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ABSTRACT

Domain interfaces play an important role in protmbility and folding. A major structural
feature at the interdomain interface of the GSTs<laf proteins is the conserved
hydrophobic ‘lock-and-key’ motif. In a monomeric rhologue of the GSTs, Grx2, the
hydrophobic interdomain ‘lock-and-key’ motif is foed by insertion of the side-chain of
methionine 17 (Met17) from domain 1 into a hydropicopocket in domain 2. This study
evaluates the contribution of the Metl7 residu¢ht stability of Glutaredoxin-2 (Grx2).
Protein engineering techniques were employed temgea a Metl7 to Alanine (M17A)
mutant protein and comparative studies with wildetyand M17A Grx2 were performed.
The spectral properties of M17A Grx2 monitored gsfar and near-ultraviolet circular
dichroism and tryptophan fluorescence indicatedsigmificant changes in secondary or
tertiary structure in the native state. Conformadiostability studies were performed to
determine the contribution of the ‘lock-and-key’ tiido protein stability. Equilibrium
unfolding studies, displayed significant impact tre conformational stability of the
protein with aAAG(H,0) of 4 kcal.mol' as a result of the replacement of the Metl7
residue with alanine. The co-operativity of unfalgliis slightly decreased, with the-
value being reduced by 0.3 kcal.moli™ suggesting an intermediate formation. This
intermediate becomes more prominent during equilibrunfolding in the presence of
ANS which showed an increase in intensity in théolding transition for M17A Grx2 but
was absent for wild-type Grx2. The kinetics of udiiog of both Grx2 proteins are
complex, both displaying two observable phaseg éad slow) which occur in parallel as
confirmed by performing initial conditions test. @hslow phase involves structural
rearrangements that expose small amounts of suafi@zewhile the fast phase represents
gross structural unfolding exposing large amouritswface area. The rate of the fast
unfolding phase is increased for M17A Grx2, as tihee constant decreased from 2.4s
(wild-type) to 830ms, however there is negligiblenge in the rate of the slow phase. The
increase in the unfolding rate of the fast phase agreement with the equilibrium studies

which highlights the destabilisation as a resulihef mutation.



“There are known knowns. There are known unknowns. There are also unknown
unknowns’
Donald H. Rumsfield
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CHAPTER 1. INTRODUCTION

1.1 Protein folding and stability

Inside the cell, proteins are synthesised as liwkains of amino acids, which fold into
unique 3-D structures, known as the native (foldgdje. The wide range of biochemical
functions are specified by the proteins’ detailedctures and has led to one of the great
unsolved problems of science, which is the preglictof these 3-D structures from the
amino acid sequence (the folding problem) (revieweDill et al., 2008). This has been a
concern since the initial experiments of proteitdiftg performed by Anfinsen, who
postulated that the three-dimensional structur@ qirotein is determined by its primary
sequence (Anfinsen, 1973). Despite the large degregeedom, surprisingly, proteins fold
into their native states in a very short time, vishis known as Levinthal's Paradox
(Levinthal, 1968). Structural changes and chemiafactions occur throughout the entire
folding process, and strongly cooperative mechasiarme necessary to bring the protein in
its native conformation within a very short timeripd (NOlting et al., 1995). Protein
folding is therefore governed by two inter-relajgarameters, kinetic control, where the
polypeptide chain has a time limit within whichmiust obtain its native conformation, and
thermodynamic control where the native conformatisnarguably the most stable

conformation that the amino acid chain can obtain.

The thermodynamic stability of a protein is meadurg the free-energy difference between
the folded state and the unfolded sta{& (= Gunfoid - Grolg)- It determines the fraction of

folded proteins, thereby having a profound effeot mrotein function. The energetic

contributions from the favourable folding forcexlas hydrophobic packing, hydrogen-
bonding and electrostatic interactions are neaffgeb by the entropic penalisation of
folding (Dill and Chan 1997).

1.1.1 Forces responsible for protein stability
Protein stability refers to the difference betweagaractions that favour the native state and
interactions that favour the denatured state. difisrence is represented by the change in
Gibbs free energyAG®°) upon total unfolding. Under constant pressiv@; is made up of
two contributions:

AGP® = AH° - TAS® (1)



whereAH? is the enthalpic (bond formation) an&’ is the entropic (freedom of a system
to explore conformational space) contributionAtB°. Contributions to the enthalpic term
are primarily from the loss of intramolecular angtpin-solvent hydrogen bonds and van
der Waals contacts. The formation of van der Waalstacts, salt-bridges and hydrogen
bonds, as well as the change in solvent-solveatantions near protein surfaces contribute
toward the binding enthalpy of a reaction (Dill,909. The breaking of bonds will be
endothermic (positivéH°) whereas the negativeH® refers to the formation of hydrogen
bonds and van der Waals interactions (Sigurskgola., 1991). The entropy component is
composed of various contributions (Murphy, 1999jolilinclude: the entropy contribution
from restructuring of solvent due to burial of hgphobic groupsASs.); the changes in
conformational degrees of freedom of the proteickbane and side chain groups.ony),
and the result from changes in translational, imtal and vibrational degrees of freedom
(ASnmix).

Since the native state is more compact than thatdesd state, conformational energy is
lost opposing folding and destabilising the nastate. On the other hand, inter- and intra-
molecular interactions formed upon native stateusstiipn favour folding, resulting in
native state stabilisation (Dill, 1990). In additjaertain enthalpic interactions can stabilise
both the native and unfolded conformations so thair contribution to stability seems
negligible (Dill, 1990). Globular proteins are ontgarginally stable, estimates of their
conformational stabilities of small proteins rarigem 5 kcal. mof to 15 kcal.mof (Pace,
1990).

1.1.1.1 van der Waals forces

van der Waals interactions, also known as Londspaision forces, result from transient
dipoles that nonbonded atoms induce in each offtee. strength of the van der Waals
interactions is directly proportional to the aliliof the atom to polarise and inversely
proportional to the sixth power of the distancenssn them (Pace, 2001). Hence, van der
Waals interactions are short-ranged and are omlgtional at very short distances. It is this
strong distance dependence that will determine herehey will stabilise or destabilise the
native state, due to the packing of atoms in tleéegn core, relative to their interaction with
solvent (Dill, 1990). Steric complementarity in timéerior, domain and/or subunit interface
of proteins is needed to maximise the stabilisifigcés of these forces. Ratnaparkhi and

Varadarajan, (2000), proposed that the loss of ipgchknteractions rather than the



hydrophobic effect dominates protein stability. \dar Waals interactions are ubiquitous,
and although they are weak in proteins, they actamauo a significant amount. The

strength of the individual interaction depends loa types of interacting atoms, and varies
with the chemical environment of the atoms involvedy. for carboxyl carbon atoms the
interactions are usually stronger, and van der ¥/dmtances are usually shorter than for

tetrahedral carbon atoms (Pace, 2001).

1.1.1.2 Hydrogen bonds

A particularly important bond in biological systemshe hydrogen bond. Hydrogen bonds
are noncovalent interactions that arise from thiigdasharing of a hydrogen atom between
a hydrogen bond donor group, such as a hydroxyH)-@roup or an amino (-NH) group,
and a hydrogen bond acceptor atom, such as oxygeitregen. Many potential hydrogen
bond donor and acceptor groups are present inipspteamely the peptide backbone
groups and the polar amino acid side chains (Stetkdl., 1992). Hydrogen bond strengths
range from 2 - 14 kcal.md) depending on the geometry of the interactiongy(état al.,
1979; Dauber and Hagler, 1980; Dill, 1990; Privalmvd Makhatadze, 1993). A large
majority of the hydrogen bonding interactions iolgilar proteins (68 %) are between the
amide hydrogen and the carbonyl oxygen in the depgroup (Stickleet al., 1992), and
only 11 % of carbonyl oxygens and 12 % of amideogigns are not hydrogen bonded
(Baker and Hubbard, 1984). Due to the polar nat@ithe peptide backbone, much of it is

buried hence the requirement of hydrogen bonds.

In terms of domain interfaces, most hydrogen bamtrioutions are due to polar residues,
since these contacts are mostly non-local, whitklbbane hydrogen bonds are mainly local.
The fact that the peptide backbone and polar residan form hydrogen bonds once again
highlights the importance of correct packing in ihéerior and at domain and subunit
interfaces of proteins. In the folded conformatispecific intra-molecular hydrogen bonds
must form to replace the fluctuating intra- andeifmolecular bonds that form in the
unfolded protein so that the native state is eptbally favoured. Although hydrogen bonds
can provide a significant contribution toward piotetability, they are not the dominant
folding force (Dill, 1990). If they were, solventisat form strong hydrogen bonds with the
protein should unfold it, while solvents that dd fam or form weak hydrogen bonds with
the protein should not affect or should not stabilihe native state (Dill, 1990). No such

correlation has been observed.



1.1.1.3 Hydrophobic interactions

The absence of hydrogen bonding between water anepalar groups rather than the
presence of favourable interactions between thepater groups themselves constitutes an
important source of the protein stability in aque@olution, the hydrophobic interaction
(Dill, 1990). The transfer of the sidechains of lyghobic amino acid residues from an
apolar environment into water is energetically gpsind thus, the burial of hydrophobic
sidechains in the folding reaction is energeticédlyourable (Dill, 1990). The process (at
room temperature) is entropically driven sincedddition of non-polar molecules to water
disrupts the hydrogen bonded structure of watell,(D990). Thus water molecules order
themselves around the non-polar molecules to magirthieir contacts with each other and
minimise their contacts with the non-polar substa(@eigeret al., 1979; Stillinger, 1980).
The close packing of these hydrophobic residuegdaby direct interatomic van der Waals
forces, minimises the surface area exposed to theers (Paceet al., 1996). The
hydrophobic free energy contribution to proteinbgity is estimated to be about 60
kcal.mol* (Dill et al., 1989).

1.1.1.4 Electrostatic interactions
Electrostatic contacts, in proteins, occur betwebarged residues with the strength of
interactions related by Coulomb’s law:

F=kxgx@g/Dxr 2)

where F is the force between the two electricatgds ql and g2 separated by distance r. k
is the proportionality constant and D is the digiecconstant of the medium. The higher
the dielectric constant of the medium, the weaker force is between the two charges,
hence, a more non-polar environment such as th#ttarprotein interior, at domain and
subunit interfaces, will strengthen electrostatiteiactions. Charge contacts, in proteins,
can be classified into two groups. ‘Classical’ #lestatic effects occur due to non-specific
repulsions between surface residues with the samaege destabilising proteins (Dill,
1990). The extent of destabilisation is affectedidayic strength and pH. An increase in
ionic strength in the protein’s environment resuftdetter shielding of opposite charges,
which decreases repulsions and stabilises theipr&tepH increase or decrease will result
in an increase of the protein’s net charge, leadmgnore charge repulsions along its
surface and destabilisation. Therefore, the mgjafitproteins are most stable at a pH that

is close to their pl, where their net charge wdlzgro.



The second group of electrostatic interactionsés‘'specific’ charge contacts known as ion
pairing or salt-bridges. Salt-bridges are formedwieen the acidic/negatively charged
aspartic acid (Asp) and glutamic acid (Glu) resglard the basic/positively charged amino
acids arginine (Arg), lysine (Lys) and histidineigHd The energy contribution of salt-
bridges varies between 5-15 kcal.thgler ion pair according to their geometry, location
the protein, whether they are isolated or networkethey are hydrogen bonded or not

(Kumar and Nussinov, 1999).

1.1.2 Protein folding models and pathways

A number of models have been proposed over thesyteagnlighten the understanding of
highly cooperative process of the folding of progeito their native states. The earlier
models proposed that protein folding took placer @avdefined hierarchical (corresponding
to protein structure) pathway of discrete stepgh wiistinct intermediates and transition
states, analogous to classic organic chemistry eviaesmall number of initial species
interconvert, governed by energy barriers, to alfproduct via a series of small chemical
steps that can be isolated much in the way chemaeations occur (Ptitsyn, 1973; Horig
al., 1976; Brookst al., 1988). A later model, the hydrophobic collapsadsai (Dill, 1985),
sees the polypeptide initially collapse cooperdgyivdue to long range hydrophobic
interactions, followed by the formation of secornydand tertiary structures. Current models
of protein folding introduced the concept of energydscapes and folding funnels
(Wolyneset al., 1995; Dill and Chan, 1997; Dobson and Karpl@99). The width of the
funnel represents the conformational entropy of ploé/peptide chain, while the depth
represents the free energy of stabilisation (Figufg. The unfolded chain compromises a
large number of different low-energy conformationgapid equilibrium with each other,
represented by the wide mouth of the funnel. Falgpnoceeds (going down the funnel),
through a progressive organisation of partialhdéal structures in which it may encounter
intermediate states and/or kinetic traps, driverthieyaccumulation of favourable enthalpic
interactions. The native structure exists at th#obo of the funnel, at a global energy
minimum, having the most stable conformation. Tixggedness of the funnel's landscape
represents the presence or absence of local emeirgyna. The folding landscape also
implies that there are many alternate routes tn#ire state. A heterogeneous population
of starting species often results in parallel fofgpathways as opposed to multiple kinetic

phases with uniform starting species where thetaadi rate limiting steps such as the



presence of intermediates result in sequentiairiglgpathways (reviewed in Wallace and

Matthews, 2002)

The folding pathway of a protein can only be fullyderstood when its native or unfolded
state as well as intermediates formed during (leiyig can be positioned in the order in
which they form and that they are fully characedigCreighton, 1990; Jaenicke, 1999).
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Figure 1-1. Protein folding energy landscapes.
Folding funnel cartoons illustratind\] a smooth energy landscape for a fast folding pepyide, B) a rugged landscape that contains kinetic

traps, C) a smooth “golf course” energy landscape wherecthdormational search is diffusional, arig) @ moat style landscape, where the
protein is forced to undergo an intermediate df3te order to get to the native conformation ().represents the unfolded state ensemble.

Image adapted from (Diét al., 2008).



1.1.3 Protein folding intermediates and the molteglobule state

The mechanism by which a protein folds into itslduyically active state is an intricate
process and it does so through well defined patewayich involve a limited number of
intermediate species. One of the major difficulbéshe folding pathway is to avoid falling
down into the ‘traps’ (local energy minima) in tfiennel. Point mutations in proteins
sometimes block the folding pathway at the levedtable intermediate states thus disabling
the protein to adopt its native conformation, thgreausing misfolded proteins or the
formation of aggregates. The consequences areeclter lost biological activity and
ultimately genetic diseases (Bychkova and Ptitsy995; Ptitsyn et al., 1995).
Thermodynamic and kinetic studies have shown tlesgirce of stable intermediate states
in a number of proteins (Privalov, 1996; Horwick02Q Calamaiet al., 2005). One such
intermediate is called the ‘molten globule’ (Ohguahd Wada, 1983), characterised by
compact secondary structure, but fluctuating tert@nformation. It also has dimensions
slightly larger than those of the native state, fwich smaller than those of the unfolded
state (Ohgushi and Wada, 1983). During folding,thscent synthesised protein collapses
into a flexible compact species whose tertiary ickure lacks the tight packing typical of
the native state (Ptitsyn, 1992) (Figure 1-2). Tesult of the loose packing makes the
molten-globule state susceptible to binding a hgbabic dye, e.g. ANS (Semisotnet
al., 1991; Chaffottest al., 1992), as it contains an accessible hydrophebréace. The
native state is too rigid to allow this accessibjland the loss of clusters of hydrophobicity

in the unfolded state precludes binding of the dye.



Native globule Molten globule Coil

Figure 1-2. Schematic model comparison of the molteglobule state.
Native state of the protein is well ordered anddrigith water (grey dots) being present only on sheface of the protein. The molten-globule

state contains secondary structure (helical strastare represented by the tubes) but with looskin of its tertiary contacts (side chains of
the amino-acids are represented by the differeaypesth blocks) thus exposing its hydrophobic core dihfolded protein is often considered to
be a random coil but residual secondary structug Ine still evident. Image adapted from (Finketsgtial., 2007).



Well studied proteins that form molten globulareimediate states include lactalbumin
(Kuwajima, 1977; Dolgikret al., 1981; Grikoet al., 1994), equine lysozyme (van Dal
al., 1993; Grikoet al., 1995), staphylococcal nuclease (Dill and Shpri@91; Shortle,
1993, 1995, 1996) and apomyglobin (Coc#tcal., 1992; Barrick and Baldwin, 1993).
These molten-globule states of these proteins wleaeacterised and it was found that one
domain or subdomain of the partially unfolded proteemains folded, while the other is
unfolded (Freirest al., 1992; Freire, 1995; Privalov, 1996; Vreetsl., 2004). In general,
one of the domains is intrinsically less stablenttize other. Molten-globule states are also
involved in several biological or pathological pesses such as membrane insertion,
transmembrane trafficking, and chaperone-assistéalding that require the protein to
become partially unfolded (Hast al., 1994).

In contrast, other intermediate species that haenldetected do not fit the criteria of a
molten globule state (reviewed in Ptitsyn, 1993)edJe have been designated ‘pre-molten
globule’ states or ‘highly ordered molten globus¢ates (Uversket al., 1992), depending
on their level of native-like structural contents A kinetic intermediate it was discovered
with the use of ultra-fast (sub-millisecond) measyrtechniques (Jonesat al., 1993;
Shastry and Roder, 1998). In addition, proteindwlisulfide bonds allow for the trapping
of various intermediates indicative of the orderdegulphide bond formation (Creighton,
1991).

Intermediates are however generally unstable amilyp@opulated at equilibrium (Yon,
2001), but kinetic experiments on protein foldingnc detect transiently formed
intermediates during the folding process becausedinditions can be manipulated in order
to populate the marginally stable species and enleir detection (Utiyama and Baldwin,
1986). A large majority of the work elucidating pm folding pathways has been
conducted for small single domain proteins andaswhought that the information obtained
from work on multi-domain proteins could be infefréfom single-domain proteins by
assuming that the domains folded as single uraesnfdke, 1999).

1.2 Domains

The basic unit of proteins are domains and itlisugh these domains that proteins interact

with each other. Approximately 65% of all proteiosntain multiple domains of which
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95% contain 2-5 domains (Hab al., 2007). Domains have been shown to act as uhits o
protein function by forming protein substructureshwdistinct functional properties or by
completing active sites through domain interactidbesmains also act as units of protein
evolution through domain ‘stealing’, swapping, adition, as well as units of protein
structure by acting as the building blocks of ofrgaric proteins (Jaenicke, 1999). Based on
these different properties, there are seven definstused to classify a domain (Jaenicke,
1999). The definitions of domains are based onftiding and structural features of

domains as described below.

According to Wetlaufer (1973), domains are stahhsuof protein structure that fold
autonomously, thereby playing a central role a®rinediates during folding. Note,
however, that not all domains are autonomous fgldinits (AFUs). A more accurate
definition is given by Richardson who describes dome as compact, local, semi
independent structural units (Richardson, 1981)ehms of folding, domains have been
defined as cooperative thermodynamic units, debdetdy distinct folding/unfolding
transitions and are separable by hydrodynamic pedtsscopic measurements (Privalov,
1979). Nearly all large proteins are built from dons (Wodak and Janin, 1981), and large
relative movements of domains provide spectacudamples of protein flexibility. Studies
have shown that although these domains may betalbtéd independently (Teichmaret
al., 1999) they cannot reproduce a functionally &cpvwotein separately (Yon, 2001).
Combining Wetlaufer’s, Richardson’s and Privalodsfinitions of a domain, it can be
described as compact, semi-independent substrscairproteins that fold cooperatively
and in some cases autonomously. Domains have Hyoloop cores that make more
contacts with themselves than with the rest ofgtaein. They allow folding to occur at
multiple sites along the polypeptide chain (‘folghby-parts’) and thus enhance the folding
rate. This mechanism may be considered to be alutentary advantage in three ways
(Jaenicke, 1999):

(1) Domain folding is an efficient way of excluding w@ intramolecular

interactions in the case of large protein molegules
(i) It protects the nascent polypeptide chain fromegolysis,
(i) It may be considered a simple mechanism to prodemd monomeric to

multimeric proteins by ‘domain swapping’ (Bennettal., 1995).
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1.3 Domain-domain interfaces: role in protein stabity and folding and
function

The definition of domains allows for two possibédg in bi-/multi-domain proteins: (i)
domains may be independent units or, (ii) they stagngly interact with each other. In the
second case all interactions (section 1.1.1) woullr through domain interface residues.
The domain interface describes the surface ardadbupon domain association as well as
the contacts formed between an interacting paidarhains. Therefore, in order to fully
comprehend the folding mechanism of multi-domaiatgins, in addition to studying the
individual domains, one must analyse the featunescaracteristics of domain interfaces

involved in stability and folding.

1.3.1 Features of protein-protein interfaces

The residues at protein interfaces are considesederved (Valdar and Thornton, 2001,
Elcock and McCammon, 2001) because of the evolatjorconstraint to maintain
interactions. However, it is also argued that thterfaces are conserved only marginally
more than the other sequences (Grishin and Philli994; Caffreyet al., 2004). The
conservation of interfaces is also used for thelipt®n of binding sites (Armort al.,
2001; Pupket al., 2002).

The sequential N- to C-terminal order of domain bomations tends to be strongly
conserved because different multidomain proteimdverd by duplication following a single
ancestral recombination event (Bashton and Cho2@@2). An analysis of protein-protein
interfaces showed that there is a good correldismmeen structurally conserved residues
and experimentally-identified amino acids that @mgortant in stability and folding
(Keskin et al., 2005). Structural alignment of domain interfacas be consequently used
as the basis for protein engineering experimersitiok to target critical residues involved
in protein structure maintenance. Previous biomfatics-based studies of domain-domain
and protein-protein interface anatomy (Jones andrritbn, 1995; Jones and Thornton,
1996; Tsaiet al., 1996; Stites, 1997 Jonesal., 2000), have shown that the size of the
interface is directly related to the extent of ifdaee contacts and thus, to protein stability.
As the interfaces are highly diverse in terms oé saffinity, and shape, no simple criterion
is sufficient to discriminate specific and nonsfiecinterfaces such as crystal-packing
artifacts (Lo Conteet al., 1999; Ponstingkt al., 2000; Nooren and Thornton, 2003;
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Bahaduret al., 2004). However in general, the change in acbkssurface areaAASA) is
known as the most significant predictor, where ititerfaces are categorised into large
(AASA > 2 000 K), medium AASA < 2 000 K), and small 4ASA < 1 400 K) (Vajda
and Camacho, 2004). These interface area clasmfisaas well as five distinct residue—
residue contacts within 5A are the criteria for tassification of interfaces database,
SCOPPI (http://www.scoppi.org) (Wintest al., 2006), which parses domain sequences
from the PQS server (http://pgs.ebi.ac.uk) (Henaok Thornton, 1998).

The relationship between the conservation of irterain geometry and protein sequence
was investigated and it was found that more coesedomains interact with a more similar
geometry (Aloyet al., 2003). It was also found that the second dornagupied the same
position in 60% of the pairs of homologous domédsn different proteins (Hamt al.,
2006) and this is achieved through the conservatighe domain interface. Analysis of the
structural and biophysical properties of interfacésseveral well-characterised domain
pairs, both in terms of thermodynamics and kinetgteowed that large complementary
interface not only allows domains to adopt speabtaformations relative to each other but
will also function to stabilise a protein (Hahal., 2007). For the same set of proteins, 55%
- 75% of the residues involved at the domain iaiegfwere found to be hydrophobic. The
interactions at the domain interface are also betleto decrease the probability of
unfolding (by increasing unfolding half-lives) atapromote rapid reformation of structure
by increasing the refolding rate of proteins thaghth undergo many rounds of unfolding
and refolding (Batewt al., 2006).

1.4 Stability and unfolding of the GST family of pioteins

The GSTs (EC 2.5.1.18) are a family of multi-fuootl dimeric enzymes involved in the
cellular detoxification and excretion of many plojegical and xenobiotic substances
(Wilce and Parker, 1994). The GSTs share littleusage similarity but their tertiary
structure has been conserved (Wilce and Parked)198e exception is Kappa GST whose
C-terminal domain is inserted into the N-terminandhin (Ladneret al., 2004). The
dimeric structure also has been shown to be indoivestabilisation of tertiary structures of
individual subunits (Erhardt and Dirr, 1995) as vad to provide a non-substrate ligand-
binding site at the subunit interface (Saedl., 2000; Lyon and Atkins, 2002; Yassih
al., 2004). The GSTs displays two distinct typesudfunit interactions (Armstrong, 1997).
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The first is a ‘lock-and-key’ hydrophobic interamtj involving an aromatic ‘key’ residue
from domain 1 of one subunit that inserts into salvéydrophobic ‘lock’ residues of
domain 2 in the other subunit (Figure 1-3) founadnammalian classes of Alpha (Saystd
al., 2000), Mu (Hornbyet al., 2000) and Pi (Stenbesgal., 2000). The inter-subunit ‘lock-
and-key’ is also found in the Zeta class but they*ks not an aromatic side chain but the
side chain of methionine (Wilce and Parker, 199®)e second type of intersubunit
interaction is more hydrophilic and lacks the hyahobic ‘lock-and-key’ motif and
electrostatic forces predominate as in the clasE&gma (Stevenset al., 1998; Stevenst
al., 2000) and Theta (Rossjotehal., 1998). An interesting variant of the ‘lock-andyke
motif exists in the Delta class of GSTs, knownles ‘tlasp lock-and-key’ (Wongsantichon
and Ketterman, 2006). The aromatic ‘key’ residué aoly inserts into a hydrophobic
‘lock’ of the neighbouring subunit, but also actsgart of the ‘lock’ for the other subunit
‘key’. The ‘key’ residues from both subunits shomematic ring stacking with each other in
a pi— pi interaction, generating a ‘clasp’ in theiddle of the subunit interface

(Wongsantichon and Ketterman, 2006).

Studies of equilibrium folding revealed that dimermation of GSTs such as Alpha
(Wallaceet al., 1998), Pi (Dirr and Reinemer, 1991) and Sj (Aath§anchert al., 2004)
has significant impact on stabilisation of subueitiary structure, as these proteins unfold
via a ‘two-state’ pathway with the absence of amgbke monomeric intermediates.
However, the dimerisation of GSTs such as SigmeavéStset al., 1998) and Mu (Hornby
et al., 2000) has less influence on subunit stabilitye thuthe presence of stable monomeric
intermediates in an unfolding/refolding pathwayeThack of equilibrium intermediates in
Alpha/Pi/Sj classes of GSTs was attributed to tlydrdphobic nature of the subunit
interface that would be unstable upon solvent exydn spite of the differences between
the unfolding pathways of Alpha/Pi/Sj and Mu cl&3STs, mutation of the intersubunit
‘lock-and-key’ motif showed that this interactianimportant in the stabilisation of the two
subunits (Hornbt al., 2000; Sayedt al., 2000; Codreanet al., 2005; Alveset al., 2006).

Each subunit of the GSTs has two domains (Figug®, Bn N-terminal domain, which is
topologically similar to the thioredoxin fold, amdC-terminal domain is ati-helical with
the number of helices varying between differenssds. It is believed that the differences in

the structure of this domain are responsible fa dlifferences in substrate specificity
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between the GST classes (Wilce and Parker, 199®.tWo domains are connected via a
short linker. The domain-domain interfaces of GS®t@ns have not been analysed in
detail. However, in the case of human Alpha-claS§ @ GSTAL1-1) an inter-domain ‘lock-

and-key’ motif, similar to the one found in most T&ubunit interfaces, was shown to play

an important role in stabilising the domain-domaterface (Wallacet al., 2000).
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Figure 1-3. ‘Lock-and-key’ motifs found at the dime and domain interface of GSTSs.

The ‘key’ residue of the subunit interface (pinkoazoed residue shown in stick format) and domain
interface (red coloured residue shown in stick faymDomain 1 (coloured in blue of subunit 1 and
lime green of subunit 2) contains the thioredoxild f Domain 2 ( coloured in cyan of subunit 1 and
green in subunit 2) contains the athelical fold. lllustration of hGSTA1-1 is used bkeas an
example (PDB code: 1GUH). Image rendered using PyM®D99 (DeLano Scientific, 2006)
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1.4.1. Role of the domain interface in GSTs

The N- and C-terminal domains of GST proteins hagen shown to unfold cooperatively
in the case of class Alpha (Wallaegal., 1998), Sigma (Steveres al., 1998), Pi (Erhardt
and Dirr, 1995) and Sj (Kaplagt al., 1997). In addition, there is no evidence to ssgge
that the individual domains of GST proteins unfatdiependently as indicated by the
equilibrium unfolding profiles which display monagdic, coincident transitions. Therefore,
the burial of a significant amount of hydrophobiaface area upon domain association
indicates that the domain interfaces of GSTs playinaportant role in the stability and
folding of these proteins. A structural based sagaelignment of the GSTs (Figure 1-4)

shows that there is a conserved hydrophobic inieraat the domain interface.

The details of the domain-domain interfaces of G#adteins are not as well studied as
much as their subunit-subunit interfaces. letial. (2002) investigated the conformational
stability and equilibrium unfolding of two domaixeéhanged chimeric isoenzymes. The
domains of the class Mu isoenzymes M1-1 and M2-&2we&changed resulting in chimeras
(M12 and M21) with one domain from M1 and one damfabm M2 (Luoet al., 2002). It
was shown that the M12 and M21 monomers are lesdesthen the wild-type monomers
(Luo et al., 2002). This indicates that domain interface cam@ntarity is critical for
correct domain-domain packing which in turn play®la in protein stability. The effect of
domain packing on stability and function was alseestigated in the case of human class
alpha GST (hGSTA1-1) (Wallacat al., 2000). The residue chosen for mutagenesis was
tryptophan 20 (Trp 20), a conserved amino acichendlass Alpha GST proteins (Wallace
et al., 2000). Similarly to the ‘lock-and-key’ motif fodnin the subunit interface of
Alpha/Pi/Mu/Sj class proteins, the indole ring ofpT20 protrudes from the N-terminal
domain into a hydrophobic pocket of the C-termidaiain where it is completely buried
(Wallaceet al., 2000) (Figure 1-5A). The W20A mutation, a cavityming mutation, was
both disruptive and destabilising with the equilibn unfolding results pointing to the
accumulation of one or more intermediate specieall@teet al., 2000). However, the
unfolding kinetic data from a less disruptive migiaton hGSTA1-1, W20F, showed that
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1G70 ~~mmmmmmnmmmmm s KLY TY s DHCPYCLKARMIFGLKNIP 29

1KOM maeeqpq agsdgakiGNCPFSQRLFMVLWLKGVT 44
1Gss PPY TVVY F s i PVRGRCAALRMLLADQGQS 31
1ILV ~rvmmmmnnnmnnmm s mmmmm s D EY Y Lnvmmmimimins PGSAPCRAVQMTAAAVGVE 29
1GUH AKPKLHY Frmmmmimmin NARGRMESTRWLLAAAGV 32
1EEM msgesarslgkgsappgpvpegsIiRIYSMmmmmmmmn RFCPFAERTRLVLKAKGI 52
1Fwl MOagkPILYSY ~vmmmmm~n FRSSCSWRVRIALALKGID 34
1GNwW AQTKVFGH~~~mmmmin PASIATRRVLIALHEKNLD 31
1GsQ PRYTLHY Frmmmmmmin PLMGRAELCRFVLAAHGEE 31
1GwC maggddl KL LGA~~~~~mmn~ WPSPFVTRVKLALALKGLS 35
1HQO ~~~~~~ veysritkffgeqplegy TLFSH~~mmmm~~ RSAPNGFKVAIVLSELGF 46
IN2A P GACSLASHITLRESGKD 30
INHY XSq Frommmnmn RIRTWVPRGLVKALKL 33
1PA3 MGANTVLYY Frmmmmmmin DARGKAELIRLIFAYLGIE 33
2LIR MYLELFLD~~m~~~ e LVSQPSRAVYIFAKKNGIP 31
6GST PUILGY Wrmmnmn e NVRGLTHPIRLLLEYTDS 30
2FNO FDLY YW RGQLIRGILAHC -- 34
1z9H LTLYQY ~~vmmmimomins PFCSKVRAFLDFHALPYQVV 30

Figure 1-4. Structure based sequence alignment obchain 1 of GSTs

The alignment was performed using sequences ofr@mber of domain 1 of the 18 classes GSTs.
The structure-based alignment tool, VAST was usgithr@tet al., 1996). The resulting alignment
displays the secondary structural elements of @actein; helices are in blu@;strands in green
and other structures in orange. Amino acid sequenaere obtained from the NCBI
(http://www.ncbi.nlm.nih.goyfrom the Molecular Modeling Database (MMDB) (Chetral., 2003)
using the PDB accession codes (Table 1-1) obtaifesin SCOP (http://scop.mrc-
Imb.cam.ac.uk/scop/data/scop.b.d.fh.b.html; Mugtial., 1995). The conserved hydrophobic ‘key’
residues are highlighted in red.

Table 1-1. List of GST proteins used in alignment
Accession codes of the GSTs were obtained from SC@abase (http://scop.mrc-
Imb.cam.ac.uk/scop/data/scop.b.d.fh.b.html, Muezia., 1995).

PDB Code GST Class Reference
1g70 Grx2 Xiaet al., 2001
1kOm Clicl Harropet al., 2001
1guh Alpha Sinningt al., 1993
1n2a Beta Rifet al., 2003
1jlv Delta Oakleyet al., 2001
6gst Mu Jiet al., 1994
leem Omega Boam al., 2000
lgnw Phi Reinemest al., 1996
1gss Pi Reinemest al., 1992
1gsq Sigma Jt al., 1995
lgwc Tau Thonet al., 2002
2ljr Theta Rossjohet al., 1998
1fwl Zeta Polekhinat al., 2001
1nhy GST-like domain of EF-1 Jeppestial., 2003
1pa3 Plasmodium falciparum GST Perbandit al., 2004
1lhgo yeast prion protein ure2p Umlaetchl., 2001
2fno Hypothetical protein Atu5508 Kosladf al., 2006
1z9h Microsomal prostaglandin E synthase-2 Yamadaet al., 2005
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the global unfolding of the protein during whicketinfolding event was not affected by
amino acid replacement. A topologically equivaleréraction was found in a monomeric
homologue of the GSTs, Clicl (Stoychev, 2008, PHizsIs), where the side-chain of
Met32 protrudes into a hydrophobic pocket of thde@ninal domain (Figure 1-5B)
analogous to the indole ring of Trp20 of hGSTAIEQuilibrium unfolding studies show
that the mutation of Met32 to Ala was also disruptiand de-stabilising with the
accumulation of one or more stable intermediatésy(®ev, 2008, PhD Thesis). These two
proteins, hGSTA1-1 and Clicl, also display reldtivarge interface areas to the other GST
classes of protein (Figure 1-6). This was deterohibg calculating theAASA of the
domains on each of the GST class of proteins usNgCCESS v2.1.1
(http://wolf.bms.umist.ac.uk/naccess) which is mplementation of the Lee and Richards
method (1971).

These results show that domain-domain contacts thanl correct packing contribute
significantly toward protein stability and functionn addition, domain and subunit
interfaces seem to have similar roles in the fadend maintenance of the native

conformation.
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Figure 1-5. The ‘lock-and-key’ motif found at the cdomain interface of hGSTA1-1 and
Clicl.

(A) The ‘key’,Trp20 (shown in ‘ball and stick’ forat) of al of domain 1 (blue) into its ‘lock’ ai6
of domain 2 (green). (B) The ‘key’ residue of Clisl Met32 ofal of domain 1 (blue) into its
hydrophobic ‘lock’ ina8 of domain 2 (green). Image rendered using PylYOu0.99 (DelLano
Scientific, 2006) (PDB codes: 1guh and 1kOm).
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Figure 1-6. Bar-graph depicting interdomain interface area among the GSTs.
Values were computed using NACCESS v2.1.1 (httpifflams.umist.ac.uk/naccess) by calculating théedihce between the surface area of the individual

domains and surface areas of the domains as alteiASA of hGSTA1-1 and Clicl are shown by the greeowvas and Grx2 is shown by the red arrow
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1.4.2 Glutaredoxin-2: A GST monomeric homologue

The elucidation of how domain interactions contréto the stability of the subunits
of GSTs, is complicated by the presence of quatgrimderactions, which include
residues involved in interdomain contacts (lai@l., 2002). This study will therefore
look at a monomeric homologue of the GSTs, Glutaxad2 (Grx2) from

Escherichia coli.

The glutaredoxin proteins comprise of three praei@rx1-3, that form part of the
hydrogen donor system . coli (Laurent et al., 1964; Holmgren, 1976).
Glutaredoxins are reduced by GSH, which is in teeduced by NADPH and
glutathione reductase (Holmgren and Aslund, 1988%2 is an atypical glutaredoxin
in size, sequence and function. Unlike its Grx ¢erparts , it is not a hydrogen donor
for ribonucleotide reductase (Aslumtial., 1994). Its size (24.3 kDa) is abnormally
large to the other Grx proteins (~10 kDa) (Holmgeerd Aslund, 1995). The only
similarity it shares with the other Grx proteinghe conserved active site sequence of
Cys-Pro-Tyr-Cys (Holmgren and Aslund, 1995).

1.4.2.1 Grx2 Sructure

Grx2 has a three-dimensional structure highly simib GSTs (Xiaet al., 2001)
(Figure 1-7). Grx2 has the common structural charatics of GSTs. These are, the
N-terminal domain (domain 1) (residues 1-72) havimgthioredoxin fold (Holmgren
et al., 1975) containing the 4-residue active-site (C-)Yconnected to the afi-
helical C-terminal domain (domain 2) (residues 8%)2 via an 11-residue linker
(residues 73-83) (Xiat al., 2001). The thioredoxin fold in domain 1 of G i
composed a four strand mix@esheet g1, f2, B3 andp4) and this mixe@-sheet is
then flanked by three-helices ¢1, o3 ando2). The alla-helical domain 2 consists of
six a-helices which are all connected by loops. Theeetao tryptophan residues in
Grx2, Trp89 and Trpl190, and both are located indbmain 2. The two cysteine
residues (Cys9 and Cys12) of the active site azatéanl at the domain interface. In
contrast to the enzymatic activity of the GSTs, Lix involved in the reduction of
disulphides with high catalytic activity in resalg the mixed disulfide betweds
hydroxyethyl disulfide (HED) and GSH (Asluratl al., 1994; Vlamis-Gardikast al.,
1997; Lillig et al., 1999).
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Figure 1-7. Ribbon representation of Glutaredoxin-2

NMR solution structure of reduced Grx2 showing the® domains: N-terminal domain
(blue), and C-terminal domain (green). The two domare connected by the domain linker
(magenta). Tryptophan residues (Trp 89 and Trpa®@)located on the C-terminal domain.
The ‘key’ residue, Metl7 (red) as well as the aystiesidues (Cys9 and Cys12) of the active
site is located at the domain interface. Image egedl using PyMOI™ v0.99 (DelLano

Scientific, 2006) (PDB code: 1g70).
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1.4.2.2 Domain interface of Grx2

Grx2 has been shown to unfold via an ‘all-or-nopathway with no detectable
equilibrium intermediates (Gildenhuys al., 2008). The unfolding kinetics of Grx2
are complex as a result of native-state heterogemeid are characterised by two
observable unfolding reactions that occur in patglGildenhuyset al., 2008). There
is also no evidence indicating that unfolding pext®via a high-energy intermediate
that might suggest independent unfolding of the hwa identical domains in Grx2
(Gildenhuyset al., 2008). Thus, it seems that the extensive donm@rface of Grx2
has a major role in stabilising the individual dansa questioning the intrinsic
stability of the N- and C-terminal domains. An aif was made to isolate the two
domains of Grx2 by creating two truncated mutaMisrfiis-Gardikaset al., 1997),
but they expressed as inclusion bodies and weseles 50% pure after purification.
This can be attributed to the large hydrophobidases that are exposed to the
solvent upon domain dissociation. The domain iamfof Grx2 has a total accessible
surface area buried upon domain association ofoappately 2200A (Figure 1-6).
The interactions at the domain interface of Grx2 redominantly hydrophobic and
there are 3 hydrogen bonds between, His8, Asn33&Gindl12 (Xiaet al., 2001). A
‘lock-and-key’ motif is also present at the domanterface analogous to the Trp20 of
human class alpha GST and Met32 of Clicl. In GM2117 is the ‘key’ residue of
domain 1 which locks into a hydrophobic pocket ofméin 2 (Figure 1-8).
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Figure 1-8. The ‘lock-and-key’ motif at the domaininterface of Grx2
The ‘key’ residue, Metl7 (depicted in a ‘ball anidls format), ofal in domain 1 (blue) into
the ‘lock’ of domain 2 (surface representation neen). Image rendered using PyM®L

v0.99 (DeLano Scientific, 2006) (PDB code: 1g70).
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1.5 Aims and objectives

The elucidation of protein folding mechanisms reggiithe study both intra-molecular
interactions as the polypeptide chain associateh vtself, and inter-molecular

interactions as it associates with another polydeptubunit. This study is aimed at
investigating the role and contribution of the domiaterface interactions in protein
stability and folding. Due to the complexity of teabunit interactions of the dimeric

GSTs, this study will focus on a monomeric homow@t GST, Grx2.

This endeavour will use Grx2 as a model proteimvestigate the role of the domain
interface in generating and maintaining the natwaformation. Met 17 of Grx2, a
structurally conserved hydrophobic residueaih of domain 1 in the GST protein
family, will be mutated to an alanine (M17A) in erdo investigate the importance of
packing at the domain interface. The removal o§ tinter-domain ‘lock-and-key’
motif will indicate whether its function is analagoto the function of the ‘lock-and-
key’ motif found in the domain interface of hGSTA1-

The objectives to elucidate the role of the ‘lockd&ey’ motif are threefold. Firstly,
to characterise the proteins with respect to tsetondary and tertiary structures.
Secondly, to determine the conformational stabilifythe protein using denaturant-
induced equilibrium unfolding. Thirdly, single-jumynfolding kinetics will then be
used to compare the amplitudes and rates of uniplas this method has proven to be
a powerful means for revealing transient yet imguortconformational states and
interactions that are not accessible by equilibrmerasurements. This technique will
also be used to perform an initial conditions tést determine native state

heterogeneity.
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CHAPTER 2. EXPERIMENTAL PROCEDURE

2.1 Materials

The cDNA encoding wild-type Grx2, cloned at tBamH | andNde | restriction sites
of the pET24a+ plasmid, was a generous gift fromJDDyson (The Scripps Institute,
CA, USA) (Xia et al., 1999). The QuikChange® Site-Directed Mutagendsand
StrataPrep plasmid miniprep kits were purchased f@tratagene (La Jolla, CA,
USA). Kanamycin and chloramphenicol were purchaBed Roche Diagnostics
(Mannheim, Germany). 8-Anilino-1-naphthalenesuléoacid (ANS) was purchased
from Sigma-Aldrich (St. Louis, MO USA). SDS-PAGE haoular weight marker
(SM0431), DTT and IPTG were purchased from Ferngehite Sciences (St. Leon-
Rot, Germany). DEAE-Sepharose was purchased fronH&#thcare Life Sciences
(Uppsala, Sweden). Ultrapure (99.5%) urea was @s@th from Merck chemicals
(Darmstadt, Germany). All other reagents were dilyital grade. Ingaba Biotech
(Pretoria, South Africa) conducted synthesis ofgafiucleotide primers and

performed all sequencing to confirm the identitytted plasmids.

2.2 Experimental

2.2.1 Construction of Grx2 mutants

Site-directed mutagenesis was employed to crea&epliismid DNA encoding the
M17A Grx2 mutant. Briefly, the method requires ds®Nparental plasmid DNA)
and two oligonucleotide primers containing the debimutation complementary to
opposite strands of the plasmid. During thermalioggc these primers are entended,
generating the mutant plasmid. The parental plasmiddigested with Dpn |

endonuclease which is specific for methalyated ONalson and McClelland, 1992).

Oligonucleotide primers were designed in accordanite the published wild-type
nucleotide sequence of Grx2 (Vlamis-Gardileasal., 1997), under the guidelines
prescribed by the Stratagene QuikChange® Il Sitedded Mutagenesis kit (La Jolla,
CA USA) manual, with the aid of the Primer-X softea

(http://bioinformatics.org/primepx and Gene Runner software v3.01 (Hastings

Software Inc., NY, USA). The sequences of the prarsynthesised used to construct
the M17A Grx2 mutant are listed below with the esdjve codons for Ala
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highlighted in bold, two silent mutations (italied) were incorporated in the

sequence to avoid hairpins and loops from forming:

Forward: 5' CT TAC TGT CTC AAAGCT CGCGCA ATT TTC GGC CTGAAG
AAT ATC 3

Reverse 5' GAT ATT CTT CAG GCC GAA AATTGC GCGAGC TTT GAG ACA
GTAAG 3'

The DNA encoding for the M17A Grx2 protein was gexted by following the
protocol described in the QuikChange® Il Site-Dieeskt Mutagenesis kit from
Stratagene (La Jolla, CA USA) (Brameral., 1996). The sample reaction had a final
volume of 51pl which comprised of ful (10x) reaction buffer, Jul (50 ng) double
stranded DNA template, 1l (125 ng) forward primer, ful (125 ng) reverse primer, 1
pl dNTP mix, 41l milli-Q water and 1ul (2.5 Ujpl) Pfu DNA polymerase. The
product was generated by 16 amplification cycle8®fiseconds at 95°C to denature
the wild-type dsDNA, 60 seconds at 55°C to annéal mutant primers and 60
seconds at 68°C for DNA extension. Parental DNApiate was digested with (I
(20 Upul) Dpn I for one hour at 37°C and one hour at 20Y@e reaction products
were then used to transfor coli XL1-Blue Supercompetent cells supplied with the
mutagenesis kit. The cells were plated onto LB gdates (1% (w/v) tryptone, 0.5%
(w/v) yeast extract, 1.0% (w/v) NaCl, 1.5% (w/veagsupplemented with kanamycin
(30ug.mr*) and were incubated for 12-16 hours at 37°C. debmere chosen and
overnight cultures were made in LB medium (1% (wiyptone, 0.5% (w/v) yeast
extract, 1.0% (w/v) NaCl). Plasmid DNA was thenragted from the overnight
culture of cells, using the Strataprep plasmid prep kit from Stratagene (La Jolla,
CA, USA). The incorporation of the desired mutatiamd that no other mutations
were generated during the mutagenesis amplificateaction, was confirmed by
sequencing (Ingaba Biotech; Pretoria, South Afrmfajhe plasmid DNA, using the

T7 terminator primer.
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2.2.2 Transformation, over-expression and purificabn of mutant and wild-type
Grx2

The plasmids containing the insert that codes fid-type Grx2 and M17A Grx2
were used to transforrg. coli BL21(DE3)/pLysS cells (Lucigen, Middleton, WI,
USA) andE. coli T7 Express® competent cells (New England Bio-labs Inc., Ipswic
MA, USA), respectively, and both cell strains anbocamphenicol resistant. The cells
were transformed using a one-step method as dedchly (Chunget al., 1989).
Competent cells were thawed on ice for 15 minutestoch 1l of mutant plasmid
DNA (100 ngul™) was added and the reaction mixture incubated cenfor 30
minutes. The cells were heat-shocked at 42°C faeb@nds in the case of tBecoli
T7 Expressl9 Competent cells and for 45 seconds in the cas¢hefE. coli
BL21(DE3)/pLysS cells, on a heating block, followleg a rapid transfer to ice for 2
minutes. SOC medium (2% (w/v) tryptone, 0.5% (wegast extract, 250 mM KCI, 1
M glucose, 2 M MgG)) was added to the reaction mixture followed byulmation at
37°C for 90 minutes. The cells were then plated L&iagar plates (1% (w/v)
tryptone, 0.5% (w/v) yeast extract, 1.0% (w/v) NaCb% (w/v) agar) supplemented
with the antibiotics kanamycin (30g.mI*) and chloramphenicol (3ag.mf?). The
plates were then incubated at 37°C for 12 - 16 $iodihe transformedt. coli
expression cells transformed with the pET24a+ pidscontaining the cDNA
sequence coding for the Grx2 proteins were addefileh, sterile 2xYT medium
(1.6% (w/v) tryptone, 1.0% (w/v) yeast extract,%.%w/v) NaCl) supplemented with
the antibiotics. The cells were grown at 37°C wstiaking at 250 rpm for 12 - 16
hours of which a 50-fold dilution was then usednioculate into fresh, sterile 2xYT
medium (1.6% (w/v) tryptone, 1.0% (w/v) yeast egtra0.5% (w/v) NacCl)
supplemented with kanamycin (@@mr*) and chloramphenicol (3@.m["). Cells
were grown at 37°C with shaking at 250 rpm till@Bgoo of ~0.6 was reached after
which over-expression of the Grx2 proteins wereugadl by the addition of 1 mM
IPTG. The cells were grown for a further 12 - 1@ufsoat 37°C, with shaking at 250
rpm, in order to achieve optimum protein expressiGells were harvested via
centrifugation (4200 xg, 25 min) and re-suspended in approximately 35ml re
suspension buffer (20 mM Tris-HCI, 1 mM EDTA, 2 miMgCl,, 0.02 % Nal, pH
10.0). DNAse | (10 mg.rif) and lysozyme (10 mg.M) were added to the cell
suspension and was rotated at 4°C for 30 minutes.CElls were then sonicated on

ice for 4 cycles of 30 seconds with 40% pulse isitgnusing an ultrasonic liquid
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processor (Misonix Inc. (model: XL-2020), FarminfgaNY, USA). The lysed cells
were centrifuged at 16 000g«for 20 minutes at 4°C. Samples of whole cell ectira
soluble and insoluble fractions were electrophatese 12% acrylamide SDS-PAGE

gels (section 2.2.3).

Purification of the Grx2 proteins was performed ngsi anion-exchange
chromatography following an optimised protocol @&ihhuys, 2006, PhD Thesis) to
that of the one described previously (Vlamis-Gaadikt al., 1997). The soluble
fraction after centrifugation was applied onto a ABESepharose column (GE
Healthcare Life Sciences, Uppsala, Sweden) préibrated with buffer A (20 mM
Tris-HCI buffer, pH 10, 0.02% (w/v) Na) The column was then washed with 10
column volumes of buffer A followed by 4 column voles of wash with buffer B
(20mM Tris-HCI buffer, pH 9, 0.02% (w/v) NaN Bound wild-type or M17A Grx2
protein was eluted off the column using a linear grddient (10 column volumes)
from pH 9 to pH 8. The gradient was produced byingpbuffer B with 50 mM Tris-
HCI, pH 8, 0.02% (w/v) NaBhl Anion-exchange chromatography was conducted using
an AKTAprime system attached to a computer withm@Niew 1.0 software (GE
Healthcare Life Sciences, Uppsala, Sweden). Theigaiwild-type Grx2 or M17A
Grx2 protein was then dialysed against three chan§&rx2 storage buffer (50 mM
sodium phosphate buffer, pH 7.0, containing 50 m&CN 1 mM DTT and 0.02%
(w/v) NaNg), lasting 4 hours each, after which it was snapdn and stored at -80°C.
It should be noted that the over-expressed protegre void of the His-tag present in
the vector (Figure 2-1) as the sequence encodm@stR2 proteins are inserted at the
BamH | andNde | restriction sites which are upstream on the tidgs-coding region
and therefore not expressed (Figure 2-1). Befoeg e frozen protein was thawed
on ice and dialysed against Grx2 storage buffesueng that the protein was in the
reduced state. The Grx2 proteins were used withineak after which the Grx2
protein was placed in fresh dialysis buffer unitié tnext dialysis. Unless otherwise
stated all experiments for wild-type and M17A Gm2re conducted in the Grx2

storage buffer.
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2.2.3 SDS-PAGE

The solubility, homogeneity and purity of the e)gmed mutant proteins were
assessed by separation on a 12% SDS-PAGE (Laed81h). The discontinuous gel
system consisted of a 4% (w/v) acrylamide/bis-aamytle stacking gel (0.1% (w/v)
SDS, 0.05% (w/v) ammonium persulphate, 0.1% (W/EMED and 0.125 M Tris-
HCI buffer, pH 6.8) and a 12% (w/v) acrylamide/aisylamide (w/v) separating gel
(0.1% (w/v) SDS, 0.05% (w/v) ammonium persulph&e,% (w/v) TEMED and
0.375 M Tris/HCI, pH 8.8). Protein samples weraiw@itl two-fold with sample buffer
(0% (w/v) glycerol, 2% (w/v) SDS, 5% (w/\V}-mercaptoethanol, 0.05% (w/v)
bromophenol blue and 0.0625 M Tris-HCI buffer, pl8)6 Samples were then boiled
for 5 minutes to ensure that the proteins were weed. The electrode buffer used
contained 1% (w/v) SDS, 0.192 M glycine and 0.025TNs, pH 8.5. The protein
samples were applied to the SDS-PAGE wellgl)1&nd electrophoresed at 140 V for
2 hours using a Hoefer MiniVE electrophoresis sys{élolliston, MA, USA). The
molecular weight marker (Fermentas Life Sciencest. (no.: SM0431), Ontario,
Canada) used contained a mixture of seven prot@hgalactosidase (116 kDa),
bovine serum albumin (66.2 kDa), ovalbumin (45 kDagrtate dehydrogenase (35
kDa), restriction endonuclease Bsp98I (25 kD@&Jactoglobulin (18.4 kDa) and
lysozyme (14.4 kDa). The gels were stained in 2%v)YwWoomassie Blue R250
staining solution containing 13.5% (v/v) glaciak#c acid and 18.75% (v/v) ethanol
and destained with 40% (v/v) ethanol and 10% (@ghcial acetic acid until the

background was clear.

2.2.4 SE - HPLC

The size and homogeneity of purified wild-type anfl7A Grx2 was assessed using
SE-HPLC. Proteins were separated using a TOSOH @&KG 2000 SWXL size
exclusion column (TOSOH Corporation, Tokyo, Japamh a TOSOH TSK gel
SWXL guard column (TOSOH Corporation, Tokyo, Japafhe column was
equilibrated using Grx2 storage buffer. This bufieas pumped at an isocratic
pressure of 40 bar through the column using a Diobktimate 3000 pump
(Sunnyvale, CA, USA) at a constant flow rate of @#min™. Protein eluting from
the column was detected using absorbance, fluatesand dynamic light scattering.
The absorbance detector (Spectra-Physics (model00SP), Fremont, CA, USA)

was set to record absorbance at 280 nm with atsatysof 0.02. The fluorimeter
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(Jasco Inc., (model: FP 2020), Tokyo, Japan) wasi@ee an excitation wavelength
of 295 nm and emission wavelength of 345 nm, withdain and attenuation set at 32
and 100 respectively. The sizing of particles pagthrough the column was detected
by light scattering using a Zetasizer Nano S (Malvenstruments Ltd.,

Worcestershire, UK). The instrument temperature seis0 22°C and the resolution
was set to general purpose and data collected &/esgconds using DTS software

(Malvern Instruments Ltd. Worcestershire, UK).

2.2.5 Absorbance spectroscopy
The concentrations of the Grx2 proteins, ANS andNBTwere determined
spectrophotometrically using a Jasco V-630 UV-Vp&arophotometer (Jasco Inc.,

Tokyo, Japan) and by applying the Beer-Lambert law:

A= 8xC| (3)

where A is the absorbance at the respective wagtles) is the molar extinction of
the absorber at wavelengthc is the concentration of the absorbing solutad | is
the path length of light through the solution (cieg

A molar extinction coefficiente{) of 21 860 M".cm™ (Vlamis-Gardikast al., 1997)
was used for determining the concentrations of betld-type and M17A Grx2
proteins at 280 nm. The same extinction coefficisntapplicable for the mutant
protein since the amino acids involved in the matgti.e., Met to Ala are not
chromophores. The extinction coefficients useddermining ANS concentration at
350 nm was 5000 Nem' (Weber and Young, 1964). The quantitation of free
sulfhydryls, which employed the DTNB essay (sectbf.8), at 412 nm used an
extinction co-efficient of 13 600 Mcm™ (Habeebet al., 1972) for the 2-nitro-5-

thiobenzoate anion.
The concentrations were determined by fitting adinregression to 10 or more points

from a serial dilution. All readings were bufferrpected with the appropriate buffer

used for the concentration determination.
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2.2.6 Circular dichroism spectroscopy

Circular dichroism (CD) is a technique that measutes differential absorption of
left- and right-handed circularly polarised light dptically active molecules. Optical
activity in proteins arises from disulphide groupspmatic side chains, and the
peptide backbone (Woody, 1995). Disulphide groups @omatic amino acids have
characteristic absorption bands in the near-UV eaf@p0 - 300 nm). In the far-UV
region (180 - 250 nm), the predominant signal arfsem the peptide backbone. The
adoption of different secondary structures by theptile backbone results in
distinctive CD spectra (Woody, 1995). As a reghis wavelength range gives a good
indication of the secondary structural content oft@ins. Proteins with a high-
helical content display characteristic minima a8 20id 222 nm, as well as a stronger
positive band near 190 nm (Woody, 1995). Due tortbise contribution by some
buffers, hence reducing the signal to noise ratias impossible to record clear

spectra below 210 nm.

Far-UV CD spectra (180 - 250 nm) were recordedguSipM Grx2. The protein was
in Grx2 storage buffer. In some cases the Grx2agm®buffer was diluted 10 fold in
order to improve the signal to noise ratio. All-fdy CD spectra were recorded at
20°C and represent an average of 10 accumula@wm@sscan speed of 200 nm.fhin
The bandwidth used was 1 nm and the data pitchnfh2 Measurements were
obtained using on a Jasco J-810 spectropolariméthr Spectra Manager software
v1.5.00 (Jasco Inc., Tokyo, Japan) using a pathikenfy 2 mm. All spectra were
buffer corrected. The spectra were normalised biguting the mean residue

ellipticity [6] deg.cnf.dmol™.residué using the following equation (Woody, 1995):

[6] = (1008)/c.n.l (4)

where @) is the ellipticity signal in mdeg, c is the proteoncentration in mM, n is

the number of residues in the protein chain asdhe path length in cm.

Near-UV CD spectra (250 — 350 nm) were recordedgudOpuM Grx2 at 5 °C in
Grx2 storage buffer. The temperature was maintabned Jasco PTC-423S Peltier-
type temperature control system. All near-UV CDcs@ewere recorded at a scanning
speed of 100 nm.mih using a 1 cm path length cuvette. The sensitiwias set to
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high (10 mdeg), data pitch was 0.05 nm, respornseclbandwidth 0.5 nm, and each
spectrum was the result of 10 accumulations. Lanptrature CD measurements on
proteins sharpen the CD bands because of lowerdititynof the side-chains, and at
very low temperatures increase the intensity ofsigeal (Strickland, 1974). Near-UV
CD signal data were not converted to mean resitipdicty since only four types of

residues contribute to the signal, making averagweg all residues unjustified.

2.2.7 Fluorescence spectroscopy

Fluorescence is the emission that results fronreéhen of an unpaired electron from
the excited to the ground state (Lakowicz, 199%e €nergy lost between excitation
and emission, known as Stokes’ shift, results i@ Hathochromic (red) shift of
emission spectra. In proteins, the naturally odogrfluorophores are tryptophan,
tyrosine and phenylalanine. Due to the small quantueld of phenylalanine in
proteins, its emission is rarely observed (Lakowit299). The fluorescence of most
proteins is dominated by tryptophan, with its quamtyield being more than double
that of tyrosine. In the native state, tyrosine ssiain is quenched by energy transfer
to tryptophan, and to quenching due to nearby @thogrboxyl and uncharged amino
groups (Lakowicz, 1999).

The indole ring of tryptophan is highly sensitigesolvent polarity (Lakowicz, 1999).
Emission spectra of this residue reflect the ptjanf its surrounding environment.
Therefore, tryptophan fluorescence is used to roorértiary structural changes in
proteins. All fluorescence measurements were recbid a quartz cuvette with a 10
mm path-length using a Perkin-Elmer luminescencectspmeter LS50B and
FLwinlab v4.0 software (Waltham, MA, USA).

2.2.7.1 Intrinsic fluorescence-tryptophan fluorescence

Grx2 contains two tryptophan residues, both in dar@aat positions 89 (Trp89) and
190 (Trp190) and eight tyrosine (Tyr) residuesn@®main 1 and 3 in domain 2). The
Trp residues were selectively excited at 295 nmoféscence emission spectra were
recorded using M Grx2 in the range 280 - 450 nm. The excitatiod amission slit
widths were 5.5 nm and 3.5 nm, respectively. Th#ebwsed was Grx2 storage
buffer. The spectra were recorded at 20°C, bufberected, and is an average of three

accumulations at a scan speed of 200 nm‘min
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2.2.7.2 Extrinsic fluorescence - ANSbinding

ANS is a hydrophobic dye used as an extrinsic 8soence probe (Engelhard and
Evans, 1995). It binds to hydrophobic patches oigns. In an agueous environment
ANS fluorescence is quenched, but upon binding ttwydrophobic surface its
fluorescence quantum yield increases and its maxinamission wavelength is
blueshifted (Engelhard and Evans, 1995).

A stock solution (10 mM) of ANS was prepared in Brstorage buffer. The
concentration of ANS was checked by recording theebance at 350 nm and using
extinction coefficient ofesso = 5000 M'cm™ (section 2.2.5). Protein (BM) was
incubated for 60 and 90 minutes, at different cotregions of urea (0 - 8 M) with
ANS added to the protein/urea mixture to a finahaamtration of 20QuM. The
solution was incubated for at least an hour toeahiequilibrium. A series of blanks
were generated, each containing 200 ANS with the appropriate urea concentration
(0 — 8 M). The samples were excited at 390 nm anmidston spectra were recorded
from 390 to 600 nm. Spectra were produced from\emmage of three accumulations
at 300 nm.mift scan speed. The excitation and emission slit widtére at 5 nm. The
spectra were recorded at 20°C, buffer corrected| are an average of three
accumulations at a scan speed of 300 nm'niine fluorescence emission intensities

at 465 nm were extracted and plotted as a funciiamea concentration.

2.2.8 DTNB assay

Wild-type Grx2 contains two cysteine residues: Cas@l Cys12 (Xiaet al., 2001).
The accessibility and redox state of these resisgesassessed with a DTNB assay
(Thannhauseet al., 1984). Prior to conducting the assay wild-typexZswas buffer
exchanged using a G-25 Sephadex column into a 50sothum phosphate, pH 7.0,
containing 1 mM EDTA and 0.02 % (w/v) NaNFollowing buffer exchange the
DTNB assay was conducted by titration of a solutans uM protein in 50 mM
sodium phosphate buffer, pH 7.0 containing 1 mM BDU.02 % (w/v) NaN, with
0.2 mM DTNB. The 2-nitro-5-thiobenzoate anion (absomaximally at a wavelength
of 412 nm) is released when DTNB reacts with freeltgroups (Habeelet al.,
1972). The concentration of the released 2-nittbi®benzoate anion was determined

spectrophotometrically at 20°C as described praWo(section 2.2.5).
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2.2.9 Thermal denaturation studies

Thermal unfolding is widely used to determine piotgtability. Heat or temperature
induced unfolding studies were conducted to agbestelative stabilities of wild-type
and M17A Grx2.

Temperature-induced denaturation of Grx2 was detsan by monitoring the
ellipticity at 222 nm (section 2.2.6) over the tergture range 20°C to 80°C. The
temperature unfolding profiles were recorded ushgM Grx2 in Grx2 storage
buffer. The temperature was controlled by a Jageo-#23S Peltier-type temperature
control system and the rate at which the tempeganas increased was 1°C.Min
The bandwidth was 1 nm and data pitch 0.2°C. Measeants were obtained using on
a Jasco J-810 spectropolarimeter with Spectra Mansaftware v1.5.00 (Jasco Inc.,
Tokyo, Japan) using a pathlength of 2 mm. The teatpee unfolding profiles were

normalised by calculating the mean residue elliggti®] deg.cni.dmoi*.residué'.

2.2.10 Urea - induced equilibrium unfolding studieof wild-type and M17A Grx2
2.2.10.1 Reversibility of folding

In order to assess the conformational stabilityagbrotein, the reversibility of the
unfolding event needs to be established. It isrggdeto determine the degree of
reversibility of the unfolding process as it wilivg an indication that equilibrium
between the folded and unfolded states exists. rélersibility of unfolding was
determined for wild-type and M17A Grx2.

The refolding of unfolded protein samples, incubaite 8 M urea for one hour at
20°C, was achieved by a 6-fold dilution of each glenreaction with Grx2 storage
buffer for 1 hour at 20°C. The refolded state & finotein was assessed using far-Uv

CD (section 2.2.6) and intrinsic tryptophan fluaesce (section 2.2.7).

All of the urea used for experiments was prepargdhe method of (Pace, 1986)
using Grx2 storage buffer as the solvent. Followpngparation, the pH of the stock
urea solution was adjusted to pH 7, filtered areddbncentration of 10 M confirmed

using an Atago R5000 refractometer (Tokyo, Japad)the method of (Pace, 1986).
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2.2.10.2 Urea - induced equilibrium unfolding/refolding

Protein unfolding transitions are a convenient vedyestimating the stability of a
protein. The effect of an engineered mutation om $hability of a protein can be
studied by comparison of the wild-type and mutaguikébrium unfolding curves. A
denaturant is used to shift the equilibrium frora thative to the unfolded state. The
equilibrium constantKey) can be calculated and hence the conformatiomdilisy
parameterd\G(H.O) andmvalue can be determined provided reversibility hasn
established (section 2.2.10.1).

Urea unfolding of wild-type Grx2 and M17A Grx2 waenducted over a range of
urea concentrations from O M to 8 M urea in theeabs and presence of ANS
(section 2.2.7.2). Unfolding was conducted at 2fCL hour to allow equilibrium to
be reached. Thereafter, the samples for the rarigarea concentrations were
monitored using far-UV CD (section 2.2.6) and fleszence spectroscopy (section
2.2.7.1).

2.2.11 Data fitting
Unfolding/refolding data obtained for all the priote were analysed according to a

two-state unfolding process for a monomeric protein

During two-state reversible unfolding there is ajuiBbrium reached between the

native species (N) and the unfolded species (U):

N— U )

During a two-state unfolding transition, only thefeilded and native states are present
at significant concentrations (Pace, 1986).

Therefore, for a two-state mechanism:

fn+fu=1 (6)
where { is the fraction folded or native protein andg the fraction unfolded protein.
At any point during unfolding, there is a contrilout to the signal from the

concentration of both species:

38



y=wWfn+yfu 7)
where vy is the signal obtained for the respectpecsoscopic probeyfrepresents the
fraction of folded protein, (f represents fraction unfolded protein. In additipn
represents the y value for the folded state andbeaextrapolated from linear pre-
transition region of the unfolding data ang rngpresents the y value for the unfolded
state and can be extrapolated from the linear fpassition region of the unfolding
data (Figure 2-1). By combining equations 6 anth&, fraction of unfolded protein

can be obtained:

fu= (- Y)(yn — W) (8)

similarly the fraction of folded or native protesan be obtained:
fn =y - W(yn- yo) 9)

The equilibrium constant for the unfolding react{#,) is:
Keq=fu/fn (20)

So, therefore, if equations 8 and 9 are substitunied10:

Keg= (N -Y) /(Y - W) (11)
and

AG® = - RT In Keq (12)

whereAG° is the free energy of unfoldin® is the gas constant, T is temperature in
Kelvin and Keq is the equilibrium constant for a reaction. In @rdo determine
AG(H0) it is assumed th&G° has a linear dependence on denaturant concemtrati

[D] for all urea concentrations (Tanford, 1968, QR7
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A two state mechanism is assumed for analysis. énaaigpted from Shirley (1995).
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Therefore:
AG° = AG(H,0) —m[D] (13)

where AG(H,O) represents the free energy difference between fttded and
unfolded states in the absence of denaturans, them-value for the dependence of
free energy on denaturant concentration whichgs ah indicator of co-operativity
and can be related to the change in solvent-attessirface areaAGASA) , and [D]

is the denaturant concentration.
Combining equations 11, 12 and 13 thus gives:
y= [yN+ YU * g~ (&G (H20) - m [D])/R'ﬁ / [1 +e (AG (H20) - m [D])/R1] (14)

The equilibrium unfolding data obtained were fittedequation 12 using SigmaPlot
version 11.0 (Systat Software Inc; Chicago, IL, YS#&d the paramete8G(H,0)

andm were obtained.

2.2.12 Unfolding kinetics

The kinetic experiments were conducted using a data- upgraded SX-18MV
stopped-flow reaction analyzer from Applied Photggibs (Leatherhead, U.K.). The
excitation pathlength was 10 mm and the emissiothlgragth was 2 mm. The
excitation bandwidth was 2.3 nm to minimise photmeposition. The
photomultiplier voltage was set at 576 V for alpeximents. The temperature of the

sample handling unit was maintained at 20°C witvager bath.

2.2.12.1 Kinetic studies

Kinetic studies were performed by monitoring change the intrinsic tryptophan
fluorescence emission of Grx2. The excitation wength for all experiments was
280 nm, and a cut-off filter of 320 nm was usedptevent excitation wavelength
swamping the emission signal. It was shown priokiteetics experiments for wild-
type Grx2 and M17A Grx2 that the proteins do notlengo any photodegradation

over the period of the measurements.
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2.2.12.2 Sngle-jump unfolding studies

The unfolding reactions (N> U) were setup by mixing 7.pM native wild-type or
M17A Grx2 in an asymmetric ratio of 1:5 with Grx@iage buffer containing 6 M to
9 M urea. The final unfolding conditions were 1.281 protein and urea

concentrations from 5 M to 7.5 M.

The baseline values were obtained for 1u®5b native and urea-denatured (in 8 M
urea) wild-type Grx2 and M17A Grx2. Four traces avaveraged for each kinetic
experiment at each urea concentration, with thal fiverage trace analysed using the

Applied Photophysics software Data were fittedhi® fiollowing general equation:
F =X F *exp(-th) + Yo (15)
where kis the total fluorescence amplitude jg~the amplitude for the phase i at time

zero, t is timeg is the time constant (is the inverse of the apgaee constant) and

Yo IS the fluorescence amplitude at infinite time.
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CHAPTER 3. RESULTS

3.1 Sequence identity

The pET-24-a+ plasmid containing the open readmgnés (ORF) encoding wild-
type Grx2 and the mutant M17A Grx2 were sequenEgplires 3-1 (A) and (B) show
a segment of the wild-type and M17A Grx2 cDNA ORJISpectively, obtained from
DNA sequencing. The presence of the engineeredtimmitas well as the two silent
mutations was confirmed and no further mutationeevieund to be introduced during

the thermal cycling reactions.

3.2 Over-expression and purification

The recombinant expression system for wild-typeZ3ramprised of th&. coli BL21
(DE3)/pLysS cells transformed with the pET-24a+spia containing the ORF
encoding the Grx2 protein using the method desdribe section 2.2.2. The
recombinant expression system for M17A Grx2 conegtisf E. coli T7 Expresd“
competent cellgransformed with the pET-24a+ plasmid containirg @RF encoding
the Grx2 protein using the method described inize@.2.2. The expression system
for M17A Grx2 initially contained thé. coli BL21(DE3)/pLysS system, however,
the M17A Grx2 protein was found to be insolublg@aiwth temperatures of 37°C and
20°C (Figure 3-2A)E. coli T7 Expresd9 Competent cells, an enhanced derivative to
the BL21(DE3)/pLysS cells, were then transformedthwpET-24a+ plasmid
containing the ORF encoding the M17A Grx2 protdihe M17A Grx2 protein was
then found to be soluble under the same growth itiond for wild-type Grx2
overexpression (Figure 3-2B). The fundamental ciffiee between the strains lies
with the location of the T7 RNA polymerase genee TV Express® has thegene
inserted into the lac operon on tke coli chromosome and is expressed under the
control of the lac promoter. Unlike the BL21(DE3)ysS cells that that carry the T7
RNA polymerase gene on a lysogenic prophage, thup $e the T7 Exprest strain
provides controlled induction of the polymerase anbsequently, inducible control
of transcription of genes downstream of the T7 ptan thereby providing an
advantage to the BL21(DE3)/pLysS strain. The s@dtadctions, after sonication and
centrifugation, containing wild-type and M17A Grgfoteins were purified by means
of DEAE-Sepharose anion exchange chromatographyeandd with a pH gradient
(section 2.2.2). The proteins were eluted as sisgtemetrical peaks (Figure 3-3).
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Figure 3-1. Wild-type (A) and M17A Grx2 (B) plasmidsequencing results

A selected segment of the pET24a+ plasmid sequemoeding wild-type and M17A
Grx2 proteins (mutated codon boxed). The sequenasglts were viewed using the
program Finch TV version 1.4.0 (http://www.geospizen/FinchTV Geospiza Inc.).
Two silent mutations (dashed box) were incorporatdtie primer.
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Figure 3-2. SDS-PAGE analysis of M17A Grx2 overexmgssion.

(A) Expression of the M17A Grx2 protein i coli BL21(DE3)/pLysS cells. Lane 1:
Insoluble fraction (pellet); lane 2: soluble fracti (B) Expression of the M17A Grx2
protein inE. coli T7 Expresd? competent cells. Lane 1: Insoluble fraction (plle
lane 2: soluble fraction (pellet).
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Figure 3-3 Elution profile of Grx2 proteins from purification
The Apg of effluent (blue) and the pH gradient (green) evexcorded. (A) Elution of
wild-type Grx2 and (B) M17A Grx2. SDS-PAGE analy$ selected fractions
(numbered and encircled in red) of the peak (ingéth molecular weight marker
(sizes in kDa) show that proteins are electroplwaly pure. The profile was
obtained from the purification using DEAE ion exnga chromatography.
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3.3 Size and purity determination

SDS-PAGE was used to determine the molecular magarity of wild-type and
M17A Grx2 proteins. The purity of Grx2 was assesbgdSDS-PAGE and were
judged to be electrophoretically pure as seen bBysihgle bands (Figure 3-4). One
litre of culture yielded 140 mg and 100 mg for tvdd-type and M17A Grx2
proteins, respectively. The Grx2 proteins were tbtm have a molecular mass of ~
25 kDa (Figure 3-4). This was accomplished by camngathe distances the Grx2
proteins migrate in comparison to a set of knowandards that migrate under the
same denaturing, reducing conditions (Figure 4tjngdis is in agreement with the
published data for wild-type Grx2 (Vlamis-Gardiketsal., 1997; Xiaet al., 2001).
The proteins were also found to be homogenous uSBEEHPLC under native

conditions (Figure 3-5).

3.4 Quantification of free thiol groups

The DTNB assay was employed to quantify the amotifittee sulfhydryls present in
the protein accessible to solvent (Habeeb, 197ajivdl Grx2 (5uM) bound DTNB,
releasing 10uM of the 2-nitro- 5-thiobenzoate anion (concentmatidetermined
spectrophotometrically, section 2.2.8). The resoftthe DTNB assay indicated that
both the cysteine residues of wild-type and M17AZreacted with the DTNB and
that these two free thiol groups are maintaineth&ir reduced state by the presence
of 1 mM DTT in the storage buffer. The active steGrx2 is buried in the interface
between the two domains (X&al., 2001), hence the result of DTNB assay indicates
that the mutation did not induce and major striadtrgarrangements at the active site
and that cysteine residue are still accessiblentallsmolecules, consistent with
published data (Aslundt al., 1994; Vlamis-Gardikagt al., 1997; Xiaet al., 2001).

3.5 Structural Characterisation

3.5.1 Secondary structure characterisation

Studies of the far-UV region (typically 250 — 19&hnhcan be used to assess the
overall secondary structure content of the protquantitatively. The circular
dichroism spectra for proteins, in this region hakiaracteristic features based on the
secondary structure adopted by the proteins (Wob895). Hence, it was used as a

probe to assess the secondary structural contetiteoWild type and M17A Grx2
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proteins. The CD spectra of the wild-type and M13&2 proteins in the folded and
unfolded conformational states are illustratedigufe 3-6. There is no change in the
overall secondary structure conformation of thedwylpe and variant protein. Each
protein exhibits minima at 222 nm and 280 and a peak at 190 nm, which is typical
of proteins predominated lahelices.This is consistent with the solution structure of
Grx2, which reports that the protein is about 58pha-helical (Xiaet al., 2001). The
secondary structures of the wild-type and variandtgins were found to be
completely disrupted as they unfold in the presesfcé.5 M urea as the distinctive
troughs initially observed for the native conforionas of each protein were no longer
evident. It is evident that the mutations at theendomain ‘lock-and-key’ motif

interface did not induce gross conformational clesng the secondary structure.
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Figure 3-4. SDS-PAGE analysis of wild-type and M17/&5rx2

SDS-PAGE gel (inset) and calibration curve for wijge and M17A Grx2 proteins.

The names and sizes of the marker proteins areatetl on the calibration curve. The
Grx2 proteins migrated to a distance that corredpda 25 kDa (indicated with a red
Cross).
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Figure 3-5. SE-HPLC of the Grx2 proteins
The elution profile for wild-type ) and M17A ¢) Grx2 proteins. Proteins were
eluted at a flow rate of 0.4ml.mtrat an isocratic pressure of 40bar.
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Figure 3-6. Far-UV circular dichroism spectra of Grx2

Spectra shown for the native forms of wild-type &(x) and M17A Grx2 ¢) and for
the unfolded (in 7.5M urea) forms for wild-type @rxXe) and M17A Grx2 ¢).
Spectra were collected usingi®! protein in 5 mM sodium phosphate buffer, pH 7.0,
containing 1 mM DTT, 0.02% Na)Nto minimise the contribution of noise from the
salt in the buffer. The minima (indicated by theoars) are exhibited at 208 nm and
222 nm.
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3.5.2 Tertiary structure characterisation

3.5.2.1 Intrinsic fluorescence

Intrinsic tryptophan fluorescence is a useful smsciopic technique used to measure
the local environment of the indole side chainhg Trp residues in the protein. The
number as well as the location of this residue iwith protein, provides a useful

means of probing for local or global conformatiocinges.

E. coli Grx2 has two tryptophan residues (Trp-89 and Tgpl6cated in domain 2
(Figure 1-7, Xiaet al., 2000). Structurally related GST proteins with ibdr
tryptophan residues display emission maximum foe thative proteins at a
wavelength of 335 nm (Kaplaat al., 1997; Hornbyet al., 2000; Hornbyet al., 2002;
Luo et al., 2002). In the native state of wild-type and M1@GAx2 proteins, the indole
ring of the Trp residues are slightly more solvantessible than its dimeric GST
counterparts, displaying emission maximum at 345(Rigure 3-7). The absence of
any shift in wavelength suggests that the mutatairthe interdomain ‘lock-and-key’
motif did not impact upon the environment of thgptophan residues in Grx2. The
emission maximum for several proteins that contigiptophan residues displays a red
shift to 355 nm when they become denatured (Tel®l60). This characteristic red
shift in the maximum wavelength as well as a desgeia the intensity occurs for
wild-type and M17A Grx2 in the presence of denamriconcentrations of urea
(Figure 3-7). The indole ring of tryptophan resisleakowicz, 1999) is sensitive to
changes in the environment as has been show lghdrgges in emission maxima for
native and denatured proteins, hence making imtrifhgorescence a good probe to

monitor local structural changes for Grx2.
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Figure 3-7. Fluorescence spectra of Grx2

Emission spectra shown for the native forms of wyjgde Grx2 ¢) and M17A Grx2
() and for the unfolded (in 7.5 M urea) forms fotdasiype Grx2 ¢) and M17A Grx2
(). Spectra were collected using8l protein in Grx2 storage buffer.
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3.5.2.2 Near-UV circular dichroism

The near-UV CD of proteins arises from the envirents of each aromatic amino
acid side chain as well as possible contributioosifdisulphide bonds, or non-protein
cofactors which might absorb in this spectral ragiNear-UV CD was the second
probe used to investigate the tertiary structur€wd (Figure 3-8). The fine structure
in these bands arises from vibronic transitione/mch different vibrational levels of

the excited state are involved (Strickland, 1974hK 1979). The spectra of the
native proteins exhibit weak positive fine peaksween 255 nm and 270 nm

corresponding to the contribution from Phe residuBse stronger negative peak
between 274 nm and 282 nm are contributions from d8nd Trp residues. The

negative peak (284 nm - 288 nm) and the more proced positive peak (288 nm —
305 nm) is contributed by the Trp residues. Trpdwess exhibit a much stronger
intensity than the other aromatic amino acids heheenegative peaks observed for
Tyr and Trp residues are similar in intensity doethe fact that Grx2 has 8 Tyr

residues and only 2 Trp residues. This tertiarycstire fingerprint reveals that this

mutation induced no major structural change innigve states of Grx2.
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Figure 3-8. Near UV CD spectra of Grx2.
Native CD spectra of wild-typee] and M17A ¢) Grx2 proteins. Spectra were

recorded using 40 uM Grx2 protein at 5°C.
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3.6. Conformational stability

3.6.1 Thermal — induced unfolding

Thermal or chemical unfolding is generally usedd&iermine the thermodynamic
stability of a protein, which is the Gibbs free mne (AG) difference between the
folded (G) and the unfolded (@ states. In thermal unfolding experiments, protein
solution is heated at a constant rate, and changbde protein conformation or their
heat effects are monitored by spectroscopy or miffiial scanning calorimetry
(DSC), respectively. Parameters from thermal umfgidstudies include the melting
temperature Tn), enthalpy AH(Ty)), and heat capacity incrememtQ,), which are
used to determine protein stability function((T)) (Privalov 1979; Pacet al.,
1989). However, in order to obtain these parametdies key requirement is that
protein unfolding is thermodynamically reversibléigh is usually only valid for
chemical denaturation while thermal denaturatiomfien irreversible. The general
root cause of this irreversibility is aggregatiof the heat-induced unfolded
polypeptide (Benjwakt al., 2005). Thermal unfolding was conducted on thedwil
type and M17A Grx2 mutants using far-UV CD as abprat 222 nm, which is
proportional to thex-helical content of a protein. The proteins arevaihto unfold in

a co-operative manner (Figure 3-9). Wild-type Gmdich is 56% helical largely
unfolds between 58°C and 64°C while M17A Grx2 |grgmfolds between 54°C and
60°C, hence displaying a distinct destabilisatign tbe mutation. The turbidity
(dyanode voltage) recorded in CD experiments canused as an indicator of
aggregation as a protein is heat unfolded (Bengival., 2005). Thermal unfolding of
the Grx2 proteins were shown to be irreversibl@ assult of aggregation shown by
the increase in turbidity (Figure 3-9B) at the sdemaperature at which the respective
proteins begin to largely unfold. Heat-induced Uahfoy of both wild-type and M17A
Grx2 is associated with aggregation, hence irréviitg of unfolding, therefore

precludes thermodynamic analysis unfolding.
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Figure 3-9. Thermal unfolding of Grx2.

(A) Heat unfolding curves of wild-typee) and M17A @) Grx2. (B) Turbidity
(dynode voltage) plot indicating aggregation folemv by precipitation of the
aggregates indicated by the reduction in voltagbetemperature where the proteins
are largely unfolded.
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3.6.2 Reversibility of urea-induced unfolding

Equilibrium unfolding transitions can only be arsd@g in terms of their
thermodynamic parameters if it has been establishadthe unfolding reaction is
reversible and that the native fold can be recal/éRace, 1986). The recovery of
folded Grx2 was established using far-UV CD andinsic tryptophan fluorescence
as secondary and tertiary probes, respectivelyu(Eig3-10). The proteins were
unfolded in the presence of 7.5 M urea and allotweckfold in Grx2 storage buffer.
The ellipticity at 222 nm was chosen as the indicalf recovery of the secondary
structure as this is a signature of predominanglijchl proteins. Refolded wild-type
and M17A Grx2 proteins show 91% (Figure 3-10A) &M@ % (Figure 3-11A)
recovery, respectively, for the secondary structuminsic tryptophan fluorescence
at 345 nm (where Grx2 maximally fluoresces, Figgw®) shows 92% (Figure 3-10B)
and 93% (Figure 3-11B) recovery for wild-type and ™M Grx2 respectively. Thus
the equilibrium unfolding transitions of wild-ty@ad M17A Grx2 can be analysed to
determine the thermodynamic parameters which witlidate the conformational

stability of the Grx2 proteins.
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Figure 3-10. Reversibility of unfolding of wild-type Grx2 monitored by CD and
fluorescence

(A) Circular Dichroism and (B) fluorescence spador the wild-type Grx2 protein
in its native ¢) and refolded ) forms. The residual concentration of urea for the
refolded form was 1.1 M.
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Figure 3-11. Reversibility of unfolding of M17A Grx2 monitored by CD and
fluorescence

Circular Dichroism (A) and fluorescence (B) spedtiathe M17A Grx2 protein in its
native @) and refoldedq) forms. The residual concentration of urea for résfelded
form was 1.1 M.
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3.6.3 Urea-induced equilibrium unfolding

Denaturation curves using chemical denaturants areonvenient method for
estimating the conformational stability of a prateUrea was used as the chemical
denaturant and the conformational stability wagaeined by setting up a range (0 M
— 8 M urea) of unfolding reactions and which welleveed to reach equilibrium (1
hour). The resulting urea-induced equilibrium-udioy reactions were monitored
using the structural probes far-ultraviolet circutichroism and intrinsic tryptophan
fluorescence. The probes assess the structures gfrédominating species present at
equilibrium at the respective urea concentraticaicé? 1986). The ellipticities at 222
nm and fluorescence emission at 345 nm for therskny and tertiary structural
probes, respectively, were plotted as a functiomref. The resulting urea-induced
unfolding equilibrium curves for both structuralopes (Figure 3-12) display single
unfolding transitions. The data for both probesenéted to a two-state model (N

U and the parameters obtained (Table 3-1) indigatistinct destabilisation due to the
M17A mutation. The mutation has caused a decraaseei conformational stability
(AG (H20)) by ~27%, as well as a shift of the midpointleé unfolding transitiolCy,

to a lower concentration of urea (4.5 M to 3.8 Where is little change in the slopes
(m-value) of the equilibrium unfolding transitionse(i still parallel to that of the wild-
type), indicating that the co-operativity is stilintained. The parameters from the fit
show that then-value (slope) is decreased from 3.1 (+ 0.22) keall'M™ to 2.7 (+
0.18) kcal.mot.M?, indicating a decrease in the dependence of the émergy
change of unfolding upon denaturant concentrafRacéet al., 1989).
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Figure 3-12. Urea-induced equilibrium unfolding ofthe Grx2 proteins

Unfolding curves for wild-type (green) and M17A @rXblue) proteins obtained
using (A) circular dichroism at 222 nm (closed k&8) and (B) fluorescence intensity
at 345 nm (closed triangles). The data were fittgidg a two-state model represented
by the solid £) and broken lines (- -) for wild-type and M17A Q@rrespectively.
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Table 3-1. Conformational stability parameters
The values were obtained from fitting the equililoni unfolding data to a two-state modek{lW)). The parameters obtained are a result of three
replicates and the numbers in parentheses reprtbgestandard error.

Probe Far-UVv CD Intrinsic Fluorescence Average
Parameter wild-type M17A wild-type M17A wild-type M17A
' 14.0 10.2 14.1 10.5
AG(H:0) (kcal.mor”) (+ 1.05) (+0.65) (*1.1) (+ 0.60) 141 10.3
sl 3.1 2.7 3.1 2.7
m (kcal.mol™.M™ urea) (0.22) (0.17) (+0.2) (+0.18) 3.1 2.7
Cm (M urea) 4.5 3.8 4.5 3.9 4.5 3.8
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3.6.4 Urea-induced equilibrium unfolding in the presence of ANS

The binding of the hydrophobic ligand, ANS, is wideused to monitor the
conformational changes induced in proteins duringgunfolding process (Semistonov
et al., 1987; Semistonoet al., 1991). ANS is used as a probe for the presehce o
intermediates during protein unfolding events (Stomovet al., 1991). It has been
reported that ANS when bound to the molten gloksiége shows higher emission
intensities than when bound to protein in either fillded or unfolded state (Ptitsyn,
1995). The effect of urea on the binding of ANS waasessed for both wild-type and
M17A Grx2 proteins (Figure 3-13). There is negligilbinding of ANS to wild-type
Grx2 but significant binding to M17A Grx2. ANS wésund to maximally fluoresce
at 465 nm, and the intensities at this wavelengthewplotted as a function of urea
(Figure 3-13A). ANS binding is enhanced betweenM.&nd 6 M urea displaying a
peak at 3.8 M urea, corresponding to the mid-pofrthe unfolding transition. ANS
binding is then lost as the mutant protein is catgly unfolded (5 M - 8 M urea).
This enhanced binding in the unfolding transitidritee protein may be indicative of
the presence of an intermediate or aggregatest kigdttering can be used to detect
the presence of aggregates by exciting and emi#irgd0 nm. However, these data
(Figure 3-13B) showed that of aggregate formaticas wegligible. However, the
absence of a blue shift in the maximum emissionehkength in the unfolding curve
(Figure 3-14) suggests that an unstable intermedianhnot be detected under the

conditions used.
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Figure 3-13. Grx2 urea-induced equilibrium unfolding in the presence of ANS

(A) Fluorescence intensity 465 nm of wild-typg @nd M17A @) Grx2. ANS was
added in excess (200 pM) of protein (5 pM). (Ing)S bound to M17A Grx2 at 3.8
M (®) displays an enhancement in fluorescent interesity a hypsochromic shift in
the emission spectra relative and free ANS (B) Light scattering data to determine
the presence of aggregates by setting the excitathl emission wavelength at 340
nm.
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Figure 3-14. Grx2 urea-induced equilibrium unfolding expressed as maximum
emission wavelength

The maximum emission wavelength at each urea ctratem of the urea-induced
equilibrium unfolding of wild-type ) and M17A @) Grx2.

64



3.7 Unfolding kinetics

3.7.1 Single-jump unfolding kinetics

Wild-type and M17A Grx2 are pre-dominantly unfoldedhe presence of 5.2M to 8
M urea and 4.8 M to 8 M urea, respectively, as gemn the equilibrium unfolding
data (section 3.6.3). These urea concentrationtharefore the choice of monitoring

the kinetics of unfolding of both proteins as nfmlding should occur.

The rates at which the wild-type and M17A Grx2 pimo$ unfold were monitored
using a stopped-flow reaction analyser. Intringgptophan fluorescence was used as
the structural probe to monitor the unfolding of groteins. The kinetic traces for the
unfolding reaction in 7.5 M urea for both the wilgpbe and M17A Grx2 proteins are
illustrated in Figure 3-15. The kinetic traces weest fit to a double exponential fit as

seen by the residual plots, displaying two unfaidmases for both proteins.

The fraction amplitude change for each phase ferwfid-type and M17A Grx2
proteins was then plotted against the urea coratgmtr for that unfolding reaction
(Figure 3-16). The amplitude data (Figure 3-16A) tfee fast phase of the wild-type
Grx2 are complex. It decreases from 81% at 5.5 M386 at 5.75 M and then
increases to 81% at 6 M, thereafter remaining eonidb 7.5 M urea. The amplitude
data for M17A Grx2 are less complex. The amplitofiehe fast phase of unfolding
increases from 55% at 4.8 M urea to 81% at 5 M ,utereafter remaining constant
to 7.5 M urea. Similar complex and less complexavedur are seen for the slow
phases of unfolding over the range of urea conagoirs for the wild-type and M17A
Grx2 proteins, respectively. The amplitude charfigas 19% at 5.5 M urea to 35% at
5.75 M urea, then decreases to 19% thereafteremdins constant to 7.5 M for the
wild-type Grx2.The amplitude data for the slow pha$ unfolding for M17A Grx2
decreases from 44% at 4.8 M urea to 19% at 5.06 thereafter remaining constant
to 7.5 M urea.

The wild-type Grx2 protein has time constants dis2zand 140s for the fast and slow
unfolding phases at 7.5 M urea. Similarly, the M1@A?2 protein has time constants
of 0.83s and 165s. The logarithm of the rates eff#tst and slow phases of unfolding
for both the wild-type and M17A Grx2 were plotteghinst urea concentration
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Figure 3-15. Unfolding kinetic traces for the Grx2proteins

The kinetic traces for (A) wild-type and (B) M17Arf2 are an average of three
unfolding reactions in 7.5 M urea. The excitatioasw280 nm with a cut-off filter of
320 nm. Data fitted well to a double exponentiairaicated by the residuals plots.
The baselines for the native forms are indicatetth &igreen arrow and the baseline
for the unfolded form is indicated by the red arrow
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Figure 3-16. Effect of urea on the unfolding phasesf the Grx2 proteins

The dependence of (A) amplitude and (Bygalédea of the unfolding of wild-type

(green) and M17A (blue) Grx2. Linear regressionlygsia was performed on the fast
(*®) and slow {¥ ¥) phases of unfolding. Parameters of these fiteshre tabulated

in Table 3-2.
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Table 3-2. Unfolding kinetic parameters

Linear regression analysis was performed on tharittgn of rates (Figure 3-16B) for both wild-typadaM17A Grx2. The regression was
performed on the entire data set for the M17A Gfagt: R = 0.94; slow: R = 0.1) protein but only from 5.25 M to 7.5 M set the wild-type
Grx2 protein (fast: R= 0.97; slow: R= 0.07). The units for they, values were determined by multiplying the valugste product of the gas

constant (R = 8.31 J'kmol?) and the temperature (298 K). The parameters médaare a result of three replicates and the nusnier
parentheses represent the standard error.

Phase Fast Slow
wt Grx2 M17A Grx2 wt Grx2 M17A Grx2
Parameter
My 1.34 1.78 0.116 0.161
(kJ.mol™ .M urea) (+ 0.18) (+ 0.033) (+ 0.03) (+0.035)
ku (H20) 438 x 10° 7.94 x 10° 3.7x10° 3.2x10°
(s (+0.1222) (+ 0.2130) (+ 0.002) (+ 0.002)
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(Figure 3-16 B). The Grx2 proteins display high do dependences of urea for the fast
and slow phases, respectively. Linear regressiatysis was performed for the logarithm

of fast and slow rates. The data were fitted taddHewing equation (Tanford, 1970):

log k,=log k,(H20)+m,[urea] (16)

wherek, is the apparent first order rate constant for laifig. Them, values (change in
solvent accessibility during unfolding) and the agmt rates of unfolding in the absence of
water ky(H20)) reported in Table 3-2.

3.7.2 Initial conditions test

The observation of at least two kinetic phasesnifolding could be explained either by a
sequential model or by a parallel channel mechamistn two stable native forms that
interconvert more slowly than they unfold (Wallaaad Matthews, 2002). The initial
conditions test relies on the fact that the relaxatimes for the reactions depend only on
the final conditions while the amplitudes dependbath the final and initial conditions
(Tanford, 1970; Hagerman and Baldwin, 1976).

The test for the possibility of two or more stabbgive conformations involves incubating
samples at different starting denaturant conceatrat The Grx2 proteins were incubated in
different urea concentrations ranging from 0 M 16 Bl urea. The unfolding reactions were
then initiated by rapidly transferring each sampledentical unfolding conditions (6.5 M
urea) using a stopped flow reaction analyser. Hseltant unfolding reaction traces best
fitted (R? = 0.99) to a double exponential hence displayheygresence of two unfolding
phases. The rates and amplitudes obtained frorfitshere compared to those obtained for
the unfolding of Grx2 maintained in the absenceéefaturant (without prior incubation in
denaturant). The amplitude data for both the fast slow phases on unfolding for both
Grx2 proteins display a sigmoidal behaviour as rcfion of initial urea concentration
(Figure 3-17A), with its midpoints correspondingtbh@at of its equilibrium unfolding curves
(Table 3-1). The rates of these unfolding reactiohsboth phases are shown to be

independent on the concentration of urea (Figut&B}).
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(A) The unfolding amplitudes of wild-type (greenpdaM17A (blue) Grx2 for the fast

(closed circles) and slow (closed triangles) pha@&sThe logarithm of rates for the fast
(closed circles) and slow (closed triangles) phasfethe unfolding reactions. The Grx2
proteins were allowed to unfold in the initial ureancentration for 1 hour, after which the
unfolding reaction (to 6.5 M urea 1.2M protein-final) monitored. All unfolding reactions
were performed at 20°C.
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CHAPTER 4. DISCUSSION

A conserved residue in the GST family of proteifRgyre 1-3) located at the domain
interface, Metl7, was mutated to Ala. This wasdheice of residue to eliminate the bulk
of the side chain of Met that is interacting witbnehin two of Grx2 but maintaining the

helical structure ofi1, due to the high helical propensity of Ala.

4.1 Role of Met17 in the stability of Grx-2

The purification of the wild-type and mutant foristhe protein was performed under the
same conditions which resulted in a yield of 140 amgl 105 mg for the wild-type and
mutant, respectively, of pure protein per litrecoiture. However, the expression of the
M17A Grx2 protein was found to be in inclusion besl{Figure 3-2A) in the same bacterial
expression system as for wild-type Grx2, suggestived the folding mechanism of the
protein has changed as a result of the mutationwasrd the first signs of destabilisation.
An enhanced derivative of the coli BL21(DE3)/pLysS expression system, thecoli T7
expressl?, was found to render the protein soluble (Figuw2B3 under the same growth

conditions.

The mutation has not caused any major structutatations (if any) in the native state of
the protein as confirmed by the secondary (far-UD) GFigure 3-6) and tertiary (Trp
fluorescence and near-UV CD) (Figure 3-7 and Fi@48) structural characterisation. The
stability of the proteins was then assessed by e¢eatpre denaturation and urea-induced
equilibrium unfolding studies. Temperature-induckshaturation of the Grx2 proteins was
irreversible as shown for other GSTs (Kapkiral.,, 1997; Draganet al., 1998; Wallace
and Dirr., 1999). However temperature unfolding sanve as an indicator of stability by
comparing T, values (temperature at which the protein is halfldd) of variants of a
protein. A decrease ify, value is a sign of destabilisation as a result afutation as seen

in this case where a decrease of 4°C is observetdd,, for M17A Grx2 (Figure 3-9).

The coincidence of the unfolding transition curegsthe two structural probes used for
monitoring the unfolding for both proteins showsigmoidal behaviour and that both the
secondary structure and the local environment df thyptophan residues unfold
simultaneously. The thermodynamic parameters ofldimfg were then obtained by fitting
the data to a two state model. The destabilisaidnrther observed by a decrease in the
conformational stability in the absence of denatufaAG(H,O) ~ 4 kcal.mot) (Table 3-
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1). This parameter is the free energy change ofitiie!ding/folding reaction in the absence
of denaturant and is in agreement with the range@iomeric proteins (6 — 14 kcal.rtpl
(Neet and Tim, 1994).

As proteins unfold, there is an increase in theestl accessible surface aré@s5ASA) of
the protein, which is thervalue (slope) of the unfolding transition (Myestsal., 1995). A
decrease is also observed in tmevalue for M17A Grx2 (3.0 (£0.22)> 2.7 (+0.17)
kcal.mol*.M™). The transition midpointQ,,) is the concentration of denaturant where the
population of protein is 50% (un)folded. The muiathas caused a shift in tlg, (4.4 M

- 3.8 M), i.e. less denaturant is needed to unfottiedprotein. The fit to two-state model
shows the highly co-operative behaviour in the lcifig of wild-type and M17A Grx2.
This is also seen in a mutant of Grx2 in whichyatophan was engineered into in domain
1 to act as a spectroscopic probe to monitor aratg structural changes in this domain
was engineered into domain 1 (Gildenheysl., 2008) and seen amongst other classes of
proteins in the GST family such as Alpha (Wall&teal., 1998; Wallace and Dirr, 1999)
and Pi (Erhardt and Dirr, 1995; Wallace and Di99).

4.2 Unfolding kinetics of Grx2

Changes in the rates for folding and unfolding also indicate a change in the stability of
a protein where amino acid substitutions have bemducted (Goldenberg, 1992). The
mutation caused an increase in the rate of unfgldliable 3-2) for the fast phase but had
no significant effect on the slow phase. The inseem the rate of the fast further indicates

a destabilisation in the Grx2 protein.

Although the equilibrium data show that unfolding two state with a monophasic
transition, the kinetics of unfolding display maremplex unfolding in which two phases,
fast and slow, are observed as determined by 8idua plots of the unfolding kinetic fits
(Figure 3-16). The amplitudes of the phases disgaghange in the dependence of
denaturant at 5.0 M and 4.8 M for the wild-type &hti7A Grx2 protein respectively. Such
changes in the unfolding dependence on urea caatent have shown to indicate
intermediates in a structurally related proteinge2J{Galaniet al., 2002) as well as in the
unfolding of arc repressor (Jonssetral., 1996). The unfolding reactions were monitored

using fluorescence as a probe therefore the repoare the tryptophan residues (Trp 89
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and Trp 190) which are present only in domain Zclkeechanges in the signal will only
reveal information about the changes occurringamain 2 alone. However, a Trp residue
was engineered into domain 1 (Y58W) to serve aparter for any changes happening in
domain 1 (Gildenhuyst al., 2008), and it was found that are no change enuthifolding
behaviour of the mutant protein with respect to wikl-type. The changes in unfolding
monitored, therefore, can be ascribed to both dosnaf the protein. Similar changes are
witnessed for M17A Grx2, it differs in the chandgecooss over which is shifted to a lower

concentration of urea, consistent with the shiénsm the equilibrium unfolding curves.

The slow phase of unfolding is urea independenguiieé 3-16B) and is a characteristic
which has been attributed to the isomerisaticis {~ trans) (Kiefhaberet al., 1992a;
Schmid and Baldwin, 1978) ofcs- proline peptide bond, Val48-Pro49 (Xghal., 2001).
The slow phase on unfolding for both the wild-tygoed M17A Grx2 proteins show very
close unfolding rate constants of 3:¥and 3.2 3 which is within range for isomerisation
reactions (Brandtst al., 1975). The only proline peptide bond in Grx2ttlsin thecis
conformation is the Val48-Pro49 peptide bond (sfial., 2001) and will isomerise to the
favouredtrans conformation in the unfolded state (Branétsal., 1975; Hinderaker and
Raines, 2003). Proteins that contain one or ne@roline in the native state have simple
unfolding kinetics, i.e. a single unfolding phasech ask. coli thioredoxin (Kelley and
Stellwagen, 1984)a member of the same superfamily as the GSTs. e ghase of
unfolding that relate to theis <> trans isomerisation of the proline peptide bond, can be
detected for urea concentrations close to theitramsegion of the unfolded state and then
no longer detectable higher urea concentrationsurdblding (Brandtset al., 1975;
Kiefhaberet al., 1992a; Kiefhaber and Schmid, 1992). The slow pffiasthe unfolding of
both Grx2 proteins, however, is present constantign 5.5 M and 5 M urea to 7.5 M for
the wild-type and M17A Grx2 proteins, respectivalgntributing to 20% of the amplitude.
The complex dependence of amplitude on urea coratemt near the transition maybe
consistent with conformational folding events caaplto thecis-proline peptide bond
isomerisation events (Kiefhabetral., 1992a), M17A Grx2 displays the same behaviour but
the change from high to low amplitude with incregsdenaturant concentration is shifted
to a lower urea concentration, consistent with tbevered C,. Similar complex
dependencies were seen for the slow phase of undofdr staphylococcal nuclease and it
was also proposed to involve a proline isomerisafiduwajimaet al., 1991) but later it

was shown that the curvature in the dependendeeafates of unfolding for this phase were
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due to the presence of an intermediate (Walkentebt, 1997), hence this suggests the

presence of intermediates during the unfoldindnef®&rx2 protein.

The m, values reported in Table 3-2 can be used to inelisaivent exposure during
unfolding (Doyleet al., 1996). Themu values reported in Table 2 for the wild-type and
M17A Grx2 proteins indicate that the fast phaseoiwes structural rearrangements that
expose large amounts of surface area while the sphase involves structural
rearrangements that expose small amounts of sudeese The mutant protein however
displays a largem, value, indicating a larger amount of surface ae@posed upon
unfolding, consistent with the destabilisation ke tnterdomain interaction is disrupted,

resulting in more solvent exposure than the wilgdetynder the same conditions.

The co-existing unfolding species was first dem@tst by Garel and Baldwin (1973).
Two unfolding phases are observed for both the Gmdeins; the possibility of them
occurring either sequentially or in parallel wagastigated by performing initial conditions
tests (Wallace and Matthews, 2002). The resultirfglding reactions are then compared to
the unfolding of the sample maintained in the abseaf denaturant. This comparison
provides important information: (i) equivalent ratenstants insure that the system is
behaving as expected, and (ii) the relative amgdisuprovide a direct measure of the
fraction of molecules that were present at thet stathe reaction. The urea dependence of
these amplitudes can serve to discriminate betwegnential and parallel mechanisms as
the amplitudes of the kinetic phases are propatida the population of the species
involved (Wallace and Matthews, 2002). The depeodeonf the rate constants and
amplitudes of the unfolding reaction on the initiméa concentrations was determined by
relying on the fact that rate constants depend onlyhe final conditions while amplitudes
depend on both the initial and final conditions (@ and Matthews, 2002). The
amplitude data (Figure 16A) indicate that the udiftdy is biphasic at all initial urea
concentrations while the rate constants were inadg of the initial concentration of urea
(Figure 3-17B). The relative amplitudes of the udilng phases represent the fraction of
molecules present at the beginning of the readgttagerman and Baldwin, 1976) and the
simultaneous presence of two unfolding phases atelicthat the two unfolding reactions
occur independently and, thus, run in parallel. Degump refolding experiments

performed on the wild-type protein confirmed a flatainfolding mechanism (Gildenhuys
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et al., 2008). The independent parallel unfolding phasa&ge midpoints similar to that

witnessed in the equilibrium transition.

4.3 Domain architecture (Grx2 vs GSTs)

Grx2 has fewer interdomain contacts (Figure 4-1¢antrast to its monogenic homologue,
Clicl (Harrop et al., 2001), which also has the topologically equinalenethionine
hydrophobic contact. In addition to the hydrophobiteraction, salt-bridges and more
interdomain hydrogen bonds are present at the doim#&rface. The mutation therefore,
will have a greater impact on the soluble form dicT than it does on Grx2 as more
interactions are impacted on. This seen by theliegum unfolding studies in the case of
M32A Clicl, where the unfolding transitions becobiphasic as a result of the mutation
and an intermediate becomes populated with the tdsshe co-operative behaviour
(Stoychev PhD Thesis, 2008). This is not seenearctise of Grx2, where a single unfolding
transition is still observed, however there is ducgion in them-value (a decrease in the
dependence of the free energy change of unfoldipgnudenaturant concentration),
suggesting the presence or accumulation of anniradiate. The use of an extrinsic probe
in equilibrium unfolding, ANS, reveals that an imediate maybe populating as a result of
the mutation. With the absence bulk of the siddam;hiis hydrophobic interaction is now
weakened as a result of cavity forming. This mayheeregion in which the extrinsic dye is

now able to bind as a result of the enhancemethieoANS fluorescence.

The effect of the M17A destabilisation can be exy@d by the fact that the mutation results
in the removal of the R-group (>G#$-CH;) of methionine that leads to a loss of
hydrophobic contacts (Figure 4-1) and a decreasaG(H,O) of approximately + 1.1
kcal.mol* per methyl (CH) group (Kellis, 1988; Pace, 2001). This mutatisrliso a cavity
causing substitution which results in a less tightking environment at the domain
interface due to the loss of short-range van deanlgVaontacts. The loss in stability is
probably greater due to the cooperative contriloutd hot spot residues (Stoychev, PhD
Thesis, 2008), such as Met32, toward protein stabWlVallaceet al. (2000) showed that
the mutation of this topological equivalent of thisck-and-key’ motif at the domain
interface of the dimeric homologue, GST, also causéestabilisation, with accumulation
of a dimeric intermediate. The unfolding transitioh GST also becomes biphasic as a
result of the loss of this hydrophobic contact.
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Figure 4-1. Interdomain ‘lock—and-key’ motif in Grx 2

Key residue, Met 17 (red), located i1 of domain 1 (blue). Residues forming the lock
(grey) in domain 2 (green): Aspl72, llel73, Pheitir&7 and Met201 and Thr 205 a8,
Residues of the ‘lock-and-key’ are illustrated lieit van der Waals radii. The second Trp
residue (Trp 190) is located at the N-terminus®f(17A from the domain interface) and
shown in its stick form. Image generated using PyYM@.99 (DeLano Scientific).
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4.4 Molten globule intermediate or hydrophobic regbn exposed?

The aromatic chromophore ANS, is weakly fluoresdaenwater, but a hypsochromic shift
in its spectrum and its intensity is dramaticallgreased in nonpolar solvents or when it
binds to nonpolar sites of proteins. Strong bindaigANS to molten globule states of
proteins has been linked to the loss of tertianycstire (Semisotonost al., 1991), and has
been applied to characterise transient statesoieiprdenaturation (Daat al., 1995; Guha
and Bhattacharyya, 1995; Uversky al., 1996; Bismuto, 2001; Fanucchi al., 2008).
There is negligible binding of ANS in the urea-iedd equilibrium unfolding of wild-type
Grx2 (Figure 3-13) indicating an absence of a staflermediate. In contrast, M17A Grx2
displays significant binding of the hydrophobic dymder the same urea-induced
equilibrium conditions, suggesting an intermediatenation. This is further supported by
the reducedn-value obtain for equilibrium unfolding. This issal seen with the equivalent
mutation in its monomeric counterpart, M32A ClictLlH 7.0 (Stoychev, PhD Thesis,
2008). As for Grx2, Met32 of Clicl located ul of domain 1, but this region is the
putative trans-membrane region in domain 1 for mamé insertion. The domain interface
of Grx2 houses the active site of the protein (éiaal., 2001) where it catalyses the
reduction of disulphides (Holmgren and Aslund, 199Baking this helix relatively more
flexible to accommodate its substrate. In catalyie movement of the domains often
excludes water from the active site and helps jpos@atalytic groups around the substrate.
It also traps substrates and prevents the escapction intermediates (Andersenal.,
1979; Knowles, 1991). The loss of the ‘key’ frone thock’ as result of the mutation, may
expose this hydrophobic region during unfoldingjstfallowing ANS to bind. However, a
molten globule intermediate is questionable, asfatsnation is concomitant with a
hypsochromic shift in the tryptophan fluorescenperuunfolding (Semistonost al., 1991)
and this behaviour is absent in the unfolding of/M1Grx2 (Figure 3-14). A decrease in
co-operativity (reduction inmvalue) usually implies an intermediate formatidmyt
resolution of spectroscopic techniques that monib@ intrinsic probes as reporters of

unfolding may not be sufficient to detect theseimtediates (Soulages, 1998).
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4.5 Domain co-operativity in Grx2

The goal of this study was to knockout an intemciossibly involved in maintaining the
co-operative folding of the domains. Equilibriumfaiding has displayed a decrease in the
stability of the protein highlighting the role ofa ‘key’ in the ‘lock’ of the domain
interface. However, with still monophasic transisoobserved, the co-operativity is still
maintained between the domains, where biphasisitrans are expected in the denaturant-
induced equilibrium unfolding as well as a formatiof a stable intermediate (Batetyal,
2005). A change would also be detected in the dirfgl kinetics of the protein if an
intermediate were present which no change was wbdesther than the shift consistent
with the destabilisation, therefore the kineticsadare in agreement with the equilibrium

unfolding data in displaying the extensive co-opeity of the domains in Grx2.
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