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ABSTRACT

Cytosolic glutathione transferases (GSTs) are al#ighomo- or heterodimers with a
complex canonical structure whose assembly invalvesactions at the domain interface
and at the subunit interfacEach subunit is composed of an N-terminal GSH binding
domain (domain 1) and a C-terminal afhelical domain (domain 2). Currently, little is
known about the stability, folding and assembly@5T subunits in the absence of
guaternary interaction3he stabilities of several GST dimers, includingssl Mu GST,
are dependent upon two groups of interactions iwaomains 1 and 2 of opposing
subunits, namely, a hydrophobic lock-and-key matifl a buried charge cluster mokif.
class Mu GST M1-1 from rat, the mutation of the tkay residues , Phe-56 and Arg-81,
involved in subunit-subunit interaction motifs, anBer and Ala, respectively, has been
reported to result in a stable monomer (Thompsioal. (2006) Biochemistry45, 2267-
2273). In this study, using gel filtration chromatography, was confirmed that
simultaneous disruption of both motifs in rGST M2lelcreate the F56S/R81A mutant
results in complete dissociation of the dimer ta@omeric protein. Comparative studies
reveal the monomeric mutant to be catalyticallyctiee due to the loss of the subunit-
subunit contacts, displaying approximately 2.7 %ivday relative to the wild type
enzyme.Moreover, the stability and folding of a monomeiacm of rGST M1-1 were
investigated under equilibrium conditions by ciauldichroism, intrinsic tryptophan
fluorescence, and ANS binding. The results show ttiea monomer is less stable, with a
AG(H20) value of 13.3 kcal/mol relative to the reporte@(H.O) value of 16.5 kcal/mol
(Hornbyet al. (2000)Biochemistry39, 12336-12344) for the second transition (ikeU)

of the dimeric wild type enzyme.
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CHAPTER 1
INTRODUCTION

1.1. Protein Structural Hierarchy

Protein structural levels of organisation weretfitsscribed by Linderstrom-Lang and Bernal
(Jaenicke and Rudolph, 1986). They referred toptfirary structural level as the specific
amino acid sequence along the covalent polypeptidi. This sequence is governed by the
genetic code, which specifies which nucleic acidaro corresponds to which amino acid.
The regular arrangement of this linear amino aemgugence into structural motifs sucheas
helices andp-sheets is defined as the proteins secondary steictevel, and further
arrangement of these motifs gives rise to whatreferred to as supersecondary structures.
The tertiary structural level is achieved by th&lifag of the secondary structural elements
into one or more functional domains. In some capesteins are made up of only one
polypeptide chain and hence have the tertiary strat level as their highest level of
organisation, and these are known as monomericeipsot Having said that, it should
however be noted that most proteins are composadafor more polypeptide chain, and
such proteins are referred to as oligomeric pretédimer — 2 chains; trimer — 3 chains;
tetramer — 4 chains). Oligomeric proteins havedhaternary structure as their highest level
of organisation. The quaternary structural levé&neto the arrangement and interactions of
the individual protein subunits (folded chains)wéach other, and this assembly is mediated

by protein-protein interactions.

1.2. The Protein Folding Problem

Inside the cell, proteins are synthesised, accgrtinwhat has come to be known as the
Central Dogma of molecular biology, that is, DNA RNA - protein, as linear amino acid
chains, which subsequently fold into unique 3-icures known as the native states. Since
a wide range of biochemical functions are regulagdthe 3-D structure of proteins,
understanding the mechanism by which the speadifima acid sequence of a protein directs
its efficient folding to its functional native séatrepresents one of the greatest unsolved
problems in molecular biology and this has becomawn as the ‘protein folding problem’
(for a review see Dilet al, 2008). The prediction of a proteins 3-D structirgen its linear

amino acid sequence has been an interesting tasiolecular biology since the pioneering



work on protein folding, using bovine pancreaticonuclease, performed by Anfinsen. He
proposed that a protein’s amino acid sequence icengdl the information required to direct
its final 3-D structure and in turn its biologictinction (Anfinsen, 1973). As one might
imagine, it would take an extremely long periodiofe for even the smallest protein to fold
to its native conformation by randomly explorindjitd possible conformations. Yet, despite
the large degrees of freedom, many proteins hage fmund to fold into their native states in
less than a few seconds, which suggests that dieyy some sort of pathway to reach their
native state. This inference has become knowneakékinthal paradox (Levinthal, 1968; for
a review see Dill and Chan ,1997). We now know ti@ih structural changes and chemical
interactions occur throughout the entire foldinggass, and to bring about the amino acid
sequence to its native conformation within a velngrs time period all the mechanisms

involved in the folding process need to be stromgigperative (Notting, 1995).

It has been suggested that the folding problem lmarbroken down into three related
guestions (Creighton, 1990). Firstly, what the kmenechanism by which the protein adopts
its native biologically active conformation is (ite time limit within which the polypeptide
chain must obtain its native conformation)? Whathis physical basis for the native states
stability? Finally, we need to understand why daegven amino acid sequence determine
one particular folding process and resultant 3-Bucstire, as opposed to some other
structure? Obtaining answers to these questionddwoake the prediction of the proteins
3-D structure based on the amino acid sequendeegbalypeptide chain possible, however,
as it has been found, this is not an easy task.

1.3. Protein Conformational Stability

The understanding of how proteins fold into stabi@ogically active 3-D structures is of

great importance in most fields of molecular bigioghere has been a lot of progress over
the past couple of decades regarding our attenfigtstending our knowledge on this subject,
however, our understanding is still quite far frdoll. We now know that proteins fold

spontaneously into their native state, and areegliby a decrease in free energy of the
system. The stability of a given protein is defirgdthe difference between the interactions
that favour the native (folded) state and those¢ fdneour the denatured (unfolded) state and
this stabilisation may involve all levels of theof®in structural hierarchy, local polypeptide

chain packing, secondary and supersecondary staliotlements, domains and subunits



(Jaenicke, 1987; Ragone and Colonna, 1995; Rad®¥&, Facchianet al, 1998; Jaenicke,
1998). This difference is best represented by thenge in Gibbs free energi@) of the
native and the denatured state upon complete unéplof the native folded protein. Under
isobaric conditionsAG is contributed to by two other thermodynamic pagtars and can be
described as follows:

AG =AH - TAS 1)
where T is the temperatureH andAS are the enthalpic and entropic contributions A6
value. The enthalpic term contribution ®G arises predominantly from the loss of
intermolecular and protein-solvent hydrogen bondasl aan der Waals contacts. The
formation of above mentioned interactions, as veallthe formation of salt-bridges and
solvent-solvent interactions at the surface ofggheein molecule contributes to the binding
enthalpy of the reaction (Dill, 1990). On the othemnd, contributions to th&G by the
entropic term arise from a combination of factorsluding the entropy contribution due to
changes in conformational degrees of freedom ofptblgpeptide backbone as well as the
amino acid side-chail\&.,n¢) and the reorganisation of solvent molecules dubé burial of
hydrophobic groupsASson) (Murphy, 1999). Conformational entropy¥&on) is lost upon the
folding of the linear polypeptide chain to a mommpact 3-D structure, resulting in an
unfavourable contribution to the folding procesawséver, this is compensated for by the
formation of intramolecular and intermolecular naigtions as the native state is acquired,
resulting in the stabilisation of the native st@dl, 1990).

The forces responsible for protein stability are #ame as those responsible for protein
folding since along the folding pathway and asdamia the polypeptide chain gains stability
(Jaenicke, 1999). Globular proteins have been te@oto exhibit marginal stabilities
equivalent to a few intermolecular interactionsli(i990; Jaenicke, 1991). On average, the
values for the Gibbs free energy of stabilisatibsroall proteins are reported to lie anywhere
between 5 and 15 kcal.mo(Pace, 1990), and the strength of a single hydrdgmnd is
reported to range from 2 to 14 kcal.Modepending on the geometry of the interaction
(Hagleret al, 1979; Dauber and Hagler, 1980; Privalov and Maktize, 1993).

1.4. Protein Folding Models

Dimeric proteins have been shown to be signifigantiore stable than their monomeric
counterparts with stabilities ranging from 10-2alkaol as compared to 5-15 kcal/mol (Neet
and Timm, 1994; Rumfeldét al, 2008). The additional stability is suggestedtize from



the subunit-subunit interactions contributing aness of 65% of the dimeric protein stability
(Neet and Timm, 1994). Dimeric proteins can fold wany different mechanisms ranging
from the simplest mechanism of a two-state tramsitinvolving only the native dimer ¢N
and unfolded monomers (U), to also forming a numifemonomeric (M) or even dimeric
intermediates ¢) (see Figure 1-1, scheme 1-3). However, the mostntonly observed
mechanisms are the two-state and the three-stétenvanomeric and dimeric intermediates.
Equilibrium chemical (e.g. urea or guanidinium cfde) denaturation and renaturation
curves combined with measurements of the unfolding refolding kinetics are commonly
used in analysing the stability and folding mechkars of proteins (Fersht, 1999). In addition
to the Gibbs free energ\AG) for the structural transitions (i.e. folded, imediate, and
unfolded), the measured experimental quantities aiclude the denaturant dependence of
AG (mvalue),a value which is proportional to the chaimggolvent accessible surface area
for the AASA) for the structural transition (Myeet al,1995). For the experimental results
to be valid, it is important that protein folding lveversible, that equilibrium is reached
before denaturation and renaturation curve measntnare taken, and that these curves are

analysed using the appropriate model.

1.4.1. Two-state folding mechanism.
The two-state transition is the simplest for a dimerotein (see Figure 1-1, scheme 1).
Correspondence between th& and them-value obtained from the kinetic and equilibrium
data is a key test for two-state behaviour. Dimeriateins that exhibit two-state behaviour
often fold with three or more state kinetics, wlaeréhose that exhibit three-state equilibria
have all been found to fold with at least threaeskanetics. The equilibrium unfolding curves
of all dimeric proteins must be dependent on prot@ncentration as long as there is a
change in molecularity upon unfolding of the natistate (Ragone, 2000). Monomeric
proteins that unfold via a two-state mechanismlakymmetrical denaturisation curves that
are independent of protein concentration, in catrior dimeric proteins the transition is
slightly asymmetric, being skewed toward the lowenaturant concentration. For dimeric
proteins, the denaturation curve shape remains amggdd with increasing protein
concentration, however, as a result of mass actimmmid-point shifts to higher denaturant
concentration. This occurs because at a given derdt concentration, as protein
concentration increases, the ratio of dimer to laief monomer will increase so as to satisfy

the equilibrium constant. In contrast, for monomgnioteins, the ratio of folded to unfolded
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Figure 1-1: Commonly observed folding pathways fodimeric proteins.

Scheme 1 represents a simple two-state transitiora fdimeric protein. Schemes 2 and 3
represent a three-state transition with the foromatof monomeric intermediates and
formation of a dimeric intermediate, respectivéNy.is the native dimer; M is the monomeric
intermediate; 4 is the dimeric intermediate and U is the unfoldeonomer. Adapted from
Rumfeldtet al. (2008).

protein is independent on protein concentrationesiine transition does not involve a change

in molecularity. Because there is no simple lineaproportional correspondence between
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the AG values of dimers with those of monomers, one baske caution when comparing
AG values between dimeric and monomeric proteinsk(Bad Marqusee, 2004).

1.4.2. Three-state folding mechanism

The three-state folding mechanism of dimeric pregeinvolves the formation of either a
monomeric or dimeric intermediates (Figure 1-1esob 2 and 3). Generally, the observation
of a bimodal equilibrium curve is an indication tbe population of an intermediate for both
monomeric and dimeric proteins. For dimeric prateime general trend is that a monomeric
intermediate becomes more populated as proteinecdration is decreased whereas when
protein concentration is increased, dimeric intati@ies become more populated (Holert
al., 2002; Mallam and Jackson, 2005; Park and Bedsuk898). It should however be noted
that, depending on the nature of the two transstiéor some protein concentrations only the
native dimer and unfolded monomer will be signifitg populated and as a result
equilibrium transitions will appear to be two-staldwus it is crucial to acquire equilibrium
curves for a range of protein concentrations indbecentration range of th& in order to

better define the mechanism, that is, to maxintieeabserved effect.

1.5. Protein-Protein Recognition Sites

The association of protein subunits plays an ingrdgrrole in stabilising the structure of
oligomeric proteins and generating new functionsding of ligands or regulation. Subunit-
subunit associations that occur as a result ofdireation of the protein quaternary structure
involve specific complementary recognition betweba individual macromolecules. The
native quaternary structure of an oligomeric protés directed by both the spatial
arrangement of the individual subunits as well fas ihteractions between them (Anfinsen
and Scheraga, 1975; Jaenicke, 1984). These asspsiatre thought to be highly specific,
and this specificity is achieved through compleragnsurface shape, hydrophobic patches,
hydrogen bonding and ion pairing. Previous stutiege suggested that, following folding of
the linear amino acid sequence, there must becuempathway of association for oligomeric
proteins (Jaenicke and Rudolph, 1986). This idemstfrom the existence of well-populated
folded protein intermediates capable of ‘subunitogmition’ within the mechanism of

quaternary structure formation (Jaenicke and Ruddlp86; Jaenicke, 1987).



Protein-protein interactions determine a wide raofjprotein structures and functions, and
thus understanding these interactions is of fundaahémportance to molecular biology. In
nature, many proteins exist as oligomers due toassociation of protein subunits. The
existence of oligomeric proteins is beneficiarycsint introduces reduced solvent exposed
surface areas, increased stability of individuddusit's tertiary structure, and novel function
formation at the interface (Larsem al, 1998). Interactions governing these subunit-sitbun
associations are highly specific and display gooelongetric and physicochemical
complementarity at the interacting surfaces. Gedometomplementarity refers to the
geometric interlocking, charge reciprocation, amdir® acid side chain packing at the
interface (Jones and Thornton, 1996), whereas pbglsemical complementarity is
concerned with the amino acid composition of therfiace (Janiret al, 1988), electrostatics
(Sheinermaret al, 2000) and hydrophobicity (Tsat al, 1997; Tsai and Nussinov, 1997).
Having said this, it should be clear that in order us to fully comprehend molecular
complementarity, the physicochemical propertieghefprotein interfaces must be understood

in great detail.

1.5.1. Molecular Complementarity
Proteins interact through their surfaces, thusoines as no surprise that the analysis of
protein-protein interactions usually focuses ontgirosurfaces. Molecular complementarity
refers to the geometric interlocking, charge remgation, and amino acid side chain packing
at the subunit-subunit interface (Jones and Tharrt®96). Subunit-subunit interfaces vary
in topology, ranging from those which are relatw#at to those with a range of convoluted
protein interface surfaces. Furthermore, highly plex subunit-subunit interfaces exist
which may contain extended arms, deep cavitiesnospme cases, loops which completely
surround the neighbouring subunits (Chothia andnJd®75; Duquerroyet al, 1991). The
subunit-subunit interface surface is significardifferent from both the solvent accessible
surface and protein core in that it is more hydaipb compared to the protein surface and
less hydrophobic than the core (Jones and Thoridi@®6). Although exceptions exist that
demonstrate no hydrophobic interactions occur at itlterface (Tsaet al, 1997), the
hydrophobic effect is considered to be the printhiying force in the stabilization of protein
association. In many oligomeric proteins, the iisess have been found to be composed of
inter-dispersed hydrophobic patches with intersitbioydrogen bonds and water molecules

along the entire interface (Larsenal, 1998). Furthermore, the stabilisation of the rifatee



itself is brought about by the interactions witttiese hydrophobic patches (hydrophobic and
van der Waals) (Chothia and Janin, 1975; Argos8198ninet al, 1988; Janin and Chothia,
1990; Jones and Thornton, 1995; Jones and Thorh8896).

During the association event of two or more proteufunits, complementary molecular
surfaces significantly reduce their solvent exposedace area, and by so doing, gain
stability for complex formation from intramoleculaydrophobic effects (Meyaat al, 1996).
This determines the appropriate positioning andndation of the individual subunits for the
formation of complementary hydrogen bonds and o#lectrostatic and van der Waals
interactions, with minimum steric hindrance (Megeral, 1996). Although the hydrophobic
effect is considered to be the primary driving &ofor the association of individual subunits,
the specificity of the association is in fact brbugbout by the hydrogen bonds and the
electrostatic interactions (Fersht, 1984). Theifgdf the polypeptide chain itself tends to
reduce the surface of the polypeptide chain in adntvith the solvent, thus replacing
solvent-protein interactions with solvent-solventeractions that are thermodynamically
favourable, and this forms the structural basithefhydrophobic effect (Janin &l., 1988).

1.5.2. Interface physical and chemical properties

The ability to predict the preferred manner by viahjrotein subunits associate with one
another is of great interest in molecular biologhrlich et al, 1998; Galletet al, 2000;
Fariselliet al, 2002; Lichtarge and Sowa; 2002; Jaatnal, 2003; Ofran and Rost, 2003;)
since many biological processes are regulated dyatmation of protein-protein complexes
(Klenthouset al, 2000). Quite a significant number of proteirusture studies performed in
the past have addressed protein-protein associdtawever, the principles governing these
interactions are yet to be fully understood. Fatance, although we now recognise protein-
protein binding sites to be mainly hydrophobic,ngla globular, protruding (Chothia and
Janin, 1975; Argos, 1988; Jones and Thornton, 1@@i6) composed of relatively large
surfaces with good geometric and electrostatic dementarity (Jones and Thornton, 1996;
Janin, 1995; Janin, 1997), no general patternslaserved amongst different protein-protein
complexes. Thus, a lot of consideration needs tdaken on the physical and chemical
properties of protein interfaces, including the monacid composition of the interface (Janin
et al, 1988), electrostatic interactions at the intexfg€heinermaret al, 2000), and its
hydrophobicity (Tsaiet al, 1997; Tsai and Nussinov, 1997) in order to fullyderstand



molecular complementarity, and thus enhance ouenstahding of the protein’s biological

function.

1.5.2.1. Amino acid composition

Protein-protein interfaces display distinctive amacid composition compared to the protein
surface and core. The energetic contributions @iidual amino acid side chains on protein-
protein association, has been explored throughutee of alanine scanning mutagenesis.
Using this technique, previous studies have shdwahgingle residues can contribute a large
fraction of the binding free energy. Previous stsdhave indicated that the binding free
energies are not distributed uniformly across there interface; rather, there are certain
critical residues, referred to as “hot spots”, whaontribute the most to the free energy of
binding (Cunningham and Wells, 1991; Clackson arell§y/1995; Bogan and Thorn, 1998).
Just over a decade ago, a dataset a of proteirfaic¢éealanine mutants was compiled by
Bogan and Thorn (1998). They then referred to thesedues for which the change in
binding free energy upon mutation to an alanineegése to a distinct increase in the absolute
binding free energy of more than 2 kcal/mol as “ots”. Hot spots are not homogeneously
distributed in the interface, rather, they form ooe more densely packed clusters of
networked hot spots (Keskiet al, 2005). Although protein interfaces are predomilyan
hydrophobic, specific conserved polar residuepatisic locations serve as energy hot spots,
furthermore, Keskiret al. (2005) have shown good correlation to exist betwémt spots”
and structurally conserved residues. It should hvewée noted that, the proportion of polar
and non-polar residues at these interfaces vaniesiderably (Janiet al, 1988). It has been
found that approximately 33 % of the interface aB8% of the protein buried surface area
and 13 % of the protein accessible surface aresistoof the non-polar residues isoleucine,

leucine, phenylalanine, valine, cysteine and meihie.

1.5.2.2. Electrostatic complementarity
Together with geometric complementarity, electridstanteractions (more specifically, salt
bridges as well as hydrogen bonds) at protein fextes play a crucial role in generating
unique structures and conferring conformationatcBp&y (Fersht, 1984). The contribution
of electrostatic interactions to protein structoray be attractive or repulsive, thus they can
either stabilise or destabilise protein-proteirerattions. The stabilizing effects arise due to

the formation of ion pairs (or salt-bridges) betwéwo oppositely charged groups within 4 A



of each other (Barlow and Thornton, 1983), whils testabilising effects arise from the
repulsion between similar charged groups. In pnsteielectrostatic interactions are
characterised by interaction between ionisable aragid residues such as histidine, arginine,
lysine aspartic and glutamic acid, as well as themhinal amide and C-terminal carboxyl
group. Electrostatic interactions may occur betwmsidues that are far from one another
along the polypeptide chain, there by contributinghe tertiary conformation. In addition,
these interactions may also occur between resiolugo polypeptide chains (i.e. subunits),
usually through charge clusters, thus contributinthe protein’s quaternary conformation. A
charge cluster refers to the distribution of chdrgenino acid residues within a protein with
high charge concentration (or density) relativehi rest of the protein’s charge distribution
(Zhu and Karlin, 1996). Graph-spectral analysis ladlswed for the identification of
important charge cluster residues in protein disaion (Brindaet al, 2002). Such clusters
are generally found near the centre of the proteiarface, serving to stabilise protein
conformation and playing an important role in ps®s such as protein transport,

localisation and regulation.

1.5.2.3. Hydrophobic effect

The hydrophobic effect is the primary driving fortethe stabilisation of protein-protein
associations (as well as protein folding), andesrisom the absence of hydrogen bonding
between water and non-polar groups rather thanptesence of favourable interactions
between the non-polar groups themselves (Dill, 19%8e importance of the hydrophobic
effect on protein structure was first identified i859 by Kauzmann, who proposed that in
aqueous environment, proteins tend to bury the pwdar amino acid residues, while
orienting those with polar or charged side chamsnteract with the solvent molecules
(Kauzmann, 1959). Since the transfer of non-polategules to an aqueous environment
disrupts the hydrogen bonding pattern of water tthesfer of non-polar amino acid residues
from a non-polar environment into a polar environirie energetically costly, thus the burial
of these residues via the association of proteinusits (or in the folding reaction) is
energetically favourable (Dill, 1990). Although tbentribution of the hydrophobic effect has
been found not to be strong for protein associat@sit is for protein folding process (Dill,
1990; Tsai and Nussiv, 1997), previous studies hdeetified the subunit interfaces of
homodimers to be hydrophobic and to contain twite liuried surface area as compared to
other protein complexes (Bahadairal, 2003)
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1.6. Glutathione Transferases

The detoxification enzyme system consists of thregor groups of enzymes which are
responsible for the elimination of foreign, cytoimand genotoxic compounds (Jacoby and
Ziegler, 1990). Enzymes that fall under the firstup are known as Phase | enzymes, and
these enzymes form reactive functional groups withe foreign compound. In some cases
the addition of a functional group to the foreigmmpound results in a compound that is more
reactive than the parent compound, and thus maie. tBhase Il enzymes (those belonging
to the second group) are able to deactivate theaetive species by adding hydrophilic
moieties to them, resulting into a more hydrophitiempound which can thereafter be

eliminated via phase Il pathways (Det al, 1994).

Glutathione transferases (GSTs, EC 2.5.1.18) arenbees of a super-gene family of
multifunctional proteins that are grouped into vas species-independent gene classes (Dirr
et al., 1994; Armstrong, 1997) and form a key componenthef Phase Il detoxification
enzyme system (for a review see Hagésl, 2005). GSTs specifically function to protect
cellular macromolecules, such as proteins and mueleds (RNA and DNA), from being
attacked by a wide variety of reactive electrophéindogenous and exogenous compounds by
catalyzing the nucleophilic addition of the thiotogp of reduced glutathione (GShks
glutamyl-cysteinyl-glycine) to their electrophilimenters (Armstrong, 1991; Rushmore and
Pickett, 1993). Furthermore, in addition to thidatgic function, GSTs have also been
reported to play a role in the regulation of sigjnglpathways via protein-protein interactions
(for a review see Sheeha al, 2001). These enzymes are divided into 2 distauger-
family members, namely the membrane bound micros@md cytosolic family members
(Hayes and Strange, 2000; Jakobssbal, 1994). The cytosolic GSTs exist as stable homo-
or heterodiners with a conserved archetypical (Didr et al, 1994; Wilce and Parker, 1994;
Armstrong, 1997), and dimerisation is reported ¢chighly specific occurring only between
subunits within the same gene class. Cytosolic GB&<lassified into at least sixteen gene
classes with subunit lengths ranging between 189244 amino acids (Sheehanal, 2001,
Hayeset al, 2005). Eight of these sixteen Cytosolic GST s#gsare mammalian, including
classes Alpha (A), Mu (M), Pi (P), Sigma (S), Th€ia Omega (O), Kappa (K) and Zeta (2)
(Mannervik, 1985; Buetler and Eaton, 1992; Boetrdl, 1997; Boarcet al, 2000; Pemblet

al., 1996). Human and rodent cytosolic GSTs are repaitd share more than 40% identity
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for isoenzymes within the same gene class, and tlems 25% identity for isoenzymes
between classes (Sheelaral, 2001; Hayegt al, 2005)

1.7. Three Dimension Structure of Class Mu GST M1-1

Cytosolic class Mu GST M1-1 has been crystallize&adomodimer with a molecular mass
of 51 500 Da (Jet al, 1992). Each subunit consists of 217 amino adids fold into two
structural domains with no disulfide bonds élial, 1992) (Figure 1-2). The N-terminal
domain (also referred to as domain 1) is made up@itlue 1-81 in class Mu GST M1-1 and
adopts a thioredoxin fold (Diet al, 1994; Wilce and Parker, 1994, Martin, 1995),sisting

of four B-sheets with three flanking-helices (Figure 1-2). The fold consists of an Nrti@al
Bap and a C-terminapPo arrangement linked by am-helix (a-2) resulting in an overall
Bapappa motif (Dirr et al, 1994; Wilce and Parker, 1994). The fokisheets are reported to
be in the same plane, witlthelix 2 positioned above this plane facing theveot and the
other two helicesof1 anda-3) being below th@-sheet plane (Sheehanal, 2001). The N-
terminal domain has been found to provide mostef&SH binding site and to be highly
conserved through GST classes. The largen-hélical, C-terminal domain (domain 2) runs
from residue 90-217 and is connected to the N-tesiirdomain by a short linker sequence. In
the case of Mu class, the C-terminal domain comsitba-helices (Jiet al, 1992) (Figure 1-
2).

1.8. Intersubunit Interactions in GSTs

In GSTs, dimerisation is required for the formatmfa fully functional active site, part of
which is located at the dimer interface (Sagédl, 2000; Stenbergt al, 2000; Dirr, 2001).

In addition to maintaining the functional conformoat of the active site, interactions at the
GST dimer interface have also been reported tariboé substantially to the conformational
stability (Acetoet al, 1992; Erhardt and Dirr, 1995; Kaplahal, 1997; Stevenst al, 1998;
Wallace et al, 1998; Hornbyet al, 2000) and the dynamics (Codreaeu al, 2005;
Thompsonet al, 2006) of the individual subunits, as well as tteoperative behaviour
between the two subunits (Caccuet al, 1999; Wongsantichon and Ketterman, 2006;
Fabriniet al, 2009).

Dimeric protein often tend to use large hydrophadoicino acid residues such as Phe, Trp,

and Tyr, which protrude from one subunit and anchiar the other subunit to physically join
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Figure 1-2: Three dimensional structure ribbon representation ® homodimeric rGST
M1-1 viewed down its two fold axis.

The N-terminal domain is represented in orangeleathie C-terminal domain is in red. Phe-
56 (blue) is located on the N-terminal domain aot$ as the key of the hydrophobic lock-
and-key motif, whereas Arg-81 (green) is involvedtihe mixed charge cluster, where it
forms salt bridges with Glu-90 (purple) and Asp{@itquoise) of the adjacent subunit. This
figure was generated using PyM&Lv0.99 (DeLano Scientific, 2006) (PDB code 6gst).
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the two subunits together (Jones and Thornton, J19B5e investigation of the structural
features at the subunit interface of various GSiiegelasses has revealed the existence of
two major types of interfaces; namely, the reld$ivitat and hydrophilic Sigma/Theta type
with an extensive network of polar interactions émel Alpha/Mu/Pi/Sj26GST type which is
characterised by a curved topography with a hydsbhlock and key motif and a few polar
interactions (Armstrong, 1997). Examination of rG®8T-1 as a representative for the curved
interface group has revealed the existence of aopyabic lock-and key interaction motif at
either end of the subunit interface while more palantacts are located at the dimer’s two-
fold axis (Jiet al, 1992).

Two groups of interactions form the core of theeifdce contacts in class Mu GST M1-1
(Thompsoret al, 2006). The first is the hydrophobic contact betwéhe subunits formed by
the insertion of the phenyl ring of Phe-56 protngdifrom the N-terminal domain of one
subunit into a hydrophobic pocket createdoblyelix 4 anda-helix 5 within the C-terminal
domain of the other subunit (Hornky al, 2002). The second is a mixed-charge electrostatic
cluster betwee-4/a-3 of the N-terminal domain andé4 of the C-terminal domain. In this
electrostatic interaction cluster, Arg-81, foundhin the N-terminal domain of one subunit,
forms salt bridges with Glu-90 and Asp-97 in thde@ninal domain of the other subunit
(Figure 1-2) (Zhu and Karlin, 1996; Lt al, 2002)

In an earlier study, the construction of a stabtmameric form of class Pi GST was archived
by introducing a total of ten specific mutationstire hydrophobic region of the subunit
interface (Abdalleet al, 2002), however, since drastic changes had beele noathe native
proteins amino acid sequence, this monomer had itestatalytic activity. Individual
disruption of both of the above mentioned dimereiiface interaction motifs (i.e. the
hydrophobic lock-and-key motif and the mixed chargaster), as well as combined
mutations, has been reported to result in a shifthie equilibrium from dimer towards
monomer (Varget al, 2004). In order to gain insight on the nature ar@thanics of subunit
recognition in GST isoenzymes, Thompseinal. (2006) disrupted both subunit interface
motifs in rGST M1-1 by using PCR based site-spedaifutagenesis to mutate Phe-56 to Ser
and Arg-81 to Ala which resulted in a stable GST idnomer. During the same period that
this study was conducted, Hearne and Colman (286B6)ved that a monomeric form of

rGST M1-1 can also be constructed by disrupting/ dhe interactions in the electrostatic
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region of the dimer interface. In addition, a moroim form of class Pi GST has also been
constructed in a similar fashion (Huagigal, 2008).

1.9. Stability and Folding of GSTs

Dimer interfaces can have a profound effect on stebility as well as the unfolding
mechanisim of a protein (Rumfedit al, 2008; Haret al, 2008). GSTs are obligate dimeric
proteins, with a complex canonical structure whaseembly involves interactions at the
domain interface and at the subunit interface. Thusomes as no surprise that the
dependence of the subunit stability on the quatgrimteractions is of interest to molecular
biologists. Previous studies have suggested thetdomain interactions make a significant
contribution to the stability of the individual uiits that make up the GST dimer (Leioal,
2002). Furthermore, unfolding studies on dimericT&&nd monomeric GST-like proteins
indicate that GST domains do not unfold indepenrgeaitone another, rather, they do so as a
single coopetative unit (Erhardt and Dirr, 1995;pk&am et al., 1997; Steveret al, 1998;
Wallace et al., 1998; Hornbgt al, 2000; Fanucchet al, 2008; Gildenhuyst al, 2008;
Fabriniet al, 2009).

Equilibrium unfolding studies of GST Al1-1 (Wallaegal., 1998), P1-1 (Dirr and Reinemer,
1991; Erhardt and Dirr, 1995) and Sj26GST (Kaplamle 1997) indicate a tight coupling
between association/dissociation and unfoldingldéfg, following a cooperative two-state
unfolding pathway. On the other hand, classes MurribBly et al, 2000) and Sigma (Stevens
et al, 1998) have been shown to display a multistatevpay, with stable monomeric or even

dimeric folding intermediates.

For only a few oligomeric (Milla and Sauer, 1994{t@man and Matthews, 1990; Liang and
Terwilliger, 1991) and many monomeric proteins (Kend Baldwin, 1990), unfolding
kinetics have been shown to be monophasic, agreeitig the “all-or-none” unfolding
mechanism for a homogeneous population of protdowever, the unfolding kinetics of
hGST A1l1-1 reveal that this enzyme unfolds via ahagic mechanism, with a fast and a
slower unfolding process (Wallagt al, 1998). In this study, hGST Al-1 was proposed to
unfold via the following model:

No > No >2Ua 2)
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where N represents the folded dim8l; represents the native-like dimeric intermediatel a
Ua is the unfolded state of hGST Al-1. It has beelwreg that for hGST Al-1, no change is
observed in the rate limiting step, and therefbeefast unfolding process represents a partial
dissociation of the two domains and not the fororatf the structured intermediate (Wallace
et al, 1998). Unlike GST M1-1, disruption of the lockehkey motif in class Alpha GST Al-

1 does not result in a stable monomer.

In class Mu GST M1-1, Tyr-6 is one of the aminodaasidues found at the enzyme active
site and is crucial for efficient catalysis. Regduhat make up the 56-loop (the loop where
Phe-56 is located) are in contact with this Tyrides (Jiet al, 1992). Backbone amide
hydrogen-deuterium (H/D) exchange experiments Ishesvn the 56-loop of the F56S/R81A
mutant to display similar H/D exchange behaviour ths dimeric wild-type enzyme,
however, native-like activity is not archived inetmonomeric mutant (Thompsaat al,
2006). These findings suggest that the dimer iaterfinteractions help in enforcing proper
conformation of the 56-loop that is vital for GSHhdhing and efficient catalysis, and thus the
disruption of the 56-loop is most probably the mesason for the low catalytic activity
observed for the monomeric form of GST M1-1 (Thoompst al, 2006)

In another study by Hearne and Colman (2006), & Weaund that the monomeric form of
rGST M1-1 can also be attained by a single mutatidhe electrostatic region of the subunit
interface. In solution, GST M1-1 is at equilibriubetween the monomeric and dimeric
species, and the extent of either one of theseiespéx dependent on a number of factors
including enzyme concentration, conditions of thezyene solution as well as the
introduction of a mutation at the subunit interfatae mutation of Asp-97, which forms a
salt bridge with Arg-81 of the adjacent subunitZnd Karlin, 1996), to Lys results in a
monomer which, like the F56S/R81A double mutanhileixs decreased activity (Hearne and
Colman, 2006). However, under the conditions statetheir study, Hearne and Colman
(2006) found that the D97K mutant is almost asvactis the native GST M1-1, which
suggests that the decreased activity of the moriorfam of class Mu GST is attributed to
intrasubunit changes rather than the generatioth@fmonomeric species via the loss of

intersubunit interactions (Hearne and Colman, 2006)

More recently, a similar study to the one descriabdve was performed on human class Pi
GST (Huanget al, 2008). In this study, elimination of the chargésArg-70, Arg-74, Asp-
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90, and Asp-94 resulted in a decrease in enzynnatgend shifts the equilibrium toward the
monomer. Since class Pi GST has been shown tanrstdistantial catalytic activity as a
monomer (Ralaét al, 2006; Ralakt al, 2008), the observed loss in activity cannot sympl
be due to the dissociation of the dimer (Huastgal, 2008). In contrast to the above
mentioned mutations, mutating Thr-67 results ineamyme similar to the wild-type, which
exists as a monomer-dimer mixture but exhibitsghéi enzymatic activity than the wild-
type. This increased activity is most probably ttméhe proximity of Thr-67 of one subunit
to Asp-94 of the other subunit, which can form login bonds. The replacement of Thr-67
with alanine removes the hydrogen bond and in timereases the flexibility of the
intersubunit cleft, and thus possibly making intéiens within the protein that are more

favourable for catalysis.

Previous studies have suggested that interactibtiseasubunit interface play an important
role in stabilising the subunit tertiary structare GSTs are obligate dimeric proteins (Dirr,
2001), however, the degree of subunit stabilizatieems to be class dependent. There have
been contradicting reports concerning the unfoldongcess of class Pi GST, making it
unclear as to whether this enzyme follows a twtesBirr and Reinemer, 1991; Erhardt and
Dirr, 1996) or three-state unfolding process (Acsttal, 1992). Recently this issue has been
addressed and it has been suggested that clasSTPPG 1 does, in fact, unfold via a three-
state unfolding process where the intermediate $satlimeric and is formed due to a highly
mobilea-helix 2 (Gildenhyset al, 2010).

N2(02),m & Nz(02), < 2U 3)
where N is the native dimer with helix 202) in a folded and mobile conformation

(subscripts f and m, respectively) or unfolded ¢suipt u) and U is the unfolded monomer.
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1.10. Objectives

A number of previous studies have attempted to érperimental conditions that promote
the dissociation of GSTs into single subunits aadstudy the catalytic and structural
properties of the isolated monomers. Analysis efgtructural data, as well as experimental
data, reveals the major interactions across thesdimterface of rGST M1-1 to be the
hydrophobic lock-and-key motif and the mixed chaojester, and previous studies have
shown that the disruption of these motifs resuita stable monomeric species (Thompsbn
al., 2006). Thus, herein rGST M1-1 is used as a mumehvestigate the role played by
subunit-subunit interactions in the stabilisatidntlwe individual subunits in dimeric GST
proteins. Furthermore since dimerisation is regui@ the formation of a fully functional
active site, part of which is located at the dinmerface (Sayeeét al, 2000; Stenbergt al,
2000; Dirr, 2001), the enzymatic activity of theiaat protein is also compared to that of the
wild-type enzyme to assess the catalytic functibnadf the subunit in the absence of

guaternary interactions.
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CHAPTER 2
EXPERIMENTAL PROCEDURES

2.1. Materials

The wild-type rGST M1-1 expression plasmid was Kinatovided by Prof. R. N. Armstrong
(Vanderbilt University School of Medicine, Nasheill Tennessee). The F56S/R81A rGST
M1 expression plasmid was designed by switchingGC (R) codon to GCC (A) in the
F56S rGST M1 expression plasmid (kindly providedOoy J. A. T. Hornby , University of
the Witwatersrand, Johannesburg) by John Walterstgid Structure-Function Research
Unit, University of the Witwatersrand, Johanneshuf§hompsonet al, 2006). Ingaba
Biotech (Pretoria, South Africa) conducted all ssuging to confirm the identity of the
plasmids. DTT (dithiothreitol), IPTG (isopropgtD-thiogalactopyranoside) and SDS-PAGE
(sodium dodecyl sulphate polyacrylamide gel elgatiovesis) molecular weight marker
(SM0431) were purchased from Fermentas Life SceiigeLeon-Rot, Germany). ANS (8-
Anilino-1-naphthalenesulfonic acid) and GSH (redliteglutathione) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ultrapure (99¢) urea was purchased from Merck
chemicals (Darmstadt, Germany). All other reagarded were of analytical grade. All

solutions were prepared using distilled water alberéd through a 0.4bm pore size filter.

2.2. Sequencing of the Mutant and Wild-type Plasmids

Samples of each of the purified wild-type rGST MB&id the F56S/R81A double mutant
pPET-20b(+) plasmids ware submitted to Ingaba Bio{€etoria, South Africa) for
sequencing. The mutant pET-20b(+) cDNA open readiiame (ORF) which encodes the
F56S/R81A rGST M1 protein, was sequenced to contirenpresence of the desired TPC
GTC and CG& GCC mutations and to confirm the absence of angratindom mutations.
In a similar manner, the wild-type pET-20b(+) cDNpen reading frame, encoding the wild-
type rGST M1-1 protein, was sequenced to confirmxgaquence of the wild-type enzyme.
The nucleotide sequences were sequenced using mtetdmiques in accordance with the
DNA sequencing technique suggested by Sarggeal. (1977). The primers previously
designed to create the F56S/R81A rGST M1 expregsi@smid by John Walters (Protein
Structure-Function Research Unit, University of tWétwatersrand) had the following

sequences:
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Forward primer:

5" GCTACCTT GCCGCT AAG CAC CACCTG TGT GG &

Reverse primer:

5° CCACA CAG GTG GTG CTTAGC GGC AAG GTAGC 3

The bold codons represent the replacement of ArgA#ii Ala in the F56S/R81A rGST M1
primers. The determined nucleotide sequences wégmed with the known mRNA
nucleotide sequence encodimgjutathione Stransferase M1 using the alignment tool,
BLASTN, in the NCBI BLAST suite of tools (Altschet al,1990).

2.3. Transformation, Overexpression and Purification of rtGST
M1-1 and F56S/R81A rGST ML1.

The plasmids containing the cDNA insert that coftesthe wild-type rGST M1-1 and the
F56S/R81A rGST M1 mutant were used to transfdEmcoli BL21(DE3) pLysS cells
(Lucigen, Middleton, WI, USA) andt. coli T7 Expressiqg competent cells (New England
Bio-labs Inc., Ipswich, MA, USA), respectively. Tkempetent cells were transformed using
a one-step method as described by Chung and coéea(l989). Competent cells were
thawed on ice for 15 minutes before adding 1 puR®hg/uL plasmid DNA. Thereafter, the
reaction mixture was incubated on ice for 30 misuteeat-shocked at 42°C for 45 seconds
(E. coli BL21(DES3) pLysS) and for 10 seconds. (coli T7 Expresdq) on a heating block,
and immediately transferred to an ice bath for Butes. Cells were then grown by adding
900 pL of SOC medium (2% (w/v) tryptone, 0.5% (w§ast extract, 250 mM KCI, 1 M
glucose, 2 M MgQ) to the reaction mixture followed by incubationr fohour at 37°C with
250 rpm agitation. The cells were then plated onid Bertani-agar (LB-agar) plates (1%
(w/v) tryptone, 0.5% (w/v) yeast extract, 1.0% (WNaCl, 1.5% (w/v) agar) containing the
antibiotics ampicillin and chloramphenicol to adirconcentration of 100 pg.rifLand 30
ng.mLY, respectively, and incubated overnight (~16 hoat§7°C.

The transformed expression cells were added to 2médium (1.6% (w/v) tryptone, 1.0%

(w/v) yeast extract, 0.5% (w/v) NaCl) supplementegth the antibiotics at the same final
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concentration as before and grown overnight at 3% 250 rpm agitation. A 100-fold
dilution was then used to inoculate fresh, ste?d¥ T medium supplemented with ampicillin
(100 ug.mL™Y) and chloramphenicol (36g.mL™). The cells were again then grown at 37°C
with shaking at 250 rpm till an OD600 of ~1.0 wasched before adding IPTG to a final
concentration of 0.7 mM (BL21(DE3) pLysS cells) abd mM (T7 Expressq cells) in
order to induce the over-expression of the class@®il proteins. Th&. coli BL21(DE3)
pLysS cells and. coli T7 Expresdq cells were grown for a further 16 hours at 37°@ an

20°C, respectively, with shaking at 250 rpm to aghioptimum protein expression.

Cells were harvested by centrifugation at 65a9fsr 20 minutesk. coliBL21(DE3) pLysS
cells (bearing rGST M1-1) artd. coli T7 Expresdq cells (bearing F56S/R81A mutamg-
suspended in 10 mM Tris-HCI, 1 mM EDTA, 200 mM Na02 % NaN, pH 7.8 and 20
mM MOPS, 1 mM EDTA, 1 mM DTT, 0.02 % NalpH 7.5, respectively. DNase | and
lysozyme (to a final concentration of 10 mg.Mlwere added to the cell suspension and

incubated at 4°C for 20 minutes before the cellseeve®nicated on ice.

Ampicillin resistance is conferred by tH&a gene of the pET-20(+) parental expression
vector and chloramphenicol resistance stems froenptihysS plasmid which encodes the
production an acetyl transferase and lysozyme. 2y®se inhibits T7 RNA polymerase

which keeps the target gene expression suppreseed®IPTG induction.

The lysed cell suspensions were then centrifugebba®00 xg for 20 minutes at 4°C and
samples of whole cell extract, soluble and ins@ubdctions were electrophoresed on 12%
acrylamide SDS-PAGE gels (section 2.5). Purificatmf the wild-type rGST M1-1 was
archived by affinity chromatography as previousksdibed (Hornbyet al. 2000). The
soluble fractions after centrifugation were loadedo anS-hexylglutathione affinity column
pre-equilibrated with 10 mM Tris-HCI, 1 mM EDTA, @GnM NacCl, 0.02 % Nap pH 7.8.
After loading the column, 10 column volumes of diguation buffer were passed through the
column to remove any non-specifically bound prateiBound wild-type rGST M1-1 was
eluted off the column with 50 mM glycine-NaOH buffeH 10 (Camerort al, 1995). The
eluent was collected in 4 mL fractions and the ph$weutralised by adding an equal volume
of Mes-NaOH buffer, pH6.5 to all protein containifngctions.
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The mutant protein was purified by cation exchacly@matography (Thompsat al. 2006).
Protein containing fractions were pooled togethet dialysed against 20 mM MOPS, 1mM
EDTA, 1 mM DTT, 0.02 % Nap pH 6.8 before being loaded onto an SP-Sepharatienc
exchange column pre-equilibrated with the sameébuffhe column was washed with
equilibration buffer until the absorbance of colusinent at 280 nm was zero to ensure that
all weakly interacting, unbound protein had beanesl. Bound F56S/R81A rGST M1 was
eluted off the column with a linear salt gradiedt300 mM NacCl) created by mixing the
equilibration buffer with the elution buffer (20 mMMOPS buffer pH 6.8, containing 300 mM
NacCl).

In all purification experiments, the presence obtpn was detected by measuring the
absorbance of the eluent, at 280 nmgAin real-time, using the onboard spectrophotometer
on the AKTAprime automated chromatographic systeoupted to a computer with

PrimeView 1.0 software (GE Healthcare Life Sciend¢éspsala, Sweden).

Purified wild-type rGST M1-1 and F56S/R81A mutan¢rey dialysed against three (2 L)
changes of protein storage buffer (20 mM sodiumsphate, 100 mM NaCl, 0.02% NgN

pH 6.5 for the wild-type protein; and 20 mM sodipimosphate, 1 mM DTT, 100 mM NacCl,
0.02% NaN, pH 6.5 for the mutant), lasting 3 hours eachgrafthich it was snap frozen
using liquid nitrogen and stored at -80°C. Unlesewise stated, all experiments for wild-

type and mutant class Mu GST proteins were conduntéhe corresponding storage buffer.

2.4. Protein Concentration Determination

The protein concentration for both protein formse.(iwild-type rGST M1-1 and the
F56S/R81A variant) was calculated spectrophotowedlyi using the Beer-Lambert law:

A =¢gCl 4
where A is the absorbance, is the molar extinction coefficient (%¢m') at a given
wavelength X, which in the case of protein detection is at 28@), C is the molar
concentration antis the path length (cm).

A molar extinction coefficient of 40 060 fcm™ (Thompsonet al, 2006) was used to

calculate the concentration of the F56S/R81A mutant for the wild-type protein, the
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molar extinction coefficient at 280 nm was estindabsing the method described by Perkins
(1986):

e(M™'cm™) = 5 500ETrp residues) + 1 348yr residues) + 150Cys residues) (5)

where the values 5 500, 1 340 and 150 are the mialeextinction coefficients at 280 nm
(M™cm™) of individual tryptophan, tyrosine and cysteimespectively. Using this method,
the extinction coefficient of the wild-type rGST MLlis calculated to be 81 480 Mm*
(Hornbyet al, 2000)

The absorbance at 280 nm was measured for a gefikited solution of each class mu
rGST form and the concentrations were determinefitiiyg a linear regression to 10 points
from a serial dilution. All absorbance readings evéauffer corrected for by subtracting
appropriate buffer reading used for the conceminatietermination. Substitution of the
corrected absorbance, the extinction coefficien the pathlength (1 cm) into the Beer-

Lambert law (see above) yields the molar concantrigiM) of soluble protein.

2.5. Sodium Dodecyl Sulphate Polyacrylamide Gel
Electrophoresis

Protein size, solubility, and purity was assess#dgudiscontinuous SDS-PAGE according to
the method described by Laemmli (1970). Proteinaswere prepared at a 1:1 dilution
with loading buffer (0.5 mM Tris-HCI, 20% (v/v) gterol, 10% (w/v) SDS, 100 mM-
mercaptoethanol, 0.05 % bromophenol blue, pH 6:8) iacubated at 98C for 5 minutes
before loading onto gel to ensure complete den@bual he separating gel consisted of 15%
(w/v) acrylamide: 0.4% bisacrylamide and the stagkyel consisted 5% acrylamide: 0.1%
bisacrylamide. The protein samples (15 pL) weraldohonto the SDS-PAGE wells and
electrophoresed at 140 V on a Hoefer MiniVE elgataresis system (Holliston, MA, USA).
The electrophoresis buffer used contained 25 mM, 92 mM glycine and 1% (w/v) SDS,
pH 8.5. The molecular weight marker used compa@setxture of seven proteins, namely,
B-galactosidase (116.0 kDa), bovine serum albumih0(&kDa), ovalbumin (45.0 kDa),
lactate dehydrogenase (35 kDa), restriction endease Bsp98I (25.0 kDaj;lactoglobulin
(18.8 kDa) and lysozyme (14.4 kDa). The gels wdrned for 2 hours in 2% (w/v)
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Coomassie Blue R250 staining solution containingb%3 (v/v) glacial acetic acid and
18.75% (v/v) ethanol and destained with 40% (vilhpaol and 10% (v/v) glacial acetic acid

until the background was clear (overnight).

2.6. Size Exclusion High-Performance Liquid Chromatogragy

The hydrodynamic volume and oligomeric state ofuweatvild-type rGST M1-1, and native
F56S/R81A rGST M1, were determined using size esxaiu high-performance liquid
chromatography (SE-HPLC) in order to check whethermutation resulted in a protein of
lower molecular mass. Protein forms were loadedthi® column at a final protein
concentration of 20 uM F56S/R81A mutant and 10 pBST M1-1 (to achieve equal
monomer concentrations). Protein samples were exzkat a wavelength of 295 nm and
elution from the column was monitored by followitige fluorescence emission at 340 nm.
All samples loaded had a final volume of AQ A standard curve was constructed using the
proteins thyroglobulin (from bovine; 670 kDay-globulin (from bovine; 158 kDa),
ovalbumin (from chicken; 44 kDa) and myoglobin (frohorse; 17 kDa) for column

calibration.

2.7. Enzyme Specific Activity

GSTs can catalyse the nucleophilic aromatic suhsiit reaction of CDNB and GSH,
resulting in the formation of 1(glutathionyl)-2,4-dintrobenzene, a compound which
absorbs light maximally at 340 nm (Hal@gal, 1974; Habig and Jakoby, 1981). Thus, this
reaction was used to determine the specific agtofithe two class Mu GST forms.

Triplicate sample solutions of 1-7 nM  wild-type $& M1-1 protein and 25-800 nM
F56S/R81A mutant were prepared in 0.1 M sodium phate, 1 mM EDTA, pH 6.5 (Habig
and Jakoby, 1981). Enzyme activity was measuredtisgghotometrically at 20C using a
Jasco V-630 UV/Vis spectrophotometer by monitotimg formation ofS-2,4-dinitrophenyl
glutathione at 340 nm (Habig and Jakoby, 1981). @8Zyme was added to a 3 ml final
volume solution with a final concentration of 1 m&SH and 1mM CDNB (dissolved in
ethanol). The ethanol concentration was held canstia3% (v/v) in all reactions. The change
in concentration of the 1S{glutathionyl) protein concentrations in the assay were chosen

to ensure linear progress curves and the reactamnfallowed for 60 seconds. All reactions
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were corrected for the non-enzymatic controls. 3pecific activity of the enzyme was then
calculated using an extinction coefficient of 9 600*.cm' for S2,4-dinitrophenyl
glutathione (Habiget al, 1974). The specific activity:mol. min’.mg") was determined by
linear regression as the slope of a plot betweenirhial velocity of complex formation

(umol.mirt®) versus protein amount (mg).

2.8. Spectroscopic Studies

2.8.1. Far-UV circular dichroism (CD)

Circular dichroism (CD) is a spectroscopic techeiduased on the principle that, optically
active molecules interact differently with rightadaleft-handed polarised light. Like a vast
majority of biological molecules (including protsin circularly polarised light is chiral, that

is, it exists in two non-superimposable forms whete mirror images of one another
(Woody, 1995). Proteins have a number of opticadiiive groups including the aromatic side
chains, the polypeptide backbone and disulphidaggavhich have characteristic absorption
bands at specific areas in the ultraviolet andblésregion of the electromagnetic spectrum
(Woody, 1995). Disulphide groups and aromatic and@omls have characteristic absorption
bands in the near-UV range (250 - 300 nm). On therochand, far-UV (190-250 nm) CD

spectra of proteins are primarily influenced by #maide interactions in the polypeptide
backbone (Johnson, 1990), with different secondamyctural elements generating distinct
CD spectra. Far-UV CD was thus used in this stodgoimpare the secondary structures of
wild-type rGST M1-1 and the F56S/R81A rGST M1 piase thus giving an indication as to

whether the mutation has any impact on the glaipatsiral integrity of the subunits.

Far-UV CD spectra (180 - 250 nm) were recorded vidd-type rGST M1-1 and the
F56S/R81A mutant protein prepared in 5 uM sodiurasphate buffer, pH 6.5. All far-Uv
CD spectra were recorded on a Jasco J-810 spelatriopeter with Spectra Manager
software v1.5.00 (Jasco Inc., Tokyo, Japan) a€201id each spectrum represent an average
of 10 accumulations, at a scan speed of 200 nnt.rfine bandwidth was set to 1 nm and the
data pitch 0.2 nm using a quartz cuvette with &lpagth of 2 mm. All spectra were buffer
corrected. The spectra were normalised by calogathe mean residue ellipticityd][
deg.cni.dmol™.residué" using the following equation (Woody, 1995):

[6] = 100(S)/C.ml. (6)
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where S denotes the CD signal averaged over 10madations in millidegrees after
subtraction of the solvent baseline, C is the pmotencentration in mM, n is the number of

residues, ant is the path length in cm.

2.8.2. Tryptophan fluorescence

Fluorescence refers to the emission of radiati@rgnfrom a molecule which results from
the return of an unpaired electron from the exciiedhe ground state (Lakowicz, 1999).
There are three naturally occurring fluorophoregiiatein molecules, namely, tryptophan,
tyrosine and phenylalanine residues. The fluoress@mission of phenylalanine residues in
proteins is rarely observed as a result of thiglteshaving a low quantum yield (Lakowicz,
1999). The quantum yield of tryptophan is reportede more than twice that of tyrosine
(Lakowicz, 1999). This is because, in the natiaesbf most proteins, tyrosine emission is
guenched as a result of fluorescence resonancgyettansfer (FRET) to tryptophan nearby
residues, resulting in tryptophan emission being pnedominant contributor of protein

fluorescence.

Since the fluorescence of the indole ring side rtloditryptophan residues is sensitive to their
microenvironment, intrinsic tryptophan fluorescense useful technique of measuring the
local environment of the tryptophan residues ingretein (Lakowicz, 1999). The location of

tryptophan residues with in a protein molecule ptes a useful means of probing for local
or global conformational changes of a protein.hiis study selective tryptophan fluorescence
was used as a probe to compare global structufatehces between wild-type rGST M1-1

and the F56S/R81A rGST M1 mutant.

Protein sample solutions of native and unfolded3(thM urea) 2iM wild-type rGST M1-1
and 4 pM F56S/R81A rGST M1 protein were prepared2d mM sodium phosphate buffer,
pH 6.5, containing 100 mM NaCl and 0.02% Nd&nd 1 mM DTT in the case of the mutant
protein). Different concentrations of the two pintédorms were used to account for the
number of tryptophan residues in the monomeric mtuta those of the dimeric wild-type
protein. Experiments were conducted at 20 °C, widlmples being irradiated with planar
polarised light at the wavelength 295 nm to seletyi excite the tryptophan residues. Both

excitation and emission bandwidth filters were ®ets nm and a quartz cuvette with a

26



pathlength of 1 cm was used in all experiments. iflkensic fluorescence emission was
monitored between 290 and 500 nm using a scan spead100 nm.mifl. The obtained

spectrum for each sample represents an averadeesf scan accumulates per sample. All
contributions to the fluorescence spectra from bbéer solution were accounted for by

subtracting the spectrum collected for the appaterblank buffer solution.

2.8.3. Extrinsic fluorescence spectroscopy — ANS binding

ANS is an anionic dye which can be used as a pi@bthe detection of non-polar surfaces
on proteins, since it binds to hydrophobic patcheproteins (Semisotnoet al, 1991;
Engelhard and Evans, 1995). In an aqueous enveoh®NS fluorescence is quenched by
the solvent molecules, however, when bound to adpjftbbic surface or exposed to a
hydrophobic environment its fluorescence emissi@ximum shifts to a lower wavelength
(blue-shift) and there is an increase in its quarield (Engelhard and Evans, 1995).

A 20 mM ANS stock solution was prepared in F56S/R8forage buffer. The concentration
of ANS was confirmed using the Beer-Lambert lawrbgording the absorbance at 350 nm
and using an extinction coefficient of 5000*Mm™ (Weber and Young, 1964). The ANS
fluorescence spectra, in the absence and preséfgeM rGST M1-1 and 4 uM F56S/R81A
proteins, were recorded at 20°C, buffer correcéed, are an average of three accumulations
at a scan speed of 100 nm.fhirFor the urea induced unfolding studiesuM of the
F56S/R81 mutant was incubated for at least 2 hatrdifferent concentrations of urea (0 - 8
M) to archive equilibrium before the addition of SNto the protein-urea mixture) to a final
concentration of 20QuM. The solution was incubated for at least an htmrachieve
equilibrium. The samples were excited at 390 nm emdssion spectra were recorded from
390 to 600 nm. Spectra were produced from an aeetdgthree accumulations at 300

nm.min* scan speed. The excitation and emission slit widtére at 5 nm.

2.9. Conformational Stability

2.9.1. Recovery of native F56S/R81A

To derive thermodynamic parameters for the proteifolding process, the reversibility of
unfolding needs to be established (Pace, 1986)bksting the extent by which the
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unfolding process is reversible gives an indicataanto whether equilibrium between the
native and the denatured state exists or not.ignstindy, this was achieved by measuring the
recovery of folded F56S/R81A rGST M1 using intrmiyptophan fluorescence as a tertiary
structural probe. F56S/R81A rGST M1 (4 uM) was ladd in the presence of 8 M urea and
allowed to refold by diluting this protein-urea mire 10-folds with protein storage buffer.
The fluorescence spectrum of the resultant solutind of a 0.4 uM F56S/R81A in the

presence of 0.8 M urea was then recorded (Secthg)2

Urea used in all experiments was prepared accotdirgmethod described by Pace (1986)
using F56S/R81A storage buffer as the solvent.olafg preparation, the pH of the urea
stock solution was adjusted to pH 6.5 before fifigrthe solution and having its

concentration (10 M) confirmed through readingtsfrefractive index using an Atago R5000

refractometer (Tokyo, Japan) and using the equédionulated by Pace (1986):
[Urea] = 117.68Y) + 29.7534N)? + 18.56AN)* (7)

where [Urea] is the molar concentration of uread AN is the difference in refractive index

between the buffered urea solution and the butikest.

2.9.2. Urea-induced equilibrium unfolding.

Chemical-induced protein denaturation curves seas/@ convenient method for estimating
the conformational stability of a protein. In theegent study, the effects of the engineered
mutations on the stability of wild-type rGST M1l-ie( the F56S/R81A mutant) were
investigated. Using the chaotropic agent, urea elemical denaturant, the conformational
stability of the F56S/R81A mutant was determinedskeyting up a series of equilibrium
unfolding reactions (0 - 8 M urea). In order to @ante detection of any intermediates in the
unfolding process, it is ideal to use multiple mstio monitor the entire unfolding pathway
of a protein (Neet and Timm, 1994). Far-UV CD (8®tt2.8.1), intrinsic tryptophan
fluorescence (Section 2.8.2) and ANS binding ($ec®.8.3) were used in this study to
assess the unfolding process and subsequentlypttiermational stability of the F56S/R81A
rGST ML1.
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2.10. Data Fitting

When a protein’s unfolding process is reversibld aocurs via a 2-state mechanism, a state
of equilibrium is reached between the folded na{Ng and the unfolded (U) species. Thus,
only the native and the unfolded states are premesignificant concentration levels (Pace,
1986):

N U (8)
Therefore, it follows that for a 2-state unfoldimgchanism:
f+fu=1 (9)

wherefy andfy represent the fraction of the folded native protgpecies and that of the
unfolded species, respectively. The obtained sigtalg any point of the unfolding process
is contributed toward by the signal from the cornion of both species:

y=wf + yufu (10)
wherey is the signal obtained from a specific spectrogcppobe.yy represents thg value
for the native state and can be extrapolated fineal pre-transition region of the unfolding
data, whereagyy represents thg value for the unfolded state and can be extrapdl&om

linear post-transition region of the unfolding dafambining equation (3) and (4) yields:

fu = n - V)N - Yo (11)
The fraction of folded protein species can alsolfi@ined in a similar manner:

fn = @ - yu)/(Yn - yu) (12)
the equilibrium constankg,) for the unfolding process is expressed as:
Thus, if equation (5) and (6) are substituted edaation (7), we get:

Keq= n - Y)/(y - yu) (14)
and; AG = -RT InKgq (15)

where AG is the free energy of unfolding, R is the univérgas constant, and T is
temperature in Kelvin. If it is assumed ti#® has a linear dependence on the concentration
of the denaturant [D] throughout the entire deratticoncentration range, the free energy
difference between the folded and unfolded statethe absence of denaturani3(H,0)),
can be determined (Tanford, 1968). Thus;

AG = AG(H20) - m[D] (16)
where m (mvalue) represents the dependence of free energgeaaturant concentration
which is also an indicator of co-operativity andhdae related to the change in solvent

accessible surface are®ASA).
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The equilibrium unfolding data obtained in thisdstdor the monomeric F56S/R81A mutant
protein were fitted to equation (9) using SigmaPletrsion 11.0. The thermodynamic

parametersAG(H,0) and thanvalue, were subsequently determined.
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CHAPTER 3
RESULTS
3.1. cDNA Sequence Verification.

DNA sequencing results, from Ingaba Biotech (Piai@outh Africa), using the T7 primers

verified both the wild-type rGST M1-1 and the FIB81A mutant cDNA sequence inserts
within the pET-20b(+) plasmid (Figure 3-1). The uksnt rGST M1-1sequence showed
100% identity to wild-type rGST M1-1 sequence. Camigon of the mutant sequence to the
wild-type sequence confirmed that the TTC codonictvitodes for a phenylalanine residue
at position 56 of the amino acid sequence of tHd-type enzyme, to be mutated to TCC
which codes for a serine residue in the mutant esecr Similarly, the CGC codon, which

codes for an arginine residue at position 81 ofwild-type enzyme’s amino acid sequence,

is found to be mutated to GCC, which codes foriann the mutant sequence (Figure 3-1).

3.2. Purification of wild-type rGST M1-1 and F56S/R81A IGST

M1.

The recombinant expression system for wild-type T®&L-1 and the F56S/R81A mutant
comprised E. coli BL21 (DE3) pLysS andE. coli T7 Expressiq Competent cells,
respectively. The expression system for the F56B8AR@utant protein initially contained the
E. coliBL21 (DE3) pLysS system, however, the mutant proteas found not to be soluble
at growth temperatures of 37°C and 20°C, in addlititee mutant protein was found to be
expressed at significantly higher levels in thesy3tem (Figure 3-2), thug, coliT7 Express

Ig Competent cells were used instead.

E. coli T7 Expresdg Competent cells are a derivative of the BL21 (DRBYsS cells.The
difference betweek. coliBL21 (DE3) pLysS and T7 Express cell strains stems from the
location of the T7 RNA polymerase gene. While tHe2B (DE3) pLysS cells carry the T7

RNA polymerase gene on a lysogenic prophage, thexpresdq cells have the gene
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CTGGAC-CCCAATCTGCCCTACTTAATTGATGGATCGCGCAAGAT TACC CAGAGCAATGCCATAATGCGC TaccTTGCCC adanc
240

mmmmMMmmmmmMmmmMmmhMMmMmMMMmm

CTAGAC CCCCAATCTGCCC TACT TAAT TGAT GOGAT CGCGCAAGATTACCCAGAGCALT GC CATAAT GO GC TACCTTGCCGCCAG
160 170 180 1490 200 210 220 230 240

e

Figure 3-1: A portion of the nucleotide sequencinghromatograms for the rGST M1-1 cDNA ORF indicating the codon mutations

rGST MI1-1

F565/RE1A

responsible for the corresponding F56S/R81A rGST ML double mutant protein sequence

Shown here are the nucleic acid sequence of wd-tycST M1-1 and the F56S/R81A sequence. The codb@, (blue box on wild-type
sequence), which codes for Phe at position 56eathino acid sequence was mutated to TCC (blueborutant sequence), which codes for
Ser. Similarly, CGC (red box on wild-type sequenwap mutated to GCC (red box on mutant sequendeg¢hvchanges Arg to Ala at position
8lof the amino acid sequenceThe sequencing results were viewed using the pnogr&inch TV version 1.4.0

(http://www.geospiza.com/FinchTV: Geospiza Inc.).
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Figure 3-2: SDS-PAGE analysis of the F56S/R81A mutaprotein overexpression.

(A) Expression of the F56S/R81A rGST M1 proteinEncoli BL21 (DE3) pLys cells. (B)
Expression of the F56S/R81A rGST M1 proteirkincoli T7 Expressdq competent cells. The
arrow indicates the expected molecular mass ofatfyeet protein.
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inserted into the lac operon of tke colichromosome and is expressed under the control of
the lac promoter. Thus, the T7 Exprelsp cells provided controlled induction of the
polymerase and subsequently, inducible controhefttanscription of genes downstream of

the T7 promoter thereby providing an advantage theBL21 (DE3) pLysS strain.

The appropriat&. coli cell strains were transformed with the pET-20kglelsmid containing
the open reading frame encoding the appropriateeims The purification of recombinant
wild-type rGST M1-1 and the F56S/R81A mutant washamed by S-hexylglutathione
affinity chromatography (Hornbyet al, 2000) and SP-Sepharose cation exchange
chromatography (Thompson et al., 2006), respegtiaid both proteins were found to elute
as single peaks from their respective columns (Ei@43). Protein purity was assessed by
SDS-PAGE (Figure 3-4A). SDS-PAGE analysis shows bwitd-type rGST M1-1 and the
F56S/R81A mutant to migrate as a single band ogéhérigure 3-4A) which corresponds to

an apparent subunit molecular mass of approximatelkDa (Figure 3-4B).

3.3. Protein size determination

SE-HPLC was used to investigate the oligomericestdt wild-type rGST M1-1 and the
F56S/R81A mutant (Figure 3-5). SE-HPLC analysissaded protein samples to have some
contaminants. The F56S/R81A rGST mutant elutioriler¢Figure 3-5B) shows two small
peaks towards the end indicating that the contamtsnare smaller in size than the target
protein, whereas, on the other hand, the elutiafilprof wild-type enzyme (Figure 3-5A)
shows a small peak just before the target proteite eindicating that the contaminant has a
lager molecular mass than target protein. The ampanolecular mass for wild-type rGST
M1-1 and F56S/R81A rGST M1 is calculated from tladilzation curve of low molecular
mass standard proteins (see Section 2.6.) usirgarlimegression analysis. The relative
molecular mass of wild-type rGST M1-1 was estimatede 53 kDa (Figure 3-5C) which
compares well with previously published dataefJal, 1992), and thus confirms the dimeric
status of the wild-type enzyme.

The relative molecular mass of the F56S/R81A rGST-IMmutant was estimated to be

aproximately 24 kDa, almost half that of the estadawild-type enzymes molecular mass.
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These findings suggest that disruption of intersitomotifs in class Mu GST results in a

stable monomeric species.
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Figure 3-3: Elution profiles of wild-type rGST M1-1 and F56S/R81A rGST M1.

(A) Elution profile of wild-type rGST M1-1 purifiedby S-hexylglutathione affinity
chromatography. Bound rGST M1-1 was eluted fromablemn with 50 mM glycine-NaOH
buffer, pH 10. (B) Elution profile of F56S/R81A rGIM1 purified by SP-Sepharose cation
exchange chromatography. Bound F56S/R81A was efubed the column using a 0 - 300
mM NacCl gradient (buffer B, green line).
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Figure 3-4: SDS-PAGE analysis of purified proteins

100

(A) Lane 2 represents the molecular weight mark@igalactosidase (116.0 kDa), bovine
serum albumin (66.0 kDa), ovalbumin (45.0 kDa),tdse dehydrogenase (35.0 kDa),
restriction endonuclease Bsp981 (25.0 kpalpctoglobulin (18.8 kDa) and lysozyme (14.4
kDa). Lane 1 and 3 represents the F56S/R81A matahivild-type GST M1-1, respectively.
SDS-PAGE analysis shows both proteins to be pBg.SDS-PAGE molecular weight

marker calibration curve. The subunit moleculargheifor both class mu GST forms is ~27

kDa (red). The correlation coefficient is 0.97.
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Figure 3-5: SE-HPLC elution profile of rGST M1-1 ard F56S/R81A monomeric

mutant.

(A) and(B) Elution of the proteins was monitored by fluoreszemwith excitation set at 295

nm and fluorescence emission monitored at 340 mrbdth protein forms. The flow rate was

1 ml.min* at an isocratic pressure of 61 bar. The retertiioes for wild-type rGST M1-1

and F56S/R81A are 10.5 min and 11.02 min, respalgtiyC) Calibration curve of protein

standards: thyroglobulin (670 kDa)-globulin (158 kDa); ovalbumin (44 kDa) and
myoglobin (17 kDa). Red and green filled circlegigate the retention times of wild-type
rGST M1-1 and the F56S/R81A mutant, respectivehe Torrelation coefficient is 0.99.
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3.4. Functional and Structural Characterisation

3.4.1. Enzymatic activity

Cytosolic GSTs catalyse the nucleophilic aromatilbssitution reaction of CONB and GSH
resulting in the formation of 1glutathionyl)-2,4-dintrobenzene (also known &&,4-
dinitrophenyl glutathione) which absorbs light nmazily at 340 nm (Habig and Jakoby,
1981). The CDNB nucleophilic aromatic substituti@action occurs through the formation
of 1-chloro-1-(S-glutathionyl)-2,4-dinitrocyclohedi@nate (Meisenheimer complex transition
state) (Graminsket al,1989). This Meisenheimer complex transiton statstabilised at the
GST active site (which is formed partially at thendr interface) for efficient nucleophilic
aromatic substitution reaction (Biet al, 1994; Graminsket al, 1989). The enzyme activity
of rGST M1-1 (Figure 3-6A) and the F56S/R81A mutéhkigure 3-6B) was measured
spectrophotometrically at 340 nm by monitoring tlteemation of S-2,4- dinitrophenyl
glutathione as a function of amount of enzyme (gadnd Jakoby, 1981). The specific
activity of wild-type rGST M1-1 and the F56S/R81 tamt was determined from the slope of
a linear fit through the experimental data showrFigure 3-6, and is calculated to be 1.2
pmol.mirt.mg? of protein and 0.03 pmol.mitmg* of protein, respectively, indicating that
the F56S/R81A mutant displays only 2.7 % of theatimwild-type enzymes activity.

3.4.2. Spectroscopic properties of rGST M1-1 and r&T M1.

3.4.2.1. Far-UV circular dichroism

Far-UV CD spectra of proteins serve as an ideabgror the secondary structural elements
content of proteins. The CD spectra of proteinghia far-UV region (190-250 nm) have
features that are distinctive of the secondaryctiral elements adopted by the protein since
the spectra are influenced by amide interactiortkeénpolypeptide backbone (Woody, 1995).
Predominantlyu-helical proteins display characteristic minim&@8 and 222 nm, as well as
a stronger positive band near 190 nm (Woody, 1995).
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Figure 3-6: Specific activity of wild-type rGST M1-1 and F56S/R81A mutant.
Represented in A is the enzyme activity data fd8TGM1-1 while B represents data for the
F56S/R81 mutant. The solid lines represent a lifieéo the experimental data. The specific
activity for each enzyme form is determined frone tlope of the fit. The correlation
coefficient is 0.99 for both fits.
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Far-UV CD spectra of the wild-type rGST M1-1 and 6BER81A in their native
conformations are shown in Figure 3-7. The CD gpect both wild-type and mutant class
mu GST protein forms show two minima around 208ammd 222 nm, which is characteristic
for predominantlya-helical proteins (Woody, 1995). Such spectra hlagen reported for
other GST classes including Alpha (Wallaateal, 1998) and Pi (Dirr and Reinemer, 1991)
and Sigma (Stevenst al, 1998). In certain cases, it is impossible toordcclear spectra
below 210 nm as a result of noise contributiondifers containing high salt concenrations
which, in turn, lead to reduced signal to noiseoralhe far-UV CD spectrum of native
F56S/R81A differs from that of the wild-type enzynexhibiting reduced intensity bands at
both minima, that is, the variant protein’'s CD sibims higher than that of the wild-type
protein (Figure 3-7). This observation suggests ti mutation results in the disruption of
secondary structural elements. Secondary structomadlification can occur upon the
assembly or disassembly of a quaternary structdemrfesseet al, 1982). Therefore, the
prevention of protein association by disrupting th® main dimer association motifs in
rGST M1-1, may account for the observed differeimc€D signals of the mutant relative to
the wild-type protein. In addition, amide H/D exolya studies carried out by Thompsamn
al.(2006) on the F56S and F56S/R81A variants of rGSFIMindicate a change in structure
and dynamics at the junction betweghando5 helices.

3.4.2.2. Intrinsic tryptophan fluorescence

The fluorescence of the indole ring side chain rgptophan residues is sensitive to the
polarity of their microenvironment, thus makingrinsic tryptophan fluorescence a useful
technique for measuring the local environment ytophan residues in a protein (Lakowicz,
1999). The positioning of tryptophan residues witthie protein molecule provides a useful

means of probing for local or global conformatiooladnges of a protein.

Each subunit of rGST M1-1 contains four tryptophasidues. Two of these tryptophan
residues are located in the domain 1 at positioasd745, whereas the other two are located
in the C-terminal domain at positions 146 and 2li€f al, 1992). Crystallographic analysis
of the rGST M1-1 structure suggests that the indade chain of residues Trp-146 and Trp-
214 are partially exposed to solventdfial, 1992). Thus, intrinsic tryptophan fluorescence
can be used to probe the tertiary structural charigewild-type rGST M1-1 and the

F56S/R81 mutant protein. Shown in Figure 3-8 aefliorescence emission spectra of the
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Figure 3-7: Far-UV circular dichroism spectra of naive wild-type rGST M1-1 and

F56S/R81A rGST M1.
Spectra were collected using final protein con@giuns of 2uM and 4uM for rGST M1-1

and rGST M1, respectively, in 5 mM sodium phosphatéer, pH 6.5. Each spectrum

represents an average of 20 accumulations.
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Figure 3-8: Fluorescence emission spectra of wilggpe GST M1-1 and F56S/R81A
monomeric mutant.
Tryptophan residues were selectively excited at 28 and the maximum emission
wavelength for native 2 uM wild-type GST M1-1 and ¥l F56S/R81A are shown to be 339
nm and 340 nm, respectively. Experiments were padd in 20 mM sodium phosphate
buffer, pH 6.5. For the urea induced (8 M urea)oldéd GST M1-1 and F56S/R81A the
maximum emission wavelengths are 347 nm and 348aspectively.
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native and unfolded species of wild-type rGST Mafid the F56S/R81A mutant generated
by selective excitation of the tryptophan residaes295 nm. The fluorescence emission
maxima for the native conformations of the dimavitd-type protein and the mutant are 339
nm and 340 nm, respectively (Figure 3-8), whichgasgs that the tryptophan residues in the
native state of the two class mu GST protein foaneslocated in a hydrophobic environment.
The mutation seems to have resulted in the quegcbintryptophan fluorescence as the
mutant protein displays significant reduction afiditescence intensity in the native state
(Figure 3-8). Unfolded wild-type and F56S/R81A G®ML exhibit red-shifted emission
maxima at 347 nm and 348 nm, respectively (Figug. 3

3.4.2.3. ANS binding studies.

ANS is an amphipathic anionic dye which can be usea@ probe for the detection of non-
polar surface on proteins (Abdaka al, 2002). The fluorescence properties of this mdkecu
are largely influenced by the polarity of its swmding environment. The fluorescence
emission maximum of ANS shifts to a lower wavelénghen bound to hydrophobic surface,
and this bathochromic shift is accompanied by aneiase in fluorescence intensity (Slavik,
1982). Thus ANS was used in this study as a prabenéasure the overall surface
hydrophobicity of the mutant protein relative toethvild-type. Figure 3-9 shows the
fluorescence emission spectra of ANS bound to tyifee rGST M1-1 and the F56S/R81A
monomeric mutant. ANS is observed to have an eanissiaximum at 518 nm in the absence
of protein (Figure 3-9). A blue-shift in ANS flu@eence emission maximum is observed in
the presence of both wild-type and mutant prot&ime emission maxima of ANS in the
presence of native rGST M1-1 and F56S/R81A muten#86 nm and 490 nm, respectively
(Figure 3-9). The results also show an increaséN® fluorescence intensity when ANS is
excited in the presence of protein, which indicatest there has been a change in the
microenvironment of ANS, suggesting that ANS bitits two protein forms. In addition, the
fluorescence intensity of rGST M1-1 bound ANS isvéo than that of ANS bound to the
F56S/R81A mutant (Figure 3-9).
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Figure 3-9: Fluorescence emission spectra of ANS ted to wild-type rGST M1-1 and

the F56S/R81A rGST M1 mutant.

Experimental data was obtained by incubatingV2 GST M1-1 and 4M GST M1 in 20
mM sodium phosphate buffer, pH 6.5 with ANS at reaficoncentration of 200M. ANS
was then selectively excited at 390 nm, and emmsspectra were measured from 395 to 600
nm. The maximum emission wavelengths for ANS botm&ST M1-1 and GST M1 were

486 nm and 490 nm, respectively.
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3.5. Equilibrium Unfolding of the F56S/R81A rGST M1l

Monomeric Mutant.

3.5.1. Recovery of native structure.

The reversibility of protein unfolding process ahd recovery of the native fold of a protein
need to be established in order to allow for théemdeination of the thermodynamic

parameters (Pace, 1986). The recovery of urea @wludenatured F56S/R81A was
established using intrinsic tryptophan fluoresceaa tertiary structural probe (Figure 3-10).
Following a ten-fold dilution of 4 uM rGST M1 unfigéd in 8 M urea to 0.8 M urea, the
protein is observed to regain approximately 81 %thative structure, suggesting that the
unfolded protein can refold and regain the samectire as that of the native protein in 0.8
M urea (Figure 3-10). Therefore, urea-induced dguum unfolding transitions of

F56S/R81A can be analysed to determine the thernaodic parameters of the unfolding

process which will serve as an indication of théants conformational stability

3.5.2. Urea-induced unfolding of the F56S/R81A mutd
protein.

Chemical induced denaturation curves of a proteirves as a convenient method for
estimating the conformational stability of a prateUsing the chaotropic agent, urea, as a
chemical denaturant, the conformational stabilityhe F56S/R81A mutant was determined
by setting up a series of equilibrium unfolding atans (0 - 8 M urea). Each unfolding
reaction sample was allowed to reach equilibriuninoybation at 20C for at least 2 hours.
The presence of aggregates along an unfolding gsoaffects the equilibrium state of the
system, that is, the process is no longer congidévebe reversible. Thus, in order to
determine the thermodynamic parameters of the dimglprocess the effects associated with
protein aggregation need to be minimized. To dqteatein aggregation, Rayleigh scatter of
4 uM F56S/R81A was collected at a range of urexaanations by setting the excitation
wavelength at 295 nm and recoding the emissioheasame wavelength (Figure 3-11B). The
protein is shown not to form aggregates throughiogtentire urea concentration range (0 - 8

M urea). The unfolding process was then followeddnUV circular dichroism and intrinsic
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Figure 3-10: Recovery of the F56S/R81A rGST M1.
Shown here is the fluorescence emission spectrumatif’e (red) and refolded (green)
F56S/R81A generated by exciting samples at 295nma.riflaximum emission wavelength is

340 nm for the native and refolded protein. Theidued concentration of urea for the
refolded form was 0.8 M.
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Figure 3-11: Urea-induced equilibrium unfolding of F56S/R81A.

(A) Urea-induced unfolding curve of 4 uM F56S/R81A mmtitenonitored by tryptophan
fluorescence and far-UV circular dichroisExperiments were performed in 20 mM sodium
phosphate buffer, pH6.5. Tryptophan residues weskectvely excited at 295 nm.
Experimental data was fitted according to a 2-stabelel (solid lines). (B) Light scatter of 4
UM F56S/R81A rGST M1 as a function of urea cona@itn Light scatter was measured by
setting both the excitation and emission wavelength 295 nm. All experiments were

performed in 20 mM sodium phosphate buffer, pH 6.5.
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tryptophan fluorescence of the reaction samplegu(€i 3-11A). For the fluorescence data,
the ratio of the emission intensity at 348 nm t0 8# is plotted for each urea concentration.
The fluorescence and CD transition curves are fotmndbe monophasic and sigmoidal,
suggesting a two-state transition modef{N), where N represents the native conformation,
and U the unfolded one. The transition region ianfb to be in the 4.2 - 6 M urea
concentration range for both fluorescence and Ca (Figure 3-11A) .The thermodynamic
parameters were calculated by fitting the data twastate model for a monomer, both CD

and fluorescence parameters are in agreement nétlaoother (Table 3-1).

3.5.3. Urea-induced unfolding in the presence of ASI

The binding of amphipathic dye, ANS, is frequentiyed to monitor the conformational
changes induced in proteins during the unfoldinocess and to detect the presence of any
unfolding intermediate states (Semistorai\al, 1991). Previous studies have reported ANS
to display a higher emission when bound to a motjerbule state than when bond to a
protein in its native state (Ptitsyn, 1995). Fig@42 illustrates the effects of urea on the
binding of ANS to F56S/R81A. The ANS results shownanophasic sigmoidal transition,
with the transition region lying between 3 - 5.8uvka concentrations (Figure 3-12), which
indicates that there are no detectable unfoldingrinediates along the unfolding pathway.
This further supports the idea that the F56S/R81tamt follows a two-state unfolding

model, with the only “stable” conformations beimg thative and the unfolded state.
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Table 3-1: Equilibrium unfolding thermodynamic parameters.
Urea-induced equilibrium unfolding of F56S/R81A wasnitored by fluorescence and CD.

The thermodynamic parameters were calculated tiydithe unfolding data shown in Figure

10 to a 2-state model for a monomer<NJ).

Parameter Tryptophan Circular Average
Fluorescence Dichroism
AG(H20) (kcal.mol?) 12.78 + 1.95 13.85 + 2.04 13.32
m-value (kcal.mol*.M™) 2.39 + 0.37 2.57 + 0.38 2.48
Cm (M) 5.3 5.4 5.35
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Figure 3-12: rGST M1 urea induced unfolding monitoled by following ANS
fluorescence
Experiments were performed in 20 mM sodium phospbaftfer, pH6.5 with ANS at a final
concentration of 200 uM. ANS was selectively extitgt 390 nm, and a final protein

concentration of 4 uM was used for all samples.
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CHAPTER 4
DISCUSSION

The monomer-dimer transition of GST proteins haspdrtant physiological and
pharmacological implications, however, studies @anked in the past on the monomer-dimer
equilibrium and the catalytic competence of the G&®nomers have however reached
conflicting conclusions. For instance, Adler amdleagues (1999) showed that class Pi GST
P1-1 inhibits the activity of the pro-apoptotic gme c-Jun N-terminal kinase 1 (INK)
(thereby enhancing the proliferative nature of eancells) via formation of a JNK-GST
complex, where GST P1-1 seems to be bound in a meno form (Adleret al, 1999; Yin

et al, 2000). Contrary to these findings, through the oEmolecular modelling Gildenhuys
et al (2010) have suggested that a dimeric form of GSTRan bind JNK. According to the
available evidence with regard to the stability tbé monomeric and dimeric forms of
GSTP1-1 and the modality of the GST-JNK interactifmmation of a complex between
GSTP1-1 and JNK most likely involves the dimerioiicof the GST and not its monomer.

4.1. Quaternary Interactions are Important for the Catalytic
Function of rGST M1-1

As stated in section 3.2.3., the F56S/R81A mutsgsyglays only 2.7 % of the dimeric wild-
type enzymes activity. It has been observed that 86k-and key motif variants including
the F52A (Vargeet al, 2004) and F52S (Sayed al, 2000) of hGST Al-1, the F56R, F56S
and F56E of rGST M1-1 (Hornbst al, 2002), and the Y50S and Y50R of hGST P1-1 show
a dramatic decrease in catalytic activity relatwéhe wild-type enzyme. Previous rGST M1-
1 catalytic activity studies have indicated thagréhis a link between the structure of the
dimer interface and the G-site (Hornbyal, 2002). The Phe-56 residue, which acts as the
key of the lock-and-key motif in rGST M1-1, is Ided on a loop (referred to as the 56-loop)
connectinga-helix 2 andB-strand 3 (Figure 4-1) (&t al, 1992). The 56-loop is in van der
Waals contact with Tyr-6 (Figure 4-1), which hastdound to interact directly with the
sulphur of GSH, thus substitution of Phe-56 toreemight have lead to some change in the
structural conformation and/or orientation of thé-l6op and possibly contribute to the

observed decrease in activity.
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56-loop

Figure 4-1: Important residues at the G-site of rtGF M1-1.

The N-terminal domain is represented in orangeleathie C-terminal domain is in red. Phe-
56 (blue) and Asn-58 (green) are both located en5®rloop (purple) which is in van der
Waals contact with Tyr-6 (yellow) located at thesi®. Both Asn-58 and Tyr-6 interact
directly with bound GSH. This figure was generatesing PyMOL™ v0.99 (Delano

Scientific, 2006) (PDB code 6gst).
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Another residue which has been reported to intexéttt bound GSH is Asn-58 (Figure 4-1)
(Ji et al. 1992). As one might guess, this residue is ineclm®ximity with Phe-56 residue.
Having said this, it is possible that the substituiof Phe-56 results in decreased activity of
the mutant protein due to the loss of this Asn-B8/B6 positioning, which will in turn result

in the loss of the Asn-58/GSH interaction, thusraiiy enzymatic activity.

Unlike as is the case for class Mu GST, insteaal giienylalanine at position 56 of the amino
acid sequence acting as the key of the lock-andakalyf, in class Pi GST, a tyrosine residue
at position 50 of its amino acid sequence acthaskey of this motif. Substitutions at this
position with either hydrophilic residues (Y50R avilOS in Pi; F56R, F56S, and F56E in
Mu) or bulky hydrophobic residues (Y50L in Pi) hlasen found to decrease the catalytic
activity of the respective enzymes (Stenbetal, 2000; Hornbyet al, 2002) since such
mutations alter the structural integrity of the dmmterface, and as mentioned before, part of

the enzymes active site is located at the interface

On the other hand, substitutions with aromatico@ss at this position, Y50F in class Pi GST
(Stenberget al, 2000) and F52Y in class Alpha GST (Sagtdl, 2000), seems to favour
catalytic activity. The presence of a tyrosine dasi in the key position as opposed to a
phenylalanine residue introduces additional elstatic interactions at the interface, thus as
is the case for the Y50F hGST P1-1 variant, theokahof the hydroxyl group of tyrosine by
mutation to phenylalanine results in a less conétromally restricted enzyme which in turn

exhibits enhanced catalytic activity (Sternbet@l, 2000).

Light scattering and sedimentation equilibrium dages indicated the existence of relevant
amounts of monomeric class Pi (Huastgal, 2008), Alpha (Vargeet al, 2004), and Mu
(Hearne and Colman, 2006) GSTs when these enzymeeprasent at nanomolar levels.
Furthermore, it was predicted, from the dissociationstants calculated for the homodimeric
proteins (GST P1-1, 5.1 uM; GST Al-1, 0.34 uM, &8T M1-1, 0.16 uM), that at the
concentration used for the activity assay (20-40) nklese enzymes exist mainly as
monomers. These groups also used site-directedgengais and high KBr concentrations to
force the dissociation process (Vargbal, 2004; Hearne and Colman, 2006; Huatal,
2008). Under these conditions, sedimentation daquiln and light scattering data suggests
that the monomeric form of GST P1-1(Huaagal, 2008) and GST M1l-1(Hearne and

Colman, 2006) are catalytically competent.
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In contrast to the above mentioned findings, Faletral (2009) conducted a study on the
dimer-monomer equilibrium of wild-type GST isoenasn (Alpha, Pi, and Mu) which
demonstrated that the dimeric structure is in Faghly stable in solution, with dissociation
constant values confined at or below the nanom@age, which are far lower than the
previously reported micromolar rangg values (Vargeet al, 2004; Hearne and Colman,
2006; Huanget al, 2008). ThisKg value shift for the monomer-dimer equilibrium dags
Alpha, Pi, and Mu GST isoenzymes invalidates tieaithat a fully catalytically active GST

monomer exists (Fabrimit al, 2009).

4.2. Loss of Quaternary Contacts Results in Enhanced Exgsure

of Hydrophobic Surface Area

The mechanism by which ANS binds to GST proteinsl ather proteins has been
investigated in previous studies. Such studies havealed that ion par interactions govern
the binding of ANS to bovine serum albumin (BSA)rming between the sulfonate moiety
of ANS and the cationic moieties of the protein exoile (Matulis and Lovrien, 1998). This
would suggest that the extent to which the aniohidS binds to a protein molecule is
dependent on the amino acid composition of the ibiqnaite as well as the pH of the
environment. Through ligand displacement studies molecular modelling, ANS has been
shown to bind to the H-site of the dimeric hGST A1Pirr et al, 2005) and rGST M1-1
(Kinsley et al, 2008). Ralat and Colman (2004) have also repofd& to have a high
affinity-binding site at or near the H-site of hGEI-1. With that been said, ANS was used
to probe for surface hydrophobicity of F56S/R81ASGM1 which may arise due to subunit

dissociation.

A Dblue-shift in ANS fluorescence emission maximusnobserved in the presence of both
wild-type rGST M1-1 (486 nm) and the F56S/R81A aatiprotein (490 nm). The extent of
the blue shift is indicative of the polarity of thecroenvironment of the ANS molecules, that
is, the greater the extent of the blue-shift, theoran hydrophobic is the ANS

microenvironment (Lakowicz, 1999). For example, AM&s been reported to have a
fluorescence emission maximum at 545 nm when fnewater and that of 454 nm when
bound to the highly hydrophobic site in apomyogtol§Stryer, 1965). In addition, the

spectral blue-shift exhibited by ANS in the present both protein forms is accompanied by
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an enhancement in ANS fluorescence intensity, W#6S/R81A bound ANS having a higher
intensity than when bound to wild-type rGST M1-lg(ife 3-9). Water has the ability to
guench ANS fluorescence, thus the fluorescenceasitteof protein bound ANS is sensitive
to its accessibility to water (Kirlet al., 1996). The enhancement in the fluorescence of
F56S/R81A bound ANS suggests that ANS is less aitilego solvent when bound to wild-
type rGST M1-1, and since ANS has been shown td the H-site of wild-type class Mu
GST M1-1 (Kinsleyet al, 2008), this may possibly be due to ANS being Isskvent
accessible since the disruption of the intersubroritacts exposes more hydrophobic patches
on the double mutant protein variant, which woulldeowise be buried in the dimeric wild-
type protein. In a previous study by Hornétyal. (2002) it was found that, much like the
F56S/R81A, the extent of solvent accessibility tee tANS binding site in the two
hydrophobic lock-and-key motif mutants, F56S an8®%GST M1-1 proteins, was reduced

compared to the wild-type enzyme.

4.3. Quaternary Interactions Increase the Stability of he

Individual Subunits

Previous studies have revealed that interactionssadhe dimer interface of GST proteins
play an important role in stabilising the tertiastructure of the individual subunits since
GSTs are obligate functional dimeric proteins (P2001). However, the effect of these
interactions in the stabilisation of the individwglbunits seem to vary from class to class,
giving rise to number of unfolding pathways rangifigm simple two-state transitions
(Kaplanet al, 1997; Wallaceet al, 1998) to complex multistate transitions that il
thermodynamically stable intermediates which malyezibe monomeric or dimeric (Stevens
et al, 1998; Sacchettat al, 1999; Hornbyet al, 2000; Lianet al, 2006; Abdalla and
Harned, 2006; Wanet al, 2009).

To determine the thermodynamic parameters of tt&SHFS81A rGST M1 unfolding process,
a valid model describing the urea-induced equilioriunfolding for this protein must be
employed. The observation that the F56S/R81A undaded unfolding curves, monitored by
both far-UV CD and intrinsic tryptophan fluorescendisplay single sigmoidal transitions
which overlap (Figure 3-10) suggests that therenarthermodynamically stable intermediate

states which may form along the unfolding proc#ass the F56S/R81A unfolding curves are
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analysed by fitting the raw data to a two-state ehodhis model assumes that the only
protein species present at significant levels withie transition region are the folded native
state (N) and the unfolded denatured state (U)gPH286). The determination of the Gibbs
free energy change in the absence of denaturd®tH>O)) serves as means to measure a
protein’s conformational stability. The determina®(H,O) values obtained by following
intrinsic tryptophan fluorescence (12.78 + 1.95lkoal™) and far-UV CD (13.85 + 2.04
kcal.mol') do not differ significantly from one another (Tahl). Unlike the F56S/R81A
mutant, the dimeric wild-type enzyme is reportedutdold according to a three-state state
model with a monomeric intermediate, i.ex & 2| <& 2U, with an overall conformational
stability of 19.6 kcal/mol (Hornbyet al, 2000). The fact that the monomeric F56S/R81A
variant has a lowetG(H»0) (13.3 kcal.motl) value compared to the reported value of 16.5
kcal.mol* (Hornbyet al, 2000) for wild-type enzymes second transiton (kU transition,
the unfolding of the monomeric intermediate stageindicative of reduced conformational

stability.

An increase in a protein’s solvent accessible serfrea due to unfolding is related to tire
value of the denaturation curve (Myatsal, 1995). A protein’s theoreticatvalue can thus
be estimated by relating the amount of change rretwsurface area to the number of amino
acid residues that make up the protein moleculegusie equations devised by Myetsal.
(1995):

AASA = (n x 93) — 907 a7
where n is the number of residues that make upribtein molecule. Using this equation, the
change in solvent accessible surface area for tydd-rGST M1-1 and the F56S/R81A
variant is calculated to be 39455 And 19274 A respectively. The theoreticatvalue of
the protein can then be determined based on treulatdd change in solvent accessible
surface area as follows (Myegsal. (1995)):

m= 374 + (0.11 AASA) (18)
Using the above equation, the theoretioavalue for wild-type rGST M1-1 and the
F56S/R81A mutant is calculated to be 4.71 kcal'maé!* urea and 2.49 kcal.mibM™ urea,
respectively. Previous studies report the experiedemvalue for wild-type rGST M1-1 to be
3.38 kcal.mof.M™ urea (Hornbyet al, 2000), which is significantly lower than the
theoretical value. On the other hand, the experiai@mvalues obtained for the F56S/R81A
mutant protein in this study using far-UV CD (2.%70.38 kcal.mof.M™ urea) and
tryptophan fluorescence (2.39 + 0.37 kcal ol urea) data do not differ significantly
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from the theoretical value, which is in contrastthe previously reported experimentad
value of 2.0 kcal.mé&l.M™ urea (Thompsoat al, 2006).

GSTs have been shown to be completely unfoldedrest (Wallaceet al, 1998), thus, the
observed decrease invalue of the F56S/R81A mutant (2.48 kcal.thbl™) relative to the
I<>U transition of the wild-type enzyme (3.45 kcal.th™) (Hornby et al, 2000) is
probably due to differences in the solvent expasadace area of the protein in the folded
and/or the unfolded state (Myees$ al, 1995; Shortle, 1995) rather than the possibitigt
the denaturant interacts differently with the demed state of the two protein forms
(Arakawa and Timasheff, 1984). The possibility bé tF56S/R81A mutant following any
other alternative unfolding pathway, rather tharR-atate unfolding pathway, is highly
unlikely since no intermediate state was detecteth furea induced equilibrium unfolding

experiments conducted in the presence of ANS (Ei§et2).

The present study was set to investigate the rblsubunit-subunit interactions in the
stabilisation of the individual subunits of the @it rGST M1-1 protein. From the evidence
presented herein, it is apparent that the intamastat the dimer interface are essential for
stabilising the individual subunits of the prote&ind maintaining its catalytic functionality
since part of the active site is at the dimer fiaer (Jiet al, 1992). Urea-induced equilibrium
unfolding studies suggest that the loss of quatgroantacts results in reduced stability of
the GST subunits, that is, the change in Gibbs éreergy of unfolding for the F56S/R81A
mutant is lower (13.85 kcal.mYl compared to that of the second transitiéh(l) of the
wild-type enzyme (16.50 kcal.md)l (Hornbyet al, 2000) although this is not clear judging
from the changes in the unfolding transition midap® (C-value) (5.35 for the mutant and
5.2 for the wild-type). Furthermore, ANS bindingudies indicated an increase in the
accessible hydrophobic surface area of the muédative to the wild-type protein. Thus, we
conclude that quaternary contacts are essentiathirstability and functionality of the
individual subunits in dimeric rGST M1-1.
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