds
via the formation of I-chloro-1-(S-glutathionyl)-2,4-dinitrobenzene, an unstable

Meisenheimer complex that is a transition state analogue (Graminski et al., 1989).

With many nucleophiles and leaving groups, the formation of this Meisenheimer complex
is the rate-limiting step of the reaction however the GSTs active site is able to stabilise
the formation of this dead-end Meisenheimer complex for efficient SNAR reactions
(Graminski et al., 1989; Bico et al., 1994). It has been said that the ability of the enzyme
to stabilise a Meisenheimer complex is related to its ability to stabilise the transition state
for formation of a Meisenheimer complex intermediate. Therefore the transition state for
this reaction must in some sense resemble the Meisenheimer complex (Graminski et al.,
1989). The better an enzyme can stabilise the transition state of the reaction, the more

efficient the reaction will be (Graminski et al., 1989).
Although conserved throughout the GST superfamily, the role of Ile71 in catalysis has

not yet been investigated. Due to the location of the residue within the hydrophobic core

of the thioredoxin fold and its position close to the active site, one hypothesis is that this
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=
NO, NO, NO,
GS -CI'
GSH + < \ < >
H* -
NO, NO, NO,
1-chloro-2,4-dinitrobenezene 1-chloro -1-(S-glutathionyl) -2,4- 1-(S-glutathionyl) -2,4-
dinitrobenezene dinitrobenezene

Figure 5. Schematic diagram showing the GST catalysed SNAR reaction mechanism

between CDNB and GSH, adapted from Graminski ez al. (1989).
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residue could, indirectly, play an important role in the catalytic mechanism of this

enzyme by maintaining the positions of crucial active site residues.

1.9 Conformational stability of GSTs

Differences in the conformational stabilities of the various GST classes have been
observed. The equilibrium unfolding studies performed on class Alpha (Wallace et al.,
1998b), Pi (Erhardt er al., 1995) and Schistosoma japonicum glutathione transferases
(Kaplan et al., 1997) are consistent with a highly cooperative two-state unfolding process
involving the native dimer and unfolded monomer. The class Mu (Hornby et al., 2000),
Sigma (Stevens et al., 1998) and Beta (Sacchetta ef al., 1993) however, display a multi-
step equilibrium pathway involving stable monomeric intermediates, with class Mu
enzymes displaying enhanced conformational stability compared to class sigma and beta
enzymes. In contrast to equilibrium unfolding studies, stopped-flow kinetic studies of
hGST Al-1 unfolding have indicated the existence of a three-state kinetic unfolding
mechanism involving the folded dimer and unfolded monomer. Kinetic refolding study of
the same enzyme showed the presence of structured monomers with native-like structures

(Wallace et al., 1998b; Wallace et al., 1999).

1.10 Objectives

Highly conserved residues in a particular group of structurally related enzymes become
obvious candidates for playing crucial folding, structural and/or functional roles. The
objective of this present study was to establish the role of a topologically conserved
isoleucine residue located within a hydrophobic core of the GST family. A representative,
hGST Al-1, of the thioredoxin-like superfamily was used to conduct the study. The
investigation was carried out by studying the effects of mutating the conserved isoleucine
to a valine (I71V). This residue is one of five highly conserved residues in hGST Al-1
and therefore determining the reasons for its conservation is of importance in
understanding fully the structural and catalytic mechanisms of this protein. The results

also add to our knowledge of structure and folding in general.

The hypothesis upon which this study was based was that, due to the hydrophobic nature

of the Ile71 and its close packing within a hydrophobic environment, this residue plays a
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role in the structure of the catalytic site and stabilisation of the enzyme. The questions
posed were what effect does an Ile71 — Val mutation have on the catalytic activity,
stability and folding of GST proteins? The prediction was that there would be a decrease
in the stability of the protein due to the incorporation of an Ile71 — Val mutation. The
extent of the destabilisation is predicted to be 1.1 kcal/mol or 4.6 kJ/mol, proportional to
the removal of van der Waals contacts due to the removal of a methyl group. The result
of this study will not only be relevant to the glutathione transferase family but to the

members of the thioredoxin-like superfamily as well.

18



CHAPTER 2
EXPERIMENTAL PROCEDURES

Materials

The overexpresion vector, pKHA1 encoding wildtype hGST Al-1 was a kind donation
from Prof B. Mannervik (Department of Biochemistry, University of Uppsala, Sweden)
(Stenberg et al., 1992). The pKHA1 vector containing the open reading frame (ORF)
sequence for the mutant protein, I71V hGST Al-1 was a gift from Dr. J. Burke (Protein
Structure Function Research Programme, University of the Witwatersrand). Restriction
enzymes Smal, Pvull and HindIll were purchased from Amersham Life Sciences
(Sweden). Reduced glutathione (GSH) and 1-chloro-2,4-dinitrobenzene (CDNB) were
purchased from Sigma Aldrich (USA). Ultrapure urea was purchased from Merck

(Darmstadt, Germany). All other reagents were of analytical grade.

Methods

2.1 Verification of wildtype and mutant pKHA1 plasmids

Escherichia coli BL21 DE3 cells transformed with the pKHA1 plasmid, which confers
ampicillin resistance, were plated on Luria-Bertani (LB) agar plates containing 100 pg/ml
ampicillin to select for successfully transformed cells. Overnight cultures of selected
colonies were grown at 37°C in 2 ml LB liquid media (1% tryptone, 0.5% yeast extract,
0.5% NaCl and 100 pg/ml Amp). The plasmid DNA was isolated using a FlexiPrep kit
(Amersham Biosciences, Sweden). Purified wildtype plasmid DNA was digested with
Smal, Pvull and HindII for 2 hours at 37°C. Mutant plasmid DNA was digested with
Smal to detect a translationally silent mutation engineered into the mutant plasmid and
not present in the wildtype plasmid, for 6 hours at 30°C. Digested DNA together with an
undigested control was analysed on a 1% (w/v) agarose gel (made up with TBE buffer
comprising Tris, Borate and EDTA, pH 8.3) stained with 0.2% ethidium bromide. The
sizes of the fragments were compared to a standard 1 kilobase DNA marker (GibcoBRL,

USA).
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2.2 Expression and protein purification

The pKHA1 encoded hGST Al-1 ORF is transcribed under the control of the pTac
promoter, resulting in the translation of the hGST Al-1 protein. A structural analogue of
allolactose, isopropyl-B-D-thiogalactoside (IPTG), was used to induce hGST Al-1 ORF
transcription. Optimal growth conditions for heterologous protein expression for both
wildtype and mutant protein have previously been determined. The method was as
follows; Escherichia coli BL21 cells transformed with wildtype and mutant plasmid were
grown overnight in LB liquid media containing 100 pug/ml ampicillin and 100 pg/ml
chloroamphenicol. Chloroamphenicol was only used for the mutant cultures since the
BL21 cells transformed with the mutant plasmid also contain the pLys plasmid which
confers chloroamphenicol resistance. A 50 times dilution of the culture was inoculated
into LB broth with the same concentration of antibiotics and grown at 37°C with a shaker
rotation of 250 rpm until mid exponential phase (0.3 — 0.6 ODggo). At this point the
transcription of hGST Al-1 was induced with 1 mM IPTG and 0.2 mM IPTG for
wildtype and mutant plasmid respectively, for the overexpression of the protein. Cultures
were incubated overnight. These cells were then pelleted by centrifugation for 20 minutes
at 5000 xg. The pellets were resuspended in equilibration buffer (10 mM sodium
phosphate, 1 mM EDTA, 0.02% sodium azide, pH 7.45) and frozen at - 20°C for at least
2 hours to promote cell lyses. Cells were lysed at 4°C by pulse sonicating for 60 seconds.

The lysate was centrifuged at 13 000 xg for 30 minutes at 4°C.

The resulting supernatant was subjected to CM-Sepharose cation exchange
chromatography (Wallace et al., 1999). Supernatant was collected and diluted 1.5 times
with equilibration buffer (10 mM sodium phosphate, 1 mM EDTA, 0.02% sodium azide,
pH 7.45) to ensure efficient binding of the protein to the column. The diluted supernatant
was loaded onto a CM-Sepharose column (50 ml volume) pre-equilibrated with 500 ml
equilibration buffer. The column was washed with at least 10 column volumes of
equilibration buffer until the absorbance reading of column elutent at 280 nm was zero,
indicating all unbound protein was eluted. hGST A1-1 was eluted off the column using a
200 ml linear salt gradient of 0-300 mM NaCl prepared in 10 mM sodium phosphate, 1
mM EDTA, 0.02% sodium azide, pH 7.45. Fractions of 3 ml of the elutent were

collected.
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The absorbance at 280 nm of each fraction was measured using a Jasco V-550 UV/VIS
spectrophotometer. Samples of 10 pl each were taken from fractions with an Ajgp higher
than 0.1 and analysed by discontinuous sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) using a 4% acrylamide stacking gel and a 15% acrylamide
separating gel (Laemmli, 1970). Fractions containing pure protein were pooled and
concentrated by ultrafiltration through an Amicom PM-10 membrane to a volume of less
than 10 ml. The concentrated protein solution was then buffer exchanged using a
Sephadex G-25 column equilibrated with sodium phosphate buffer (20 mM sodium
phosphate, 1 mM EDTA, 0.02% sodium azide, pH 6.5). Fractions of 5 ml were collected
and those with an Ajgy higher than 0.1 were pooled and the protein solution was stored at
4°C. The purity and molecular mass of the protein subunits were assessed by SDS-PAGE.
Low Molecular Mass standards (Amersham Biosciences, Vienna, Austria) were
electrophoresed together with the protein samples to determine the molecular mass. Pure

fractions were pooled and filtered using a 0.22 uM filter.

2.3 Protein concentration determination
The concentrations of purified hGST Al-1 proteins was determined
spectrophotometrically using a molar extinction coefficient at 280 nm calculated by the
method described by Perkins (1986):

€ =5550XTrp + 1340XTyr + 150XCys (1)
where the coefficients (€) for the specific residue is multiplied by the number occurring in
the protein sequence. The extinction coefficient was calculated to be 38200 M em™. To
calculate protein concentration the molar extinction coefficient and the absorbance
reading at 280 nm were used in the Beer-Lambert equation:

A =egcl (2)
where A is the absorbance at 280 nm, € is the molar extinction co-efficient, ¢ is the
concentration of the protein in the sample and 1 is the path length of light through a

cuvette, measured in cm.
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2.4 Spectroscopic studies
2.4.1 Fluorescence spectroscopy

Fluorescence spectroscopy is a technique used for assessing the tertiary structure of
proteins. The aromatic residues; tryptophan, tyrosine and phenylalanine are the main
intrinsic fluorophores and these residues are used to probe the conformational dynamics
of a protein since the emission wavelength is dependent on the polarity of the local
solvent environment around the fluorophore (Eftink ef al., 1991; Lakowicz, 1999). A
Perkin Elmer LS-50B Luminescence Spectrophotometer (Perkin Elmer, South Africa)
was used to monitor all fluorescence measurements. A protein concentration of 2 uM for
both wildtype and 171V hGST Al-1 was used throughout. All samples were in 20 mM
sodium phosphate, 1 mM EDTA, 0.02% sodium azide, pH 6.5 buffer and 3 scans were
accumulated for each sample, using a path length of 1 cm and an excitation and emission
bandwidth of 5 nm at 20°C. Spectra were collected under native and unfolded conditions
for wildtype and I71V hGST A1-1. Unfolded samples were left in 8 M urea for 1 hour to
unfold. The fluorescence emission spectra for tryptophan alone (excitation at 295 nm) as
well as for tryptophan and tyrosine (excitation at 280 nm) were measured. Emission

spectra were obtained over the wavelength range 280-450 nm.

2.4.2 Far-UYV circular dichroism spectroscopy
Circular dichroism (CD) is a technique used for assessing the secondary structure of
proteins in solution. Far-UV (190-250 nm) CD spectra due to peptide bond absorption
give information about the secondary structures of the proteins (Woody, 1995). A Jasco
J-810 spectropolarimeter was used to collect CD spectra. A protein concentration of 2
UM was used for both wildtype and 171V hGST Al-1. All samples were in 20 mM
sodium phosphate, 1 mM EDTA, 0.02% sodium azide, pH 6.5, filtered using a 2 uM
filter. A 2 mm path length cuvette was used and values for the spectra between 207-250
nm were averaged from 10 accumulations. Spectra were collected under native and
unfolded conditions at 20°C. Unfolded samples were left in 8 M urea for 1 hour to unfold.
Averaged CD signals, corrected for solvent, were converted to mean residue ellipticity
(6], (0] =100x ©
Cnl 3)
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where C is the protein concentration in millimolar, ® is the measured ellipticity in
millidegree, n is the number of residues (221 in this case) and 1 is the path length (cm)

(Woody, 1995).

2.4.3 ANS fluorescence
8-Anilino-1-naphthalene sulphonate (ANS) fluorescence is a technique used to monitor
changes in hydrophobic surface area of proteins upon folding and refolding. A Perkin
Elmer LS-50B Luminescence Spectrophotometer was used measure ANS fluorescence. A
protein concentration of 2 UM for both wildtype and 71V hGST A1l-1 was used. A final
concentration of 200 uM ANS was used. All samples were in 20 mM sodium phosphate,
1 mM EDTA, 0.02% sodium azide, pH 6.5 buffer and 3 scans were accumulated for each
sample, using a path length of 1 cm and an excitation and emission bandwidth of 5 nm at
20°C. An excitation wavelength of 390 nm was used and emission spectra were obtained

over the wavelength range 400-600 nm.

2.5 Steady-state enzyme Kinetic properties
2.5.1 Standard CDNB conjugating assay

Steady-state enzyme kinetics (to determine specific activity) for wildtype and 171V hGST
A1l-1 proteins were performed spectrophotometrically in 0.1 M sodium phosphate, 1 mM
EDTA, pH 6.5 (Habig and Jakoby., 1981). The enzyme activity was monitored at an
absorbance of 340 nm by measuring the formation of 1-(S-glutathionyl)-2,4-
dinitrobenzene (extinction co-efficient of 9600 M'lcm'l), the product of the GST
catalysed conjugation of reduced glutathione (GSH) to 1-chloro-2,4-dinitrobenzene
(CDNB) (Habig and Jakoby., 1981). Assays contained a final concentration of 1 mM
GSH and 1 mM CDNB in 3% (v/v) ethanol with a final enzyme concentration of between
1-7 nM, and reactions were followed as linear progress curves for 1 minute at 20°C on a
Hewlett Packard model 8452A-diode array spectrophotometer interfaced with a Vectra
CS computer. All non-enzymatic reaction rates were measured using the same
experimental protocol as described above, and subtracted from the final data to correct

for any non-enzymatic activity.
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2.5.2 Kinetic parameters (K, Vin, kcats Kcat/ Kim)
Standard assay conditions were modified in order to obtain a detailed kinetic profile for
171V hGST Al-1. The concentrations of the two substrates (GSH and CDNB) were
varied from 0.5 mM to 6 mM and 0.2 mM to 2 mM, respectively. Initial reaction
velocities (determined as in section 2.5.1) were plotted against substrate concentration in
order to generate Michaelis-Menten plots using the following equation:

Vo= Vmax [S]
[S]+ K 4)

K values were then determined graphically.
All non-enzymatic reaction rates were subtracted from the assays containing enzyme. The
catalytic efficiency (kc./Kn) values for both CDNB and GSH variations were calculated
from the slope of the linear plot of velocity versus substrate concentration:

Vo = (kea/ Km)[E]i[S] (%)
where [E]; is the GST subunit concentration. Three concentrations of enzyme were used,
4 nM, 5 nM and 6 nM. The measured slope of the plots was then divided by the

respective enzyme concentrations to give values for k¢a/ K.

The turnover number (k) was determined using the data obtained for the Michaelis-
Menten plots using the V,,, and the amount of enzyme added together with the following
equation.

Vinax = Cat[E]t (6)

2.5.3 Inhibition by G-site and H-site ligands
Determination of the concentration of inhibitor at which 50% enzyme activity was
retained (ICsp) was performed using standard assay conditions as in 2.5.1 together with
the addition of either glutathione sulphonate (GSOs’), a G-site ligand or ethacrynic acid
(EA), an H-site ligand. Assays were performed using a final concentration of 2 nM
enzyme, | mM CDNB and 1 mM GSH in 0.1 mM sodium phosphate, 1 mM EDTA, pH
6.5. The concentrations of the inhibitors (GSO3™ and EA) were varied from 10 uM to 170
UM and 0.6 uM to 70 uM, respectively. The percentage activity for each concentration of
inhibitor was plotted against the inhibitor concentration and the ICsy was determined

from the plot. All non-enzymatic reaction rates were measured using the same
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experimental protocol as described above, and subtracted from the final data to correct

for any non-enzymatic activity.

2.6 Unfolding/refolding and conformational stability studies
2.6.1 Urea-induced equilibrium unfolding studies

Equilibrium unfolding studies measure the level of cooperativity of folding and stability
of a protein. Tryptophan fluorescence and far-UV CD were used as structural probes to
obtain unfolding data. Equilibrium unfolding was performed at 20°C in 20 mM sodium
phosphate, 1 mM EDTA, 0.02% sodium azide buffer, pH 6.5. Unfolding reactions were
set up using a concentration of 2 uM wildtype and 171V hGST A1-1 which wereunfolded
in 0-8 M urea for 1 hour at 20°C. The extent of urea-induced unfolding was monitored by
tryptophan fluorescence (excitation at 295 nm) and far-UV CD (ellipticity at 222 nm),
where spectra were obtained as described in section 2.4.1 and 2.4.2, respectively.
Rayleigh scattering was assessed using excitation and emission wavelengths set at 295

nm to monitor protein aggregation.

2.6.2 Reversibility of unfolding
To calculated thermodynamic parameters from unfolding experiments, the reversibility of
the unfolding process must be demonstrated (Pace et al., 1986). For both wildtype and
I[71V  hGST Al-1 the reversibility of unfolding was monitored by fluorescence
spectroscopy and enzyme activity. The refolding of protein was initiated by a 10-fold
dilution of unfolded 10 uM protein in 8 M urea into assay buffer. A 1 UM native protein
sample with the same final concentration (0.8 M urea) was set up and fluorescence
spectra for both were obtained. Enzyme activities for the proteins were determined as in

2.5.1.

2.6.3 Analysis of the unfolding transition
The absence of any thermodynamically unstable intermediates yield a single sigmoidal
transition for both the wildtype and mutant proteins and thus allows the unfolding curves
to be analysed according to the two-state assumption (Pace et al., 1989). Equilibrium

unfolding was studied by solvent denaturation using urea. In the two-state assumption
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only the native (N) and unfolded (U) states are considered to exist in significant

concentrations within the equilibrium unfolding transition region i.e N, <> 2U.

Any measured property (Yogs) was converted to the fraction of protein populated in the
unfolded form (Fy). The fraction of the protein in the folded (Fxn) and the unfolded (Fy)

conformational states can be represented by:

FN+FU:1 (7)

The observed property at any point in the equilibrium-unfolding curve is therefore:

Yoss = YnFn+ YuFu 3)
where Yy and Yy are the values of the folded and unfolded conformational states,
respectively. The Y and Yy values were estimated from the linear extrapolation of the
pre- and post- transition baselines observed in the equilibrium unfolding curves. The pre-
and post- transition baselines can be described by the straight line equations Y = ax +c

and Yy = ax +c, respectively. By combining these equations, we get:

Fu=(Yn—Yoss) / (Yn—Yv) )

For the two-state model for dimeric proteins (Pace, 1989) the equilibrium constant, Ky,

was calculated using each point in the transition region of the denaturation curve:

Ky
N, < 2U

Ku = [U1Y/[N,] = 2P[Fy*/(1-Fy)] (10)
where Py is the protein concentration of the monomer, Fy is the fraction-unfolded protein,

and N and U represent the native and unfolded forms, respectively.

The free energy change was calculated according to the linear free energy model as
described by Pace et al. (1989). The linear dependence of Gibbs free energy on unfolding
is described as:

AG = -RTInKy 11
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If a linear dependence is assumed for Gibbs free energy of unfolding on the concentration
of denaturant (urea) in the transition region (Myers et al., 1995), then
AG = AG(H,0) — m [denaturant] (12)

where AG(H0) is the Gibbs free energy difference between the native and unfolded state
in the absence of denaturant and m is the susceptibility of the protein to urea (the m-
value) (Green and Pace., 1974). The AG(H,0) and m-value were calculated using
equations 10, 11 and 12 together with Sigma Plot v. 8.0 (Systat Software Inc., California,
USA).

2.7 Thermodynamic studies using isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) is used to obtain a detailed thermodynamic profile
of molecular associations. ITC is capable of directly measuring the heat evolved or
absorbed during any molecular reaction and is therefore used to determine
thermodynamic parameters; standard Gibbs free energy change, (AG), the binding
constant (K,), the enthalpy change (AH), the entropy change (AS) as well as the
stoichiometry (N) of the binding interaction. Calorimetric studies were conducted using a
VP-ITC MicroCalorimeter from MicroCal Incorporated (Northampton, MA, USA). ITC
is also used to measure the heat capacity change (AC,) of protein-ligand binding reactions

by performing identical experiments at different temperatures.

The standard Gibbs free energy change (AG) of a binding reaction is related to the
equilibrium binding constant (K,) using the equation: AG = -RTInK,, where R is the
universal gas constant (1.987 cal/mol/K or 8.314 J/mol/K) and T is the absolute
temperature. The free energy change (AG) is associated with the enthalpy (AH) and
entropy (AS) changes as follows:
AG = AH - TAS. (13)

In this way, ITC provides valuable information about the binding events of protein-
ligand, antigen-antibody, enzyme-substrate or enzyme-inhibitor complexes as well as the

binding of metal ions to proteins.

27



2.7.1 Protein and ligand sample preparation
Wildtype and 171V hGST A1-1 samples were dialysed extensively at 4°C against 20 mM
sodium phosphate buffer, pH 6.5 containing 1 mM EDTA and 0.02% sodium azide.
Proper dialysis is of fundamental importance in obtaining reliable ITC results. Dialysis
tubing with a molecular weight cut-off of 3500 Da was used. Protein samples (40 ml)
were dialysed for a minimum of 6 hours per change of dialysis buffers (2 litres/change)
with at least three consecutive changes of dialysis buffer. Ligand samples were prepared
with dialysis buffer from the final dialysis change. Certificates of analyses from the
suppliers indicated that the ligands used in this study were chemically pure. Therefore, no

further purification of the ligands was attempted.

2.7.2 Correction of protein concentration due to light scattering effects
Protein concentrations were measured spectrophotometrically at 280 nm using the
extinction coefficients reported earlier (section 2.3). Corrections due to light scattering
effects were taken into account according to Winder (1971). A spectrum of the protein
sample was obtained from 370 nm to 240 nm. The absorbance from 370 nm to 320 nm
was measured at 5 nm intervals. Between these wavelengths protein does not absorb light
and therefore data obtained is due to aggregation. Using this information, a plot of
wavelength versus absorbance (for the range 370 — 320 nm) yielded straight lines with
the equation: y = ax + ¢, where y is the absorbance value, x is the wavelength and a and ¢
are obtained from the linear regression curve fit. By substituting x = 280 into the above
equation, the value of y is obtained. This value represents the contribution due to the light
scattering effects of the protein sample. Subtraction of the calculated y-value from the
absorbance value at 280 nm of the protein sample yields a corrected Ajgp value. This

value is, therefore, used to calculate the corrected protein concentration of the sample.

2.7.3 Thermodynamics of ligand binding to the active site of I71V mutant
The dialysed wildtype and 171V hGST A1l-1 proteins were prepared to give a monomeric
protein concentration of ~ 0.025 mM. The ligand, S-hexylglutathione, was prepared at a

concentration of 0.5 mM. In all the experiments performed, the ligand was injected in 3
ul increments into the ITC sample cell containing the protein until complete saturation

had occurred (~ 50-60 injections). The reference power was set to 15 pcal/sec and the
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initial delay was 60 seconds. The stirring speed was kept constant at 310 rpm and the
spacing between injections was set to 240 seconds. In order to determine the heat
capacity of the binding reaction, identical experiments were performed at different
temperatures in the range of 5-25°C. To correct for heat of dilution effects, the averaged
heat of the post-saturation injections was subtracted from each injection. All data analysis
was performed using the computer software package (ORIGIN 5) supplied with the VP-

ITC calorimeter.

2.7.4 ITC data analysis
The raw data obtained from the calorimetric experiments were collected and integrated
using the ORIGIN 5 software. All data were corrected for the contribution due to heat of
dilution effects. Where necessary, the baseline was adjusted manually before correcting
the raw data. The integrated data all fit well to a single site/independent-binding model
per monomer. The most basic parameters that define a calorimetric titration are the
concentrations of the interacting species (i.e., protein and ligand). The ideal protein
concentration depends to a large extent on the binding constant of the reaction. The shape
of the binding isotherm is described by the c-value (Wiseman et al., 1989). This is a
unitless value that is obtained as follows: ¢ = [M] K,, where [M] is the molar protein
concentration and K, is the binding constant with units of M. The c-value for the
binding interaction between S-hexylglutathione and I71V hGST Al-1 was between 10
and 20. The recommended c-values range from 1-1000 (Wiseman et al., 1989). The heat
capacity change of the interaction was determined by the slope of the linear dependence

of the binding enthalpy of the reaction over a temperature range of 5 — 25°C.
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CHAPTER 3
RESULTS

3.1 Confirmation of the identities of wildtype and 171V pKHA1 plasmids

The pKHA1 plasmid contains a single restriction site for both Pvull and HindlIII, but does
not contain a restriction site for Smal. A Smal restriction site was incorporated close to
the mutation in 71V pKHA1 plasmid for plasmid selection. The coding region for 171V
hGST Al-1 was sequenced to verify the mutation was present and that no additional
mutations had been introduced. Figure 6 shows a portion of the wildtype pKHAI
nucleotide sequence aligned with the equivalent portion of 171V pKHA1 nucleotide
sequence. The results confirmed the presence of the Ile71 — Val codon change and
showed that no additional mutations had been introduced into either the wildtype or I71V

plasmids (results not shown).

5’ - CTG GAG CAG ACC AGA GCC ATT CTC AAC TAC ATT - 3’ (wildtype)

v

5’ - CTG GAG CAG ACC CGG GC GTC CTC AAC TAC ATT - 3’ (mutant)

Figure 6. A portion of the wildtype nucleotide sequence (top row) encoding hGST Al-
1 (Stenberg et al., 1992) with isoleucine-71 ATT codon in bold. Below is the
equivalent portion of [71V pKHA1 nucleotide sequence containing the [71V mutation.
The replacement of the isoleucine codon at position 71 with valine codon is indicated
(ATT - GTC). The boxed nucleotides represent the translationally silent mutation for
the Smal restriction site (CCCGGG).(Pace, 1989)

3.2 Expression and protein purification

Wildtype and 171V hGST Al-1 was expressed according to established methods
(Wallace et al., 1998b). SDS-PAGE analysis was used to assess the size and homogeneity
of wildtype and I71V hGST Al-1 proteins (Figure 7). SDS-PAGE separates proteins
based on size differences between denatured proteins and is therefore used to determine
the subunit size of proteins. To determine the subunit size of I71V hGST Al-1 an SDS-

PAGE molecular mass standard marker mass was analysed on the same gel as samples of
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Figure 7. (a) SDS-PAGE analysis of CM-Sepharose purified wildtype and 171V hGST
A1l-1 proteins obtained using methods in section 2.2. Lanes 1 and 4 are low molecular
mass markers (sizes indicated by arrows), lanes 2 and 3 are wildtype hGST Al-1
protein and lanes 5 and 6 are I71V hGST Al-1 protein samples. (b) SDS-PAGE
calibration curve. The log of the molecular mass of the standards from lane 2 in Figure
7a were plotted against the distance migrated of each protein and by means of a linear
regression, a straight line was fitted to the data. The R squared value for the fit is 0.99.

The M indicates the migration coordinate for wildtype and I71V hGST Al-1.
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purified wildtype and 171V hGST Al-1 (Figure 7a). Using the distance migrated by the
molecular mass standards, a calibration curve (Figure 7b) was constructed and the

subunit molecular mass of the I71V hGST A1-1 was calculated to be 26 kDa.

Wildtype hGST Al-1 protein sample was electrophoresed on the same gel so as to check
the molecular mass of 171V hGST Al-1 against wildtype hGST Al-1. Both proteins
migrated as single bands, the same distance on the gel (Figure 7a). The migration
coordinate for wildtype and 171V hGST Al-1 proteins corresponds to subunit size of
approximately 26 kDa. For one-litre of culture, on average, 245 mg of protein was
purified for I71V hGST Al-1 and 90 mg for wildtype. The results therefore indicate that

purification yielded pure homogenous protein samples of the correct molecular mass.

3.3 Spectroscopic studies
3.3.1 Fluorescence spectroscopy

Intrinsic tryptophan fluorescence is a useful spectroscopic technique used to measure the
conformational stability of proteins. Tryptophan is the most highly fluorescent amino
acid due to its indole side chain and is widely used as an intrinsic reporter group in
protein structural studies (Eftink and Anusiem., 1991). The indole side chain is highly
sensitive to its local environment and thus provides a useful technique of probing for
local and global conformational changes. Tryptophan can be selectively excited at 295
nm but greater absorption and fluorescence occur when it is excited at 280 nm. Excitation
at 280 nm also results in excitation of the side chains of the tyrosine residues but, because
of the close proximity of the residues, resonance energy transfer can occur between the
tyrosine and tryptophan residues (Lakowicz, 1983). hGST Al-1 was excited at 295 nm
and 280 nm to probe for changes in tertiary structure as a result of the 171V mutation.
Figure 8 shows the emission spectra for 2 UM concentration of wildtype and 171V hGST
A1-1, measured between 300-400 nm, for both their native and denatured states. All
spectra of denatured protein were of protein denatured in 8 M urea. Upon denaturation
there is a red shift of about 30 nm in the spectra for both proteins, and a 9% increase in

fluorescence intensity for the [71V hGST Al-1.
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Figure 8. Fluorescence emission spectra for wildtype (black) and 171V (grey) hGST
Al-1. The lone tryptophan residue was selectively excited at 295 nm and the
wavelength emission spectra monitored. All spectra are for 2 uM protein in sodium
phosphate buffer (20 mM sodium phosphate, 1 mM EDTA, 0.02% NaNs, pH 6.5) at
20°C. (A) Represents the spectra for the native proteins in the absence of urea (B)

Represents the spectra for the denatured proteins in the presence of 8 M urea.
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Spectra of native wildtype and 171V hGST Al-1 exhibit an emission maximum of 330
nm. Spectrum of denatured proteins showed similar emission wavelength maxima of 356

nm and 357 nm for wildtype and I71V hGST Al-1, respectively.

Figure 9 shows the emission spectra for wildtype and 171V hGST A1-1 excited at 280
nm. Spectra of denatured wildtype and 171V hGST A1-1 are red shifted about 30 nm with
respect to spectra of the native protein, and show a decrease in fluorescence intensity.
Wildtype and I71V mutant both show an emission maximum of 330 nm for the native
sample and 356 nm for the denatured sample. Spectra of the denatured samples show an

additional peak at 310 nm when excited at 280 nm.

3.3.2 Far-UYV circular dichroism spectroscopy
The secondary structural content of native and denatured wildtype and 171V hGST Al-1
was analysed using far-UV CD as a probe. This was done to monitor any secondary
structural changes due to the I71V mutation. Spectra were determined between 210 nm
and 250 nm (Figure 10). CD buffer-corrected spectra for native wildtype and 171V hGST
A1l-1 exhibited two troughs in molar ellipticity minima at 210 and 222 nm, typical
spectrum for a predominantly alpha-helical protein (Woody, 1995). This is consistent
with the crystal structure of hGST Al-1, which reports that the protein is about 60%
alpha-helical (Sinning et al., 1993; Cameron, 1995). Spectra of protein in 8 M urea
showed a loss of secondary structure indicated by the lack of the characteristic high alpha
helical content spectrum shown for the native samples. Spectra obtained for both native
and denatured wildtype and I71V hGST A1l-1 were superimposable indicating there were

no changes in gross secondary structure caused by the I71V mutation.

3.3.3 ANS fluorescence
The organic anion ANS is an amphipathic fluorescent dye used to probe for changes in
the hydrophobic surfaces of a protein. ANS has a fluorescence emission maximum of 530
nm in water that is blue-shifted when the dye binds to protein (Lakowicz, 1999).
Fluorescence emission spectra of ANS binding to hGST Al-1 are seen in Figure 11.
Monitoring the enhancement or quenching of the dye is an indication of the degree of

exposure of hydrophobic surfaces of the protein being studied to the surrounding
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Figure 9. Fluorescence emission spectra for wildtype (black) and 171V (grey) hGST
Al-1. Tryptophan and tyrosine residues were selectively excited at 280 nm and the
wavelength emission spectra monitored. All spectra are for 2 uM protein in sodium
phosphate buffer (20 mM sodium phosphate, 1 mM EDTA, 0.02% NaNs, pH 6.5) at
20°C. (A) Represents the spectra for the native proteins in the absence of urea. (B)

Represents the spectra for the denatured proteins in the presence of 8 M urea.
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Figure 10. Far-UV CD spectra for wildtype (black) and 171V hGST Al-1 (grey).

(A) Represents spectra for the native proteins in the absence of urea. (B) Represents
spectra for the denatured proteins in the presence of 8 M urea. A 2 UM concentration of
protein in sodium phosphate buffer (20 mM sodium phosphate, 1 mM EDTA, 0.02%
NaNj, pH 6.5)was used for all samples at 20°C. Each spectrum represents an average of
10 accumulations. Spectra for native samples are superimposable as are spectra for

denatured proteins. Both proteins exhibit molar ellipticity minima at 210 and 222 nm.
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Figure 11. Fluorescence emission spectra of ANS in buffer (dark grey), ANS in
complex with wildtype protein (black) and I71V hGST Al-1 (grey). Experiments were
performed by adding 200 uM ANS in 20 mM sodium phosphate buffer, pH 6.5, to 2
UM wildtype and 171V hGST Al-1. ANS was selectively excited at 390 nm and the

emission spectra were measured in the wavelength range 400-600 nm.
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environment. The change or shift in the ANS fluorescence emission spectrum is
determined by the polarity of the environment in which it binds, binding at a low polarity
site results in a greater blue-shift than binding at a high polarity site (Lakowicz, 1999). It
has previously been shown that ANS binds the non-polar H-site of the active site (Dirr ef

al., 2005).

Fluorescence emission spectra of ANS binding to the wildtype and 171V hGST Al-1
proteins are shown in Figure 11. In the absence of protein, ANS was observed to have an
emission maximum at 530 nm. When bound to the wildtype and 171V hGST Al-1
proteins, a blue-shift of about 65 nm in emission maxima was observed together with an
increase in the emission intensity. The emission maxima for wildtype and 171V hGST

A1-1 occurred at 475 nm.

3.4 Steady-state enzyme Kinetic properties
3.4.1 Kinetic parameters (K, Kcats Kcat/ Kim)

Enzymatic analysis is used to detect any small structural changes, induced by a mutation,
close to the active site of a protein. hGST Al-1 catalyses the conjugation of reduced
glutathione (GSH) to the non-polar substrate 1-chloro-2,4-dinitrobenzene (CDNB)
producing a chromogenic glutathione dinitrobenzene (Habig and Jakoby, 1981). Kinetic
properties of wildtype and 171V hGST Al-1 proteins were monitored to establish the
impact of the I71V mutation on the function of hGST Al-1 and the results are shown in

Table 2.

The wildtype and mutant enzymes both obeyed Michaelis-Menten kinetics. Figures 12
and 13 show the graphical plots of the data used to determine the K, of wildtype protein,
and Figures 14 and 15 are the graphical plots used to determine the K, of 171V hGST
Al-1 protien. Initial velocity of linear progress curves verses substrate concentration
were plotted to obtain the Michaelis-Menten plots. Saturation was reached in all cases.
For an explanation on how the parameters were determined see section 2.5.2. Figures 16
and 17 show the graphical plots of the data used to determine the k../K, of wildtype
protein, and Figures 18 and 19 are the graphical plots used to determine the k../Ky, of the

I71V. hGST AIl-1 protein. Linear progress curves were obtained for low
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Figure 12. A Michaelis-Menten plot of velocity versus the substrate concentration
(CDNB) for wildtype hGST Al-1. Enzyme Kkinetics were monitored
spectrophotometrically at 340 nm in 100 mM sodium phosphate, 1 mM EDTA, pH 6.5
at 20°C by measuring the formation of S-2,4-dinitrophenyl glutathione (€ = 9600 M
'em™). The K., for CDNB was determined using a final concentration of reduced
glutathione (GSH) of 5 mM and varying the concentration of CDNB from 0 — 2 mM. A
final enzyme concentration of 4 nM was used. Data was fitted to a hyperbolic curve
using Sigma Plot v. 8.0, with a non-linear regression analysis in order to obtain kinetic

parameters. The average of three data sets were plotted and error bars are shown.

39



0.06

0.05 -
o 0.04-
E
(7))
()]
S 0.03 4
e
=

o

> 002

0.01 -

0.00

0 1 2 3 4 5 6
GSH (mM)

Figure 13. A Michaelis-Menten plot of velocity versus the substrate concentration
(GSH) for wildtype hGST Al-1. Enzyme kinetics were monitored
spectrophotometrically at 340 nm in 100 mM sodium phosphate, 1 mM EDTA, pH 6.5
at 20°C by measuring the formation of S-2,4-dinitrophenyl glutathione (€ = 9600 M
1cm'l). The K, for GSH was determined using a final concentration of CDNB of 1.6
mM and varying the concentration of GSH from 0 — 6 mM. A final enzyme
concentration of 4 nM was used. Data was fitted to a hyperbolic curve using Sigma Plot
v. 8.0, with a non-linear regression analysis in order to obtain kinetic parameters. The

average of three data sets were plotted and error bars are shown.

40



0.07

0.06

0.05 ~

0.04

0.03

v, (umoles/min)

0.02 ~

0.01 +

0.00 T T T
0.0 0.5 1.0 1.5 2.0

CDNB (mM)

Figure 14. A Michaelis-Menten plot of velocity versus the substrate concentration
(CDNB) for 171V hGST Al-1. Enzyme kinetics were monitored
spectrophotometrically at 340 nm in 100 mM sodium phosphate, 1 mM EDTA, pH 6.5
at 20°C by measuring the formation of S-2,4-dinitrophenyl glutathione (€ = 9600 M"
1cm'l). The K., for CDNB was determined using a final concentration of reduced
glutathione (GSH) of 5 mM and varying the concentration of CDNB from 0 — 2 mM. A
final enzyme concentration of 4 nM was used. Data was fitted to a hyperbolic curve
using Sigma Plot v. 8.0, with a non-linear regression analysis in order to obtain kinetic

parameters. The average of three data sets were plotted and error bars are shown.
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Figure 15. A Michaelis-Menten plot of velocity versus the substrate concentration
(GSH) for I71V hGST Al-1. Enzyme kinetics were monitored spectrophotometrically
at 340 nm in 100 mM sodium phosphate, 1 mM EDTA, pH 6.5 at 20°C by measuring
the formation of S-2,4-dinitrophenyl glutathione (¢ = 9600 M'em™). The K, for GSH
was determined using a final concentration of CDNB of 1.6 mM and varying the
concentration of GSH from 0 — 6 mM. A final enzyme concentration of 4 nM was used.
Data was fitted to a hyperbolic curve using Sigma Plot v. 8.0, with a non-linear
regression analysis in order to obtain kinetic parameters. The average of three data sets

were plotted and error bars are shown.
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Figure 16. Linear plots of velocity versus the substrate concentration (GSH) for
wildtype hGST Al-1. Enzyme kinetics were monitored spectrophotometrically at 340
nm in 100 mM sodium phosphate, 1 mM EDTA, pH 6.5 at 20°C by measuring the
formation of S-2,4-dinitrophenyl glutathione (¢ = 9600 M'lcm'l). The k../K,, for GSH
was determined using a final concentration of CDNB of 1.6 mM and varying the
concentration of GSH from 0.1 — 0.6 mM. Three final enzyme concentrations were
used; 4 nM (solid circle), 5 nM (open circle) and 6 nM (triangle). A linear regression

was fitted to the data using Sigma Plot v. 8.0, in order to obtain kinetic parameters.
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Figure 17. Linear plots of velocity versus the substrate concentration (CDNB) for
wildtype hGST Al-1. Enzyme kinetics were monitored spectrophotometrically at 340
nm in 100 mM sodium phosphate, 1 mM EDTA, pH 6.5 at 20°C by measuring the
formation of S-2,4-dinitrophenyl glutathione (€ = 9600 M'lcm'l). The k../K,, for CDNB
was determined using a final concentration of GSH of 5 mM and varying the
concentration of CDNB from 0.05 — 0.1 mM. Two final enzyme concentrations were
used; 5 nM (solid circle) and 6 nM (open circle). A linear regression was fitted to the

data using Sigma Plot v. 8.0, in order to obtain kinetic parameters.
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Figure 18. Linear plots of velocity versus the substrate concentration (GSH) for 171V
hGST Al-1. Enzyme kinetics were monitored spectrophotometrically at 340 nm in 100
mM sodium phosphate, 1 mM EDTA, pH 6.5 at 20°C by measuring the formation of S-
2,4-dinitrophenyl glutathione (¢ = 9600 M'lcm'l). The k../K,, for GSH was determined
using a final concentration of CDNB of 1.6 mM and varying the concentration of GSH
from 0.1 — 0.6 mM. Three final enzyme concentrations were used; 4 nM (solid circle), 5
nM (open circle) and 6 nM (triangle). A linear regression was fitted to the data using

Sigma Plot v. 8.0, in order to obtain kinetic parameters.
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Figure 19. Linear plots of velocity versus the substrate concentration (CDNB) for 171V
hGST Al-1. Enzyme kinetics were monitored spectrophotometrically at 340 nm in 100
mM sodium phosphate, 1 mM EDTA, pH 6.5 at 20°C by measuring the formation of S-
2,4-dinitrophenyl glutathione (¢ = 9600 M'lcm'l). The k../K,, for CDNB was
determined using a final concentration of GSH of 5 mM and varying the concentration
of CDNB from 0.05 — 0.1 mM. Three final enzyme concentrations were used; 4 nM
(solid circle), 5 nM (open circle) and 6 nM (triangle). A linear regression was fitted to

the data using Sigma Plot v. 8.0, in order to obtain kinetic parameters.
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concentrations of substrate and the initial velocity was determined. Initial velocity was
plotted against substrate concentration and data was fitted with a linear regression
yielding an equation with an m value equal to k.,/K,, [E]. For an explanation on how the

parameters were determined see section 2.5.2.

The specific activity of I71V hGST Al-1 was three times that of the wildtype hGST A1-1
(Table 2). To determine whether this was due to structural alterations at the G-site or the
H-site more kinetic parameters were determined for the wildtype and 171V hGST Al-1
proteins. The results of the kinetic analysis are summarised in Table 2. The plots in
Figures 12 — 19 were used to obtain the kinetic parameters presented in Table 2. As
shown in Table 2 the I71V mutation caused an increase in K, for GSH and CDNB as
well as an increase in the catalytic efficiency for both substrates, with a much larger
increase seen for CDNB. The k., for 171V hGST A1l-1 was increased one and a half
times that of wildtype hGST Al-1 k.. The 171V hGST Al-1 K, for CDNB was
increased by almost one and a half times that of the wildtype and K, for GSH was almost
three times greater than the wildtype K,,,. For both substrates the k.,/K;, was increased for
the 171V hGST Al-1. The most evident change due to the mutation, in all parameters
determined, was the increase in the k.. /K, for the substrate CDNB. The mutant shows a

10-fold increase in kcat/KmCDl\]B over that of the wildtype.

The catalytic efficiency (k../Kn) relates to the free energy of the transition state and can
be used as a measure of the stabilising effect contributed by an enzyme (Nilsson et al.,
2002). The difference in free energy change for formation of the corresponding transition
states in wildtype and 171V hGST Al-1 (AAG) is calculated from the equation (Fersht,

1999) KoK

wildtype
kcat/ K m P

AAG =-RT In (14)

The AAG for transition state stabilisation for the reaction used is —5.82 kJ/mol.
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Table 2. Summary of steady state enzyme kinetic properties of wildtype and 171V hGST
Al-1

Parameter Wildtype 171V hGST A1-1

Specific activity 48 +4 130+3

(umol min'lmg'l)

KmCDNB (mM) 0.34 £0.02 0.50 +0.03
KmGSH (mM) 0.32 £ 0.006 0.82 +£0.082
keal K, CDNB (mM-l s'l) 39+4 408 £ 52
kel Kon GSH (mM'l s'l) 1148 143 £ 24
Keat (s 74 +0.6 108 +3

The values of the parameters as well as the standard deviations were determined by non-

linear regression analysis. Parameters were derived from Figures 12 — 19.
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3.4.2 Inhibition by G-site and H-site ligands
To further characterise the effect of the 171V mutation, competitive inhibition studies
were performed using glutathione sulphonate (GSOs3) and ethacrynic acid as inhibitors.
These inhibitors and substrate analogues and compete with the substrate for the active
site. Inhibition studies yield an ICsy value; the concentration of inhibitor that causes a
50% decrease in enzyme activity. The inhibition studies were performed to determine
whether one or both parts of the active site were affected by the mutation. From Figure
20 as well as data shown in Table 3 it can be seen that the inhibition curve for the CDNB-
conjugating activity of [71V hGST Al-1 is similar to that of wildtype with the mutant
enzyme being only slightly less competitively inhibited by GSOj;. The inhibitor
ethacrynic acid, which binds to the H-site of the enzyme binds in a non-productive mode
in the absence of the substrate glutathione (Cameron et al., 1995). 171V hGST Al-1
showed about a 2-fold increase in the ICs value for ethacrynic acid (Table 3 and Figure

21).

3.5 Unfolding/refolding and conformational stability studies
3.5.1 Reversibility of unfolding

Reversibility and equilibrium are required for the determination of thermodynamic
parameters, thus the reversibility of the urea-induced equilibrium unfolding for wildtype
and 171V hGST Al-1 had to be measured (Pace, 1986). The reversibility of unfolding
was assessed by a 10-fold dilution of the 8 M urea unfolded sample into native buffer
followed by monitoring refolding using two probes. These probes were a structural probe,
tryptophan fluorescence at 295nm, and a functional probe, specific activity. The
unfolding of wildtype hGST Al-1 has been established to be highly reversible (Wallace
et al., 1998b). this was confirmed in this study: refolded wildtype regained 98% of its
catalytic activity (results not shown). I71V hGST A1-1 recovered 92% of its enzymatic
activity. An analysis of the maximum fluorescence intensity values after excitation at 295
nm of the refolded mutant protein showed 96.6% recovery of its original value implying
reversible unfolding (results not shown). Since the unfolding reaction was shown to be
highly reversible, the calculation of thermodynamic parameters from the urea-induced

unfolding curves was possible.
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Figure 20. Inhibition of wildtype and 171V hGST Al-1 with glutathione sulphonate.
Standard GSH/CDNB assay conditions were used (I mM reduced glutathione (GSH), 1
mM 1-chloro-2,4-dinitrobenzene (CDNB)) with increasing amounts of glutathione
sulphonate added (0 — 170 uM final concentration). The S-conjugating activity of the
enzyme was assessed by measuring the concentration of the ligand required to inhibit
50 % of the enzyme activity. (A) wildtype hGST Al-1 (R* = 0.99). (B) I71V mutant
hGST Al-1 (R* = 0.99).
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Figure 21. Inhibition of wildtype and I71V hGST A1l-1 with ethacrynic acid. Standard
GSH/CDNB assay conditions were used (1 mM GSH, 1 mM CDNB) with increasing
amounts of ethacrynic acid added (0 — 60 uM final concentration). The S-conjugating
activity of the enzyme was assessed by measuring the concentration of the ligand
required to inhibit 50 % of the enzyme activity. (A) wildtype hGST Al-1 (R2 = 0.99).
(B) I71V mutant hGST Al-1 (R* = 0.99).
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Table 3. Summary of inhibition characteristics of wildtype and 171V hGST Al-1

ICso (UM)
Inhibitor Wildtype 171V hGST Al1-1
Glutathione sulphonate 54+04 6.9+1
Ethacrynic acid 5.1£0.5 11.3£1.8

ICso values were determined as the inhibitor concentration causing 50% inhibition at
constant glutathione (I mM), 1-chloro-2,4-dinitrobenzene (I mM) and 2 nM enzyme

concentrations
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3.5.2 Urea-induced equilibrium unfolding studies
Urea-induced equilibrium unfolding of wildtype and 171V hGST Al-1 was monitored
using tryptophan fluorescence and ellipticity at 222 nm as probes as shown in Figures 22
and 23 respectively. The unfolding curves were used to obtain the thermodynamic
parameters shown in Table 4. The unfolding transition curves of both proteins are
characterised by single-phase sigmoidal curves. Although both sigmoidal, the unfolding
curves of wildtype and 171V hGST Al-1 are not superimposable. The differences in the
unfolding curves when comparing [71V hGST Al-1 to wildtype protein include changes
in the unfolding transition mid-point (Cy,-value), as well as differences in the slope of the

transition regions.

The curves from Figures 22 and 23 were analysed according to the linear extrapolation
method of Pace (1986). The normalised data was fitted to a two-state dimer model using
Sigma Plot v. 8.0. As previously described, wildtype hGST A1-1 unfolds via a two-state
transition (Wallace et al., 1998b). The non-superimposability of wildtype and I71V hGST
A1l-1 equilibrium unfolding transitions, together with the decreased m-value of the I71V

unfolding transitions indicate that the two-state fit is not suitable for [71V hGST Al-1.

Figures 24 and 25 show fluorescence and CD equilibrium unfolding curves, combined in
one Figure, for wildtype and 171V hGST Al-1, respectively. Figure 25 includes the
maximum emission wavelength for I71V hGST A1-1 for each urea concentration used to
obtain the urea-induced unfolding curve. The maximum emission wavelength was
obtained by reading the wavelength value which gave the maximum fluorescence
intensity for each sample at the different urea concentrations. Figures 24 and 25 show
that wildtype unfolding transitions, obtained using different probes, are slightly more
superimposable than 171V hGST Al-1 unfolding transitions. The decreased m-value for
I71V hGST Al-1 indicates an intermediate although the unfolding transitions do not

clearly show the presence of a possible intermediate.
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Fraction unfolded

Urea concentration (M)

Figure 22. Urea-induced equilibrium unfolding of wildtype (open circle) and 171V
(solid circle) hGST A1-1 monitored by fluorescence. Experiments were performed at
20°C using a 2 uM concentration of protein, 20 mM sodium phosphate buffer, 1 mM
EDTA, 0.02% NaNs, pH 6.5. Trp-20 was selectively excited at 295 nm. The emission
intensities at 330 nm (folded protein) and 355 nm (unfolded protein) were measured
and normalization of the equilibrium unfolding curves was performed according to the
method of Pace er al. (1989). Data was fitted to a two-state transition model (shown as
the solid black line), with a non-linear regression analysis in order to obtain
thermodynamic parameters (Pace et al., 1989). For both wildtype and 171V hGST Al-1

the average of three data sets were plotted.
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Fraction unfolded

Urea concentration (M)

Figure 23. Urea-induced equilibrium unfolding of wildtype and 171V hGST Al-1
monitored by circular dichroism. Experiments were performed at 20°C using a 2 uM
concentration of protein, 20 mM sodium phosphate buffer, | mM EDTA, 0.02% NaN3,
pH 6.5. Ellipticity was measured at 222 nm. Data was fitted to a two-state transition
model (shown as the solid black line) and normalization of the equilibrium unfolding
curves was performed according to the method of Pace et al. (1989). For 171V hGST

Al-1 the average of three data sets were plotted and error bars are shown.
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Table 4. Thermodynamic parameters for wildtype and I71V hGST Al-1

AG(H,0) m-value
Parameter Cm (M urea)
(kJ/mol) (kJ/mol/M urea)
Wildtype hGST Al-1
Fluorescence 100 £0.4184 16 £0.3 4.5
Circular Dichroism 92 +1.25 14 +0.21 4.5
171V hGST Al-1
Fluorescence 75+24 12 +0.7 4
Circular Dichroism 63+23 8+0.7 4

Parameters obtained from data in Figure 22 and 23. Parameters for both fluorescence and
CD unfolding curves are tabulated. Refer to section 2.6.3 for the methods in obtaining the

tabulated parameters.
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Figure 24. Urea-induced equilibrium unfolding of wildtype hGST A1-1 monitored by
tryptophan fluorescence (open circle) and CD (solid circle). Experiments were
performed at 20°C using a 2 uM concentration of protein, 20 mM sodium phosphate

buffer, ] mM EDTA, 0.02% NaNs, pH 6.5.
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Figure 25. Urea-induced equilibrium unfolding of I71V hGST Al-1 monitored by
tryptophan fluorescence (open circle) and CD (solid circle). The maximum emission
wavelength (open triangle) is shown and was obtained by reading the wavelength value
which gave the maximum fluorescence intensity for each sample at the different urea
concentrations. Experiments were performed at 20°C using a 2 pM concentration of
protein, 20 mM sodium phosphate buffer, 1 mM EDTA, 0.02% NaN3, pH 6.5. The
average of three data sets were plotted for both fluorescence and CD unfolding

transitions and error bars are shown.
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The thermodynamic parameters shown in Table 4 were calculated using the unfolding
curves (Figures 22 and 23) assuming a two-state unfolding process. AG(H,O), the free
energy change in the absence of denaturant, was calculated to be 96 kJ/mol and 69 kJ/mol
for wildtype and 171V hGST A1l-1 respectively. The m value for 171V mutant was
estimated to be 9.6 kJ/mol/M urea, a 36% decrease compared to that of 15 kJ/mol/M urea
for the wildtype. The transition midpoint (Cm value) for the 171V hGST A1-1 unfolding

curve showed a decrease of 0.5 M urea in comparison to the wildtype.

3.6 Thermodynamic characterization of S-hexylglutathione-hGST A1-1 binding by
isothermal titration calorimetry

Isothermal titration calorimetry is used to obtain detailed thermodynamic profiles of
molecular associations. ITC is capable of directly measuring heat evolved or absorbed
during any molecular reaction and is therefore used to determine thermodynamic
parameters. The independent parameters are the stoichiometry (N) of the binding
interaction, the binding constant (K,) and the enthalpy change of the binding interaction
(AH). The dependent parameters are the standard Gibbs free energy change (AG) and the

entropy (AS) of the binding interaction.

Figure 26 shows the raw and normalised integrated titration profile of binding of S-
hexylglutathione to wildtype and 171V hGST Al-1 performed at 25°C. Figure 27 shows
the raw and normalised integrated titration profile of binding of S-hexylglutathione to
171V hGST Al-1 performed at 5 - 20°C. The most notable feature of the binding
isotherms at high temperatures (20 - 25°C) is binding of S-hexylglutathione to 171V
hGST Al-1 is exothermic. However at lower temperatures (15°C and below) the binding
isotherm starts off exothermic and becomes endothermic, seen by the positive peaks for
the last 20 or 30 injections. These endothermic injections, attributed to the heats of
dilution at lower temperatures, are corrected for before determining any thermodynamic
parameters. All binding isotherms for wildtype protein are exothermic (Kuhnert et al.,
2005). For 171V hGST Al-1 as is the case for wildtype hGST Al-1, the integrated data
for S-hexylglutathione binding fit well to a single-site binding model per monomer. At
higher temperatures, the titration curve exhibits a decrease in the exothermic heat of

binding after each successive injection. The reaction is, therefore, characterised by a
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series of negative peaks representative of a favourable enthalpy change. To obtain the
heat evolved from each injection, the averaged heats of the post saturation peaks were
subtracted from the raw data. The AH is obtained by integrating the area under each peak
and dividing this by the moles of ligand added. The AH for the wildtype and 171V hGST
Al-1, at 25°C, is shown in panel B (Figure 26).

Table 5 summarises the experimental parameters obtained for the binding of S-
hexylglutathione to wildtype (Table SA) (Kuhnert et al., 2005) and 171V (Table 5B)
hGST A1l-1 proteins. The binding stoichiometry indicated that one S-hexylglutathione
molecule binds to each active site (i.e. one molecule per subunit). The binding strength of
the inhibitor (S-hexylglutathione) to the proteins is seen in terms of the dissociation
constant (Ky) where the lower the Kj the tighter the binding. The results in Table 5 show
the K4 for wildtype (0.071 uM) is lower than that of 171V hGST A1l-1 (0.37 uM) by a
factor of about 5. Also, the binding strength is greater at lower temperatures and

decreases as the temperature increases, for both wildtype and 171V hGST A1-1.

For all S-hexylglutathione-binding experiments performed, an increase in temperature
resulted in an increase in the binding enthalpy of the reaction, as well as a decrease in the
binding entropy (both parameters became more negative with increasing temperature).
The free energy of complex formation (AG) however is practically insensitive to
temperature due to the compensatory effects of enthalpy and entropy (Lumry and
Rajender., 1970), both of which are temperature dependent. The enthalpy of complex
formation (AH) is exothermic throughout the temperature range studied (5 — 25°C) while
the entropy of complex formation (AS) is favourable (positive) only at temperatures of
10°C and below. At higher temperatures the unfavourable AS are compensated for by
favourable AH. The entropy term (TAS) at 25°C of S-hexylglutathione binding to
wildtype hGST A1l-1 (-19kJ/mol) (Kuhnert et al., 2005) is more negative than that of
171V hGST Al-1 (-63kJ/mol).
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Figure 26. A representative calorimetric titration profile of the binding of S-
hexylglutathione to the wildtype (left) and 171V mutant (right) hGST Al-1 protein.
The experiment was performed at 25°C. The conditions were: 0.05 mM protein
monomer concentration and 0.05 mM S-hexylglutathione in 20 mM sodium
phosphate buffer, pH 6.5, containing 1 mM EDTA, 0.02% sodium azide. Panel A
shows the raw exothermic heats associated with the injection of S-hexylglutathione
into the ITC sample cell containing the 171V mutant protein. Panel B shows the
integrated and fitted binding isotherm (corrected for heats of dilution) corresponding
to the data in panel A. The solid line through the data represents the best fitted curve
obtained using the ORIGIN software.
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Figure 27. Calorimetric titration profiles of the binding of S-hexylglutathione to 171V
hGST A1l-1. The experiments were performed at 59C (a), 10°C (b) , 15°C (c) and
20°C (d). The conditions were: 0.05 mM protein monomer concentration and 0.05
mM S-hexylglutathione in 20 mM sodium phosphate buffer, pH 6.5, containing 1 mM
EDTA, 0.02% sodium azide. The top panel shows the raw exothermic heats
associated with the injection of S-hexylglutathione into the ITC sample cell. The
bottom panel shows the integrated binding isotherm (corrected for heats of dilution)

corresponding to the data in the top panel.
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Table 5. Energetics of the interaction between (A) wildtype and (B) I71V hGSTA1-1

with S-hexylglutathione at different temperatures. All the values are based on a single

experiment and the errors were obtained by fitting the titration data using the ITC

software programme (ORIGIN 5.0).

A.
Temperature Ky AH AS TAS AG
(Kelvin) : (uM) (kJ/mol) (kJ/mol/k) (kJ/mol) (kJ/mol)
278 0.79£0.001 0.049 £0.01 -26.1£0.08  0.046 12.79 -38.89
283 0.78 £0.001 0.048 £0.01 -36.6 £0.09 0.019 5.377 -41.97
288 0.77£0.001 0.063 £0.08 -41.27+0.12 -0.005 -1.44 -39.83
293 0.76 £0.002 0.085+0.08 -50.56+0.19 -0.037 -10.84  -39.72
298 0.76 £0.001 0.071 £0.06  -59.84 £0.14 -0.064 -19.07 -40.77

Data presented in the above Table were obtained by Diane Kuhnert and have been included in

this thesis with her permission. This data has previously been published (Kuhnert et al., 2005).

B.
Temperature Ky AH AS TAS AG
(Kelvin) : (uM) (kJ/mol) (kJ/mol/k)  (kJ/mol) (kJ/mol)
278 0.70£0.001 0.25 +0.08 -27.48 £0.04  0.028 7.78 -35.26
283 0.70£0.001 0.32 +£0.06 -37.5 +£0.05 -0.008 -0.23 -37.27
288 0.67+£0.001 0.40+0.08 -44.73 £0.12  -0.033 -9.50 -35.23
293 0.71£0.001 0.25+0.08 -58.28 £0.08  -0.07 -20.51 -37.77
298 0.71 £0.001 0.37+0.02 -74.1 +£0.05 -0.125 -37.25 -36.85
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The heat capacity change (AC,) upon binding of S-hexylglutathione to wildtype and 171V
hGST Al-1 was determined by performing the calorimetric experiments at different
temperatures under the same pH and buffer conditions. AC, is associated with the
protein-ligand complex formation and estimated from the slopes of the linear curves
(Figure 28A and B). The temperature dependence yields a AC, value of —1.71 kJ/mol/K
for wildtype hGST A1-1 (Kuhnert et al., 2005) and —2.12 kJ/mol/K for I71V hGST Al-1.
The difference in heat capacity between wildtype and 17V hGST A1l-1 is -0.41 kJ/mol/K.
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Figure 28. Temperature-dependence of the thermodynamic parameters for S-
hexylglutathione binding to wildtype (top) (Kuhnert et al., 2005) and 171V (bottom)
hGST Al-1. The circles, triangles and squares represent AH, TAS and AG respectively.
The data are summarised in Table 5. The solid line through the points is the linear
regression fit to the data. From the plot of AH versus temperature, the slope of the
linear regression yields the change in heat capacity (AC,) upon ligand binding to each
of the proteins. The correlation coefficient for the plot of AH verses temperature for (A)

and (B) is 0.99 and 0.98, respectively.
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CHAPTER 4
DISCUSSION

4.1 Plasmid identity confirmation and assessment of protein purification
DNA sequencing confirmed the presence of wildtype and 171V hGST Al-1 coding
sequences, which also showed that no additional mutations had been introduced into

either wildtype or I71V hGST A1-1 plasmid (Figure 6).

Purification methods for both wildtype and 171V hGST Al-1 had previously been
determined. The protocol (section 2.3) was followed and purification of both wildtype
and I71V hGST Al-1 was successful. The proteins were purified using a CM-Sepharose
column that separates protein according to charge. SDS PAGE analysis showed that
purification yielded pure homogenous protein samples. The physical properties of 171V
hGST Al-1, such as electrophoretic mobility and M; are indistinguishable from those of
the wildtype. Both proteins were determined to have a M, of 26 000, consistent with the
predicted weight of hGST Al-1.

4.2 Verification of the structural integrity of I71V hGST A1-1

For the work undertaken, the gross secondary and tertiary structure of [71V hGST Al-1
must be comparable to wildtype hGST Al-1. Intrinsic tryptophan fluorescence is a useful
spectroscopic technique used to measure the conformational stability of proteins. The
indole side chain of the tryptophan residue is highly sensitive to its local environment. As
such, the number as well as the location of this residue within a protein, provides a useful
means of probing for local or global conformational changes. hGST Al-1 has one
tryptophan residue (Trp-20) per monomer. The indole side chain of Trp20 protrudes from
domain 1 into domain 2 and forms a series of hydrophobic interactions with the side
chains of Ile158, Glu162 and Tyr165 (in o-helix 6) and Val194 and Phel197 in o-helix 8.
In the native state of the protein, the indole side chain of Trp20 is inaccessible to solvent
(solvent accessible surface area ~ 4 A% (Wallace et al., 1998a). Based on these
characteristics, the location of Trp-21 can serve as a local reporter of events occurring at

the interdomain interface.

66



Tryptophan fluorescence emission spectra indicate the overall tertiary structure of 171V
hGST A-1- is similar to wildtype hGST Al-1. The emission maxima of the native
conformations were identical at 330 nm (Figure 8), consistent with the burial of the Trp-
20 residue in the native state of the protein (Lakowicz, 1983); Wallace et al., 1998a;
Wallace et al., 1998b). The absence of any shift in wavelength suggests that the
mutations did not impact upon the environment of the tryptophan residue in hGST Al-1.
Similarly, the spectra for both denatured sample proteins show an emission maximum of
357 nm when excited at either 280 nm or 295 nm. The red shift upon denaturation is
indicative of the exposure of the Trp20 residue to solvent. Excitation at 280 nm shows an
additional emission peak at 310 nm for the spectrum of both denatured wildtype and
I71V hGST Al-1. This is due to the fact that as hGST Al-1 protein unfolds, the energy
transfer from the tyrosine’s to the tryptophan is decreased due to the increase in distance
between the residues upon unfolding, and the tyrosine residues therefore emit light as
well, giving the additional peak. The additional peak is accompanied by a decrease in the
intensity of the spectra for the same reason; energy is no longer transferred from the
tyrosine to the tryptophan resulting in a decrease in the light emitted from the tryptophan
(Lakowicz, 1983). Similar emission spectrum for both wildtype and 171V hGST Al-1
show that there are no apparent changes in hGST Al-1’s global structure upon
incorporation of the 171V mutation. Furthermore, these similarities are indicative of the

tertiary structure of I71V hGST A1-1 being equivalent to that of wildtype hGST Al-1.

The far-UV circular dichroism spectral properties show that the overall secondary
structure conformation of wildtype and 171V hGST Al-1 are similar. Both proteins
showed molar ellipticity minima at 210 and 222 nm, a spectra characteristic of proteins
predominantly composed of a-helices. This is consistent with the crystal structure of
hGST Al-1, which reports that the protein is about 60% alpha-helical (Sinning et al.,
1993; Cameron, 1995). Following denaturation the distinctive troughs observed in the
spectra of native protein were no longer evident (Figure 10). Therefore, the secondary
structure is completely disrupted as the protein unfolds in 8 M urea. From these results it
is evident that the I71V mutation did not adversely affect the secondary structural content

of hGST Al-1.
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Changes or shifts in ANS fluorescence emission spectrum are determined by the polarity
of the environment in which it finds itself (Lakowicz, 1999; Sayed et al., 2002).
Fluorescence enhancement as well as the blue shift in the emission maximum wavelength
of ANS on binding wildtype and I71V hGST Al-1is indicative of the dye binding a more
hydrophobic or more non-polar environment. The extent of the blue-shift in emission
maximum is determined by the polarity of the ANS binding site; the lower the polarity,
the greater the blue-shift (Lakowicz, 1999; Sayed et al., 2002). Recent studies have
shown that ANS binds the non-polar H-site of the active site (Dirr et al., 2005). The
binding site of ANS to wildtype and 171V mutant hGST A1-1 is not strictly hydrophobic
in nature, however, as compared with an emission maximum intensity of ANS (454 nm)
when bound to a highly hydrophobic site in apomyoglobin for example (Stryer, 1965).
The spectral blue shift of each hGST Al-1 protein was accompanied by an enhanced
fluorescence intensity (Figure 11). Because ANS fluorescence is quenched by water, the
fluorescence intensity of protein-bound ANS is highly dependent on its accessibility to
water (Kirk et al., 1996; Matulis et al., 1998). Relative to other lipid-binding proteins, the
fluorescence enhancement of ANS bound to hGST Al-1 is low, indicating a greater
exposure of ANS to solvent in the protein (Sayed et al., 2002). Overall the polarity and
degree of solvent exposure of the ANS binding site in I71V hGST Al-1 is unchanged

compared to the wildtype protein.

Overall, the structural analysis confirms the absence of any changes in the proteins gross
structural properties due to the incorporation if the 171V mutation. Thus the wildtype and

I71V hGST Al-1 can be compared, with respect to their unfolding and enzyme kinetics.

4.3 Steady-state enzyme Kinetic properties

Analysis of the kinetic properties of 171V hGST A1-1 shows that the introduction of the
mutation impacts considerably on the activity of the enzyme. The results in Table 2 show
that the specific activity of I71V hGST A1-1 is three times that of the wildtype hGST Al-
1. This result suggests some kind of local structural change at or near the active site that
affected the catalysis of the enzyme and possibly substrate binding, however this change
was not detected by low resolution probes such as CD and tryptophan fluorescence. It is

difficult to identify the exact point of change within the enzyme by enzymatic analysis
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alone, since one needs to determine which part of the active site is affected, either the G-

site or the H-site or both.

GSTs are involved in nucleophilic substitution reactions (SNAR). An example of this
reaction is shown in Figure 5. The SNAR of this nitro-substituted aryl proceeds via the
formation of 1-chloro-1-(S-glutathionyl)-2,4-dinitrobenzene, an unstable Meisenheimer
complex transition state (Graminski et al., 1989) which is the rate-limiting step of the
reaction. It has been said that the ability of the enzyme to stabilise a Meisenheimer
complex is related to its ability to stabilise the transition state for formation of a
Meisenheimer complex intermediate. Therefore the transition state for this reaction must
in some sense resemble the Meisenheimer complex (Graminski et al., 1989). The
increase in the I71V hGST Al-1 activity suggests that the introduction of valine at
position 71 in the thioredoxin fold could have directly or indirectly affected the enzymes
ability to stabilise the transition state or it could have altered the on/off rates of substrate
binding. The better an enzyme can stabilise the transition state of the reaction, the more
efficient the reaction will be (Graminski et al., 1989). The efficiency of the reaction
taking place is seen by the greater specific activity, as well as the increased catalytic

efficiency.

The results obtained from the standard GSH/CDNB conjugation assay suggest that
tertiary structural changes occurred at or near the active site of [71V hGST Al-1. Small
structural changes are predicted since the mutation of isoleucine with valine results in a
small cavity due to the truncation of the isoleucine side chain and although the residue is
not directly involved in the active site, the position of the Ile71 is such that it is found
close to the active site. The removal of the methyl group from the side chain of isoleucine
resulted in the loss of van der Waals contacts and this affects the catalytic mechanism of

the enzyme.

K, the Michaelis constant, relates to the substrate concentration for an enzyme to reach
half its maximum velocity. Although the increases in Ky, for [71V hGST Al-1 are slight,
these results show that the K, is definitely affected to some extent. The increase in K,

tells us that the I71V mutation induces a conformational change that affects the binding
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of the substrate to the enzyme, indicating loss of affinity for the substrates. in a previous
mutational study on Alpha class, a R15K mutant demonstrated a seven fold increase in
K., for GSH which indicated loss of affinity for GSH (Bjornestedt et al., 1995). The K,
can be determined by both physical and chemical events referring to binding and
catalysis. It is difficult, however, to distinguish between the two by enzyme kinetics alone
and tell which event is affected. The catalytic efficiency (k../Kn) relates to the free
energy of the transition state and can be used as a measure of the stabilising effect
contributed by an enzyme (Nilsson et al., 2002). The increase in kc/Kn for both
substrates (GSH and CDNB) suggests that the I71V mutation helps attain or stabilise the
transition state. Other studies on hGST Al-1 have shown that mutations of residues
important in catalysis show an increase in K, and a decrease in kc./Km as well as a
greatly reduced specific activity (Stenberg et al., 1991; Bjornestedt et al., 1995;
Allardyce et al., 1999; Sayed et al., 2000; Nilsson et al., 2002; Mosebi et al., 2003;
Nathaniel er al., 2003; Dirr et al., 2005). Non-productive binding of a substrate is
expected to decrease both k. and Ky, by the same factor, leaving k.,/K, unchanged
(Fersht, 1999). On a study of a YOF mutation in hGST A1-1 the effects of k., and K, for
GSH suggested that GSH was bound in a catalytically unproductive mode in the mutant
(Pettersson et al., 2001). in the present study both k., and K, were increased for both
substrates for [71V hGST Al-1 resulting in an increase in the k.,/Kp, as well, confirming
that the binding of the substrates has been altered, together with an alteration in the

stabilisation of the transition state.

The AAG for transition state stabilisation is —5.82 kJ/mol, indicative of a greater
stabilisation of the transition state on incorporation of the I71V mutation. A previous
study involving a D209G mutation in wildtype hGST A1-1 resulted in AAG for transition
state stabilisation of 0.4 kJ/mol, indicating a lower stabilisation of the transition state on
disruption of the conserved N-capping motif in helix 9 (Dirr et al., 2005). Taking into
consideration the increased specific activity of 71V hGST A1-1 as well as the increase in
the k. and Ky, it is apparent that the I71V mutation increases the stabilisation of the

transition state allowing for a more efficient enzyme.
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When a residue is mutated and the resulting kinetic parameters reflect an increase in Ky,
and a decrease in k., the residue is said to be important for both substrate binding and
catalysis (Allardyce et al., 1999). In the present study, the mutation has a small effect on
substrate binding as seen by the small increase in the Ky, value for [71V hGST Al-1 and
a larger effect on the catalysis of the enzyme, as seen by the increase in specific activity
and k., value. The increase in k., suggests the I71V mutation results in product release
being more facile as is the case with the F220A and F220T mutants in the work by
Nilsson et al. (2002) where the more open active site is responsible for the better product
release. It is difficult to say whether the active site is more open for the 171V mutant

however, since the crystal structure is not available.

Without the crystal structure of 171V hGST Al-1 the exact reasons for the increased
stabilisation of the transition state as well as changes in binding of the substrates cannot
be determined. The kinetic data together with the location of Ile71 suggests that the
mutation causes a less favourable active site for the binding of substrates, as indicated by
the lower K. the increase in K, together with the increase in specific activity could be a
reflection of a gain of function with respect to reaction intermediates stabilisation. Ile71,
although an unlikely residue to participate directly in the catalytic mechanism has a side
chain that may serve an important role that directs other residues in the active site to

assume optimal position for efficient catalysis.

4.4 Inhibition properties of the I71V and wildtype hGST A1-1

To further characterise the effect of the 171V mutation, competitive inhibition studies
were performed using glutathione sulphonate (GSOs’) and ethacrynic acid as inhibitors.
Inhibition studies yield an ICsy value (the concentration of inhibitor causing a 50%
decrease in enzyme activity). One would predict that if a mutation causes a structural
change that does not favour substrate binding there would be an increase in the ICsy value
compared to that of the wildtype, as is the case with the [219A substitution in hGST Al-1
(Mosebi et al., 2003). The activity of the enzyme was only 28% of that of the wildtype
and inhibition studies showed a 6-fold increase in the ICsy values for inhibition with

GSO3" (Mosebi et al., 2003).
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Inhibition studies are used to determine which part of the active site is affected by the
mutation; the G-site, the H-site or both. GSOj3’ is an analogue of the G-site substrate GSH
and therefore used as a competitive inhibitor of the G-site and binds the G-site of the
active site located on each subunit (i.e. one molecule of GSO3™ per protein monomer)
(Reinemer et al., 1991). Molecular recognition of glutathione (or its analogues) bound at
the G-site involves a network of specific polar interactions between the tripeptide and a
number of protein moieties in domain 1 of one subunit and domain 2 of the other subunit
in the dimer (Dirr, 1994). Values in Table 3 show that the CDNB-conjugating activity of
the 171V mutant is similar to that of the wildtype with the mutant enzyme being only
slightly less competitively inhibited by GSOs'. this gives an indication that the G-site is
only slightly altered by the I71V mutation.

Ethacrynic acid binds in a non-productive mode in the absence of the co-enzyme
glutathione (Cameron, 1995). The crystal structure of hGST Al-1 determined by
Cameron (1995) shows that this substrate exhibits a weaker mode of binding and
exclusively occupies the H-site (Cameron, 1995). The replacement of isoleucine with
valine resulted in about a 2-fold increase in the ICs, value for the ethacrynic acid (Table 3
and Figure 21). Considering there was little change in the ICsy value for GSO5;™ and a 2-
fold increase in the ICsy value for ethacrynic acid for I71V hGST Al-1 the most
noticeable change occurs at the H-site. This statement is confirmed by the results shown
in Table 2, where the most noticeable changes occurred for the substrate CDNB, which
binds at the H-site. The ICsy value taken together with the kinetic parameters for CDNB
are in agreement with the notion that binding of CDNB in the reaction co-ordinate has

been impacted upon for the [71V mutant.

Taking into account the structure of the active site located within the thioredoxin fold
(Figure 2), this is an interesting result since the position of Ile71 is closer to the G-site
than the H-site therefore any change at the active site was predicted to occur at the G-site.
This result tells us that the function of the Ile71 residue has an effect on the cooperativity
of the residues involved in catalysis and has long-range effects on the performance of the
enzyme and that primarily the binding of CDNB in the reaction co-ordinate has been

impacted upon for the 171V mutant.
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4.5 Conformational stability studies

The unfolding reaction was shown to be highly reversible thus allowing the calculation of
thermodynamic parameters from the urea induced unfolding curves (Pace, 1989). Urea
induced equilibrium unfolding was monitored using tryptophan fluorescence and
ellipticity at 222 nm as probes. The unfolding transition curves of wildtype and 171V
hGST Al-1 are characterised by single sigmoidal curves, suggestive of a two-state
(folded dimer/unfolded monomer) transition. However, the single sigmoidal curve alone
is not necessarily an indication of a two-state process. Although a two-state fitting model
was used, the m-values obtained for I71V hGST Al-1 are lower than that of wildtype
hGST Al-1. This suggests less surface area becomes exposed to solvent when 171V
hGST Al-1 unfolds, thus indicating reduced cooperativity and suggests that [71V hGST

A1-1 no longer follows a two-state transition.

Also evident from Figures 22 and 23 is the non-superimposability of the unfolding curves
of wildtype and I71V hGST Al-1. There is a slight shift towards lower urea
concentrations of the unfolding transition mid-point (Cm value) for 171V hGST Al-1
compared to wildtype hGST Al-1. The lower Cm value refers to reduced stability of the
protein, but only when the m-value remains unchanged. A low m-value is not suggestive
of a decreased stability but rather suggests the possible introduction of an intermediate
(Myers et al., 1995; Soulages, 1998). The m-value is related to the dependence of the free
energy change of unfolding upon denaturant concentration where the broader the
unfolding transition region, the lower the m-value (Pace, 1989). A comparison of
wildtype and I71V hGST A1l-1 unfolding transitions shows wildtype hGST A1l-1 unfolds
between 3.8 — 5 M urea whereas 171V hGST A1-1 unfolds in the urea range of 3 - 5 M
urea. A decreased m-value is also suggestive of decreased cooperativity and the possible
accumulation of an intermediate state (Soulages, 1998). The cooperativity of protein
folding arises when hydrophobic and hydrophilic copolymer sequences collapse to states
that are compact and also have good hydrophobic cores (Dill et al., 1995). As mentioned
in the introduction, Ile71 is found within a hydrophobic core of the thioredoxin fold.
Mutation of Ile71 could result in a disruption of this hydrophobic core and thus account

for the decreased cooperativity of the unfolding process of 171V hGST A1l-1.
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In most reported equilibrium unfolding studies, the transition between the native and
unfolded states is assumed to proceed via a two-state mechanism (Soulages, 1998). To be
consistent with a two-state model the unfolding curves should be indistinguishable when
monitored by several independent techniques (Pace, 1986). Such is the case for wildtype
hGST Al-1 where the unfolding transition monitored by both fluorescence and CD
(Figure 24) are superimposable, suggesting the unfolding is highly cooperative under
equilibrium conditions. This corresponds with previously published data which indicates
that the urea induced equilibrium unfolding of wildtype hGST Al-1 occurs via a two-
state transition and that the unfolded monomer and folded dimer are the only two species
present in significant concentrations at equilibrium (Wallace et al., 1998b; Wallace et al.,

1998a).

When looking at 171V hGST Al-1 unfolding transitions the fluorescence and CD
unfolding curves are similar (Figure 25) but not superimposable. The non-
superimposability of the unfolding transitions together with the decreased m-value for
171V hGST Al-1suggest the introduction of an intermediate state and thus indicate the
presence of a non-two-state unfolding process (Soulages, 1998). With this in mind a
three-state model was fitted to the mutant equilibrium unfolding data. The three-state
model did not fit well to the data. A possible explanation for this is that the probes used,
namely fluorescence and CD, are low-resolution probes and did not reflect the structural
changes that accompany the formation of the intermediate. Figure 26 shows plots of I71V
hGST A1l-1 fluorescence data. By varying the way in which data is plotted one can see
whether the probes used were sensitive enough to give evidence of an intermediate. The
single sigmoidal curves of both plots in Figure 26 do not show the presence of an
intermediate yet when plotted together a possible intermediate becomes apparent. There
is a greater degree of non-superimposability of the unfolding transitions between 2-3.5 M
urea. this could indicate an intermediate, which was monitored by one probe to a greater

extent than the other.

The results obtained for the AG(H,O) indicate that the stability of 171V hGST Al-1 is
reduced compared to that of wildtype hGST Al-1. The Gibbs free energy change in the
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absence of denaturant (AG(H,0)) provides a measure of the conformational stability of a
protein (Pace, 1989). This result corresponds to the results that were predicted since the
removal of a methyl group results in the loss of direct interactions with hydrophobic
residues and the destabilisation of an enzyme by a predicted 4.6 kJ/mol (1.lkcal/mol)
(Eriksson, 1992). As has been previously stated, the mutation of Ile to Val results in the
removal of a methyl group from the side chain of isoleucine and therefore a decrease in
stability is expected. However the stability upon introduction of the mutation results in a
decrease in stability of on average, 21 kJ/mol (5 kcal/mol), almost 5 times greater than
the predicted decrease. This tells us that Ile 71 plays an important role in the stability of
the protein and possibly in determining cooperativity within domain 1. Studies on rat
GST Al-1 by Atkins et al. (1997) on o-helix 9, have suggested the possible stabilising
role of tertiary interactions between Phe220, a residue within o-helix 9, and residues in
domain 1. the replacement of Phe220 with either Ile or Leu enhanced the pressure
induced conformational changes in helix 9 and a replacement of Phe220 with Tyr
increased the stability of the helix, possibly via hydrogen bonding interactions between
Try9 and Tyr220. The stability of I71V hGST Al-1 is most likely compromised due to
the removal of hydrophobic interactions made between the methyl group of Ile71 and the

residues occupying the hydrophobic pocket (Atkins et al., 1997).

4.6 Thermodynamic characterization of S-hexylglutathione binding to
171V hGST Al-1

The binding isotherms for both wildtype and I71V hGST Al-1 resemble sigmoidal plots
and are useful in gaining accurate binding enthalpy (AH) and entropy (AS) values. For
both wildtype and 171V hGST Al-1 integrated data for S-hexylglutathione binding fit
well to a single-site binding model indicating one independent binding site per subunit.
This correlates with previously published data stating S-alkylglutathione conjugates (such
as S-hexylglutathione) bind GSTs from different gene classes exothermically with a
stoichiometry of one inhibitor molecule bound per GST subunit (Oritz-Salmeron et al.,
2001; Oritz-Salmeron et al., 2003). The binding stoichiometry indicated that one S-
hexylglutathione molecule binds to each active site, consistent with the

crystallographically determined stoichiometry (Kuhnert et al., 2005).
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The binding strength of the inhibitor (S-hexylglutathione) to a protein is seen in terms of
K4, where the lower the Ky, the tighter the binding. The ligand binds 5-fold more tightly
to wildtype (0.07 uM, 25°C) than 171V hGST Al-1 (0.37 uM, 25°C). The Gibbs free
energy change (AG) determines the binding affinity of a ligand to a particular protein
(Luque et al., 1998). The direct relationship between AG and Kj is seen in the equation:

AG = -RTIn K4 (15)
The K4 can be seen as an indication of the number of interactions that form when the
ligand binds an enzyme. The results suggests that incorporation of the I71V mutation,
resulting in the removal of a methyl group, removes some interactions that normally form
in wildtype hGST Al-1 and thus resulted in less tight binding of the ligand. The AG
values are similar for all studies carried out at different temperatures. This is an example
of the enthalpy-entropy compensation effect that is common to many binding processes
(Lumry et al., 1970; Sigurskjold et al., 1991). The large and favourable enthalpy term is
attributed to hydrogen bonding and van der Waals interactions in the complex formation
and these overcome the unfavourable entropy change. This explains the overall
favourable Gibbs free energy of binding. The results (25°C) indicate the reaction was
enthalpically favourable (-74.01 kJ/mol) but entropically unfavourable (-0.125 J/mol/K)
for I71V hGST Al-1. It is evident that the overall AG is slightly more favourable for
wildtype than 171V hGST Al-1.

The binding enthalpy of a reaction is due to a number of different contributions such as
protein-ligand hydrogen bonds, salt bridges and van der Waals contacts as well as the
loss of protein-solvent hydrogen bonds. The negative AH refers to the formation of
hydrogen bonds and van der Waals contacts formed when the ligand binds the protein
(Sigurskjold et al., 1991). The binding enthalpy is due to the fact that when bonds form,
energy is released. Results in Table 5 show that interaction of the ligand with wildtype
and I71V hGST Al-1 is enthalpically favourable (negative AH values) and that the
enthalpy of binding is the major driving force in the association (i.e., both proteins

exhibit large, negative AH® values). Although the I71V mutation involves the removal of
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a methyl group resulting in the loss of interactions with the ligand and therefore less tight
binding, the enthalpy indicates that bonds formed when the ligand binds 71V hGST A1l-
1 are stronger than when binding wildtype hGST Al-1. There may be less interactions
occurring in [71V hGST Al-1 binding but the bonds formed are tighter and this

contributes towards the more negative AH.

Entropy is viewed as the amount of freedom a system possesses to explore available
conformational space. The major contributors to the entropy of binding are changes in
conformational degrees of freedom (ASconf) and changes in solvation (ASs,y) (Murphy,
1999). Given the large number of rotatable bonds compared to the total number of non-
hydrogen atoms in a molecule of S-hexylglutathione, the free inhibitor is not
conformationally constrained. The binding of S-hexylglutathione to hGST Al-1 would
incur a high entropic penalty, because the highly flexible inhibitor will undergo a loss of
conformational entropy upon complex formation (Kuhnert et al., 2005). In order for the
overall entropy change to contribute favourably to the binding, liberation of solvent
molecules bound to the surface of the ligand and/or the binding site of the macromolecule
must occur to an extent sufficiently high to overcome the entropy changes for the ligand

and the macromolecule (Sigurskjold et al., 1991).

The entropy term (TAS) at 25°C of S-hexylglutathione binding to wildtype hGST Al-1 (-
19kJ/mol) (Kuhnert et al., 2005) is largely more favourable that that of [71V hGST Al-1
(-63kJ/mol). The entropic advantage of complex formation with the wildtype protein
could be due to greater desolvation of the active site (Kuhnert et al., 2005). This would
therefore imply that due to the I71V mutation there is less desolvation at the active site
resulting in unfavourable entropy values. The unfavourable entropic costs of S-
hexylglutathione binding to 171V hGST Al-1 (at temperatures higher than 10 °C)
probably reflects the degree of immobilisation of the ligand, thus decreasing its flexibility
and increasing its ridgitity at the active site. It is also possible that the mutation results in
a flexible protein being more ordered. The overall effect of the removal of the methyl
group from the side chain of Ile71 is that the mutation is entropically destabilising but

enthalpically stabilising at increasing temperatures. The presence of the Ile71 residue
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found near the active site therefore stabilises wildtype hGST A1-1 entropically. At higher

temperatures the unfavourable AS are compensated for by favourable AH.

Coupling of proton exchange to a binding event is a consequence of change in
protonation state of groups on the protein and/or ligand upon complex formation (Brokx
et al., 2001). Previous studies by Kolobe (Kolobe et al., 2004) showed that binding of
Bromosulphophthalein to either site of hGST A1l-1 is not coupled to any proton linkage
effects and thus the experimentally measured enthalpy is the true enthalpy of binding, i.e,
AHybs = AHping. The results indicated that the binding ITC only yields information on the
energetics of ligand binding and the nature of the binding site (Kolobe et al., 2004).

By performing identical experiments at different temperatures (5 — 25°C) it is possible to
measure the heat capacity change (AC,) of protein-ligand binding reactions. The AC, at
constant pressure is defined as the temperature derivative of one of the basic
thermodynamic parameters that describes the state of a macroscopic system, namely, the
enthalpy (Makhatadze et al., 1995). Heat capacity changes observed in protein unfolding
experiments have been correlated to changes in solvent-accessible surface area and it has
been shown that the heat capacity changes are directionally proportional to the difference
in solvent accessible non-polar surface area between native and unfolded states (Spolar et
al., 1989; Livingstone et al., 1991). It has long been said that the basis for the AC,
observed in protein-ligand binding is related to the changes in the solvation of the protein
and ligand during the binding process (Sturtevant, 1977; Eftink et al., 1991). The
temperature dependence studies yielded a AC, value of —1.71 kJ/mol/K (Kuhnert et al.,
2005) for wildtype and —2.12 kJ/mol/K for I71V hGST Al-1. The negative AC,, is a good
indicator of changes in hydrophobic interactions with binding, being negative if
hydrophobic bonds are formed and positive if they are broken (Luque ef al., 1998). A
negative AC, can be expected for the reduction of solvent access to non-polar surfaces
(Loladze et al., 2001). The binding processes observed for wildtype and 171V hGST Al-
1 are characteristic of a binding process driven by the gain in solvent entropy associated
with the burial of solvent-accessible hydrophobic surface area. The AAC, = -0.41

kJ/mol/K suggests the burial of solvent-accessible non-polar surface area occurs to a
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larger extent in I71V hGST Al-1 than in wildtype hGST Al-1 since the more negative
the AC, the more non-polar surface area becomes buried (Sturtevant, 1977; Spolar et al.,
1989; Livingstone et al., 1991). A possible explanation for the result is that the 171V
mutation involves the removal of a methyl group and therefore the introduction of a
cavity into the hydrophobic core that could result in a better fit of the ligand into the
active site. An alternate explanation is that there is a ligand induced conformational
change in the protein, which results in more van der Waals contacts, a decrease in AS,

and an increase in the non-polar surface being buried.

4.7 Conclusion

A topologically conserved isoleucine residue in hGST A1l-1 was truncated by the removal
of one methyl group with the mutation of Ile71 - Val. The detailed structure at the site
of the mutation is unknown, however the non-disruptive nature of the mutation was
confirmed by the absence of any significant changes in the proteins global structural
properties. Any changes to the arrangement of side—chain residues to accommodate the
formation of the cavity were small since the fluorescence emission wavelengths were
similar to those of wildtype hGST Al-1 for both excitation at 280 nm and 295 nm.
Intensity of the spectra were identical for excitation at 280 nm and for CD spectra with
only a small increase in intensity upon denaturation of the I71V mutant when excited at
295 nm. The monomeric molecular mass was determined to be the same as the wildtype
(26 kDa). Although non-disruptive to the global structure of hGST Al-1, the 171V
mutation greatly increased the activity of the enzyme. The mutation also resulted in a
decrease in the stability of the protein, which is expected due to the removal of the
methyl group, however the decrease in stability was larger than predicted. This tells us
that the Ile71 residue is important in the stability of the protein as well as in the

cooperativity of folding.

The mutation had a noticeable impact on the kinetics of the enzyme with an increase in
the values for all kinetic parameters determined, for both substrates, namely GSH and
CDNB. Results showed that the mutation had a negative impact on substrate binding and
a positive impact on the catalysis of the enzyme as seen by the increase in specific

activity as well as an increase in the k., and k.,/ Ky, values. A possible explanation for the
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increase in specific activity is that the mutation helps to stabilise the transition state
thereby allowing for a more efficient enzyme. The mutation could also have resulted in a

more open active site therefore affecting the on/off rates of substrate binding.

Changes in the thermodynamic parameters were also observed due to the incorporation of
the mutation. The Ky indicates a tighter binding of the substrate, S-hexylglutathione, to
wildtype hGST Al-1. The binding enthalpy and entropy of the binding reaction
suggested that although there may be less interactions occurring in 171V hGST Al-1, the
bonds formed are tighter thus contributing towards the more negative AH. The change in
heat capacity of 171V hGST Al-1 when compared to the wildtype suggests the burial of
solvent-exposed non-polar surface area occurs to a larger extent in [71V hGST Al-1 than
in wildtype hGST Al-1 since the more negative the change in heat capacity the more

non-polar surface area becomes buried
Although Ile71 is not directly involved in catalysis, its presence serves an important role

nonetheless. The data suggests that Ile71 conservation is for the stability of the protein as

well as playing a pivotal indirect role in catalysis and substrate binding.
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