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ABSTRACT

The thermodynamic stability-and the properties of the unfolding/refolding pathways of
homodimeric human glutathir-= transferase Al-1 (hGST Al-1) were invesiigated. The

conformational stability, assessed by urea- and temperature-induced devaturation

studies, was consistent with a folded dimerfunfolded monomer transition with no

stable intermediates, The high energy of stabilisation and the highly co-operative

transition implies that the subunit-subunit interactions are necessary t0 maintain the

three-dimensional state of the individual subunits. The stopped-flow-unfolding

pathway, monitored using Trp fluorescence, was biphasic with a fast and slow -
unfolding event. Urea-dependence and thermodynamic activation parameters suggest

that the transition state for each phase is well structured and is closely related to the

native protein in term:. of solvent exposure. The unfolding pathways monitored by

energy transfer or direct excitation of AEDANS covalently linked to Cys111 in hGST

Al-1 were monophasic with urea and temperature properties similar to thoss observed

for the slow unfolding phase (described above). A two-step sequential unfolding

mechanism involving the partial dissociation of the two structurally distinct domains

per subuiit followed by complete domain and subunit unfolding is proposed.

The crystal structurés of all cytosolic glutathione transferases show that the alpha
“helices 5, 6 and 7 pack tightly against each other to form the hydrophobic core of
domain II. Leul64 in class alpha glutathione transferase is a topologically conserved
residue in the alpha helix 6, The replacement of Leul64 with alanine did not impact on
the functional or gross structural properties of hGST Al-1. The urea-induced
equilibrium and kinetic unfolding pathways were similar to those observed for the
wild-type protein. The free energy change of unfolding was equivalent to the energetic
cost of deleting three methylene groups. Furthermore, the decreased co-operativity of
the unfolding transition is consistent with a decrease in ¢co-operativity of the forces that
maintain the native state of hGST Al-1. The biphasic kinetic unfolding pathway
indicated that the fast phase was destabilised to a greater extent than the slow
unfolding phase. Urea-dependence and thermodynamic astivation parameters for the



slow unfolding phase indicated an increase in sclvent exposure (~ 5%) for the mutant
transition state relative to the wild-type protein. The fractional value of ¢y for the
transition state of the slow unfolding phase suggests a partial loss of van der Waals
interactions. This indicates that the hydrophobic core in domain II was weakened by
the Leu-to-Ala substitution and that disruption of this region is partly rate-limiting
during the unfolding pathway for the glutathione transferases.

 The refolding pathway, monitored using Trp fluorescence, displayed a number of
coniplexities depending on the final urea concentration. At urez concentrations
between 2.5M and 4.25M the reaction was biphasic, whilst at urea concentrationé less
than 2.5M the reaction was triphasic. The phases are referred to as fast, intermediate
and slow refolding events. The rate-limiting step for the major. fust and infermediate
events was bimolecular and consistent with -an association reaction involving two
disordered or partially folded monomers. Urea-dependence studies and thermodynamic
activation parameters suggested that the transition state which involves a partially
folded dumer or dimeric intermediate was largely solvent accessible. The reaction
profile, therefore, has a narrow activation batrier with only a limited part of the
reaction occurring at the transition state level. Long- and middle-range electrostatic
forces are postulated to play a role in stabilising this initial dimeric state. A sequential
and paralle] pathway with evidence for on-pathway intermediates is proposed.
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CHAPTER 1
PROTEIN FOLDING

1.1 Biosynthesis of proteins in vivo

The biosynthesis of proteins in vivo requires the specification of the amino acid (one-
dimensional) sequence of a molecule that can spontaneously assume its native tertiary
(three-dimensional) state as it is synthesised in the cell. The unigue three-dimensional
state is essential for the biological function of the protein and determines the role of
~ the protein within the cell.

The general mechanism of protein biosynthesis has been well established. The

‘process is highly complex but follows the central dogma of DN‘A#RNAT-)protein in

the presence of various factors. The real impertance of the gene is obscured by the

lack of detail available on how information contained withia the primary amino acid

sequence is translated into the corresponding tertiary structure. The transfer of
information from the gene level to the final functional product is known to be-
mediated by two ¢odes, the “genetic code” and the "folding code™ (Jaenicke, 1984).

The "genetic code” which translates the mRNA into a linear polypeptide has been

deciphered and is a degenerate triplet code with 64 combinations of 4 bases (A.C,G
and T). Evidence for a protein "folding code" was provided by the spontaneous (co-

translational or post-translational) formation of the native functional three-

dimensional state of protein in vive (Anfinsen, 1973). The "folding code"

simplistically refers to the iransition from the linear (one-dimensional) atray of amino

acids to the three-dimensional fold for a protein. The one-dimensional to the three-

dimensional transition, however, encompasses 2 large number of hierarchical levels

that result in the structural organisation of the polypeptide chain.

Linderstgm-Lang and Bernal first recognised the presence of hierarchical levels (see
Jaenicke and Ruldolph, 19%6). There are to date six known levels of organisation. The
primary one-dimensional structure refers simply to the sequence of covalently joined



specific amino acids in a polypeptide chain. The secondary level defines the regular
rearrangement of the backbone inte alpha helices and beta sheets and the joining

- together of these elements, to form for example coiled coils or beta meanders is
" _known as the super-secondary level. The tertiary level of organisation refers to the
three-dimensional fold of the secondary elements into a specific compact state often
composed of structurally or functicnally spatially separated entities (referred to as
domains). The domain structure, of many proteins, is important for facilitating folding
and for the specific function of the protein (Chothia, 1984). The quaternary level of
organisation is the regular arrangement and assembly of several polypeptidé chains
comprised of the above structural organisation. The quaternary level of organisation

is only found in some proteins.

1.2 Historieal perspectives of protein folding

The process of protein folding and the rules of how the one-dimensional state codes
for the three-dimensional state has been extensively studied (for reviews see Dill,
1990; Ruddon and Bedows, 1997). The story of protein folding starts long before the
pioneering work of Anfinsen and his co-workers. The first milestone noted was in
1911 when Chick and Martin discovered the denaturation of proteins i» vitro and
distinguished this event from the process of aggregation. The next ten years saw an
effort by researchers to understand the denaturation process and it was proposed to be
either the result of hydrolysis of the peptide bond or the resalt of dehydration of the
protein. In 1929 and 1931, Hsien Wu postulated that protein denaturation was an
unfolding process and that the three-dimensional structure of the native protein was
formed by the regular repetition of repeated folding units held together by non-
covalent interactions (this paper is reprinted by Edsall, 1995). The reversibility of the
unfolding process and information on the native-like properties of the refolded
protein was provided by studies on haemoglobin, bovine serum albumin and other
proteins. In the 1950's studies, by Eisenberg and Schwert and by Schellman,
demonstrated that denaturation was thermodynamically reversible and that the



process of denatiration resulied in a conformational change of the native state of a
protein,

The pioﬁeering-work of Anfinsen dealt with a more detailed and specific study on the
process of reversibility. Using bovine pancreatic ribonuclease (RNase), he
demonstrated that in vitro the reoxidation of RNase to a native biologically active
form of the enzyme occurred in the absence of any co-factors or helper proteins
(Anfinsen, 1973). This led to the still valid conclusion that "no special genetic
information beyond that contained with the primary amino acid sequence is required
for the proper folding of the molecule”. Anfinsen's experiments also led to the
proposal of the "thermodynamic hypothesis" that states that the three-dimensinnal
state of the protein represents the lowest Gibbs free energy state (see section 1.4).

At the same time researchers began to realise that whilst the folding of proteins in
vifro was occurring spontaneously it was occurting on a time scale too slow to work
inside a cell. In 1968, Levinthal computed, albeit crudely, how long it would take for
a protein to fold if there were no intermediates along the pathway and if all
conformations about the polypeptide backbone could be sampled before the native
state was reached. By considering a polypeptide with 100 amino acid residues, two
rotable bond (§ and y) and three possible conformatjons around each rotable bond, it
was calculated that there would be 32" possible conformations of the backbone. By
assumning that the rate of bond rotation was 10%sec™ then the time (t) it would take to
sample each polypeptide conformation was t = 3%(2" x 10'%) = 1.3 x 10%sec or 4 x
107 years (Wetlaufer, 1973). The conclusion was, therefore, that the folding of a
polypeptide chain would take longer than the lifetime of an organism and quite
possibly the lifetime of the universe! It is, therefore, clear that protein folding in vivo
follows a specific pathway and that the cell must have special factors to increase the
efficiency of the process.



It was the pioneering work of Aunfinsen's “the thermodynamic hypothesis" and
Levinthal's paradox that formed the basis of the protein-folding pmblem that is still
under investigation today. -

1.3 The protein folding problem _

The protein folding problem ie., the pursuit to understand how the amino acid
sequence specifies the thres-dimensional structure of a protein has attracted the
interest of a large number of researchers, biophysicists and biochemists alike. This
problem, driven by the human genome project and by the development of
experimental methods such as protein engineering, stopped-flow kinetics and NMR,
remains one of the 20" century's greatest scientific challenges. '

The elucidation of the rules, by which the primary structure of a protein’ determines
its secondary, tertiary and quaternary structures can be divided into two parts (Fersht,
1994). Firstly, we need to know how to predict the structure of a protein that is known
to oceur in nature from its amino acid sequence. Knowing this will enable the
prediction of the structure for another protein that displays amino acid similarity since
a similar structure can be assigned. Once this is achieved, the goal would be to
construct 4 three-dimensional model of a protein (novel or unnatural) based entirely
on its amino acid sequence. Secondly, the probiem would require the elucidation of
the sequence of events that occur in order to allow the protein to assume its unique
native conformation. Both parts of the problem are not entirely independent,

The set of rules that gover.: (e formation of the adopted conformation of the protein
will enable the design of novel proteins, the rational alteration of existing proteins and
enable the precise nature of protein structure-fumetion relationships such as ligand
binding and conformational changes as the result of protein-protein interactions to be

understood.



1.4 Thermodynamic versus kinetic control of protein folding

Two hypotheses to explain the principles that govern the folding process and hence
the formation of the final product have been proposed: the thermodynamic hypothesis
proposed by the work of Anfinsen (1973) and the kinetic hypothesis based on the
caloulations of Levinthal (1968). - '

The "hermodynamic hypothesis" states that the "three-dimensional state of the native
protein in its normal physiological milieu (pH, solvent, temperature. ...} is the one in
which the Gibbs free energy of the whole system is lowest"(Anfinsen, 1973). In this
view, the final product of protein folding is constrained in its native state by a balance
of stabilising and destabilising interactions (Jaenicke, 1995). A consequence of this
view is that the kinetic pathway results in the most stable product and hence energy
minimisation models could predict the product formed using its axniro acids sequence
(Baldwin and Eisenberg, 1987). The proposition of the thermodynamic control of
protein folding by Anfinsen has not been seriously disputed. An argument for this
view has been provided using equilibriwen and kinetic unfolding/refolding
experiments. If a true equilibrium is reached then the same transition curve or the
same apparent rate constant is obtained whether the experimeni begins with native or
unfoided protein (Baldwin and Eisenberg, 1987; Kim and Baldwin, 1990) indicating
that the most stable native state is thermodynamically aceessible,

The kinetic hypothesis for protein folding assumes that the final product is formed via
the fastest route possible and it, therefore, follows that the final product formed may
oot be the most thermodynamically stable state (Baldwin and Eisenberg, 1987;
Matthews, 1993). The potential role of kinetic factors in controlling the protein
folding pathway has been addressed and illustrated using bovine pancreatic trypsin
inhibitor, the alpha-lytic protease, serpins and dihydrofolate reductase (Matthews,
1993). For example, the protease inhibitors of the serpin family refold to a metastable
but active form, which is slowly converted to form a more stable but inactive state,
The kinetic control of protein folding is supported by the mutation of residues that do



not stabilise the folded state but do alter the folding pathway because if the
thermodynamic view wers correst then such mutants would not exist (Baldwin and
Eisenberg, 1987).

1.5 The protein folding pathway

The complete folding pathway of a protein requires the characterisation of the initial
‘and final protein states; any stable intermediate(s} along the pathway and the

properties of the transition states which link them.

1.6 The folded state

The folded native state of a protein is regarded as a highly ordered and co-operative
macroscopic state that is generally regarded as a single conformation. The uniqueness
of the native state is defined by the position and state of each atom and group of
atoms that are in turn determined by the state and position of other atoms. The folded
state of a protein ie., the specific three-dimensional structure that allows it to function
in a particular bijological role refers to the hierarchical levels of structural organisation

(see section 1.1).

The three-dimensional structure of all proteias is the result of the rotation o1 the linear
polypeptide i.vout single bo-ids, The free rotation is only about two bonds adjacent to
the alpha carbon of each amino acid, namely the N-Cy, where the angle of rotation is
designated §, and the C,-C bond, where the angle of rotation is designated . The
third peptide bond (designated ) forms the backbone of the polypeptide chain and is
constrained to be planar, in either the cis (0°) or frans (180°). With few exceptions,
such as the case for the amino acid preceding proline, the peptide bond is constrained
to assume a frans configuration. Free rotations about the other two bonds are
sterically limited to three small regions in the Ramachandran plot (:lamachandyan and
Sosisekharan, 1968). Ramachandran plots enable any amino acid residue based on its
¢ and v angles to be described by a point on the map. The plot describes which
conformations are sterically feasible ("allowad") zad which are steris Yy excluded



("nonallowed") according to their van der Waals radii. Generally, for a given protein
most points fall in the allowed areas with the exception of glycine for which there is a
greater range of ¢ and y angles available because of the absence of a beta carbon. The
Ramachandran plot also illustrates the positions of various regular Seconciary
stractures such as alpha helices and beta sheets. The angles of these structures fall
within sterically "allowed" areas. Other arrangements of the chain such as the coil
conformations although more difficult to describe are no less ordered than the alpha
ot beta structures.

The prediction of the tertiary structural elements has proved to be more difficult
because of the assignment of side chain interactions. Side chain interactions are
typically formed between residues that are far apart from one another in the linear

sequence.

The next order of structural orgenisation is typically seen with larger potypeptide
chains (molecular masses between 40-100kDa) and involves the specific interactions
of individual units, A multi-subunit protein may be composed of either identical or
non-identical polypeptide chains that are closely associated to form an interface that
closely resembles the compact core of & single protein unit. The overall quatetnary
structure of a protein may exhibit a wide range of symmetries depending on the

geometry of the intetactions.

The native state is viewed as being conformationally flexible and its existen.e
depends on a delicate baiaince between stabilising and destabilising forces. In general,
for globular proteins the free energy of stabilisation {s marginal, between 10-
30keat/mo! (Seckler and Jaenicke, 1992; Neet and Timm, 1994). This energy has
been described to be equivalent to either a few hydrogen bonds or a few ion pairs or
hydrophobic patches although it is kilown that all of these interactions are necessary
to maintain the native three-dimensional state (Jaenicke, 1991). The marginal stability
of a protein hes been described to be the result of evolution sitice proteins, in general,



have multiple functions ranging from the first which is folding to the last which
involves protein degradation (Jaenicke, 1991).

"1.6.1 Forces that stabilise the folded state

In general, the marginal stability of proteins implies that the maintenance. of its
unique three-dimensional state is dependent on the co-operative interactions of a large
number of non-covalent forces. Over the years, there has been much speculation on
which foree is the most dominant and acts as the driving force for the stabilisation of

a protein.

An undesstanding of the forces that stabilise proteins has enabled development of
techniques to modify a protein to increase its stability. Over-the past few years a
number of proteins have been stabilised to the level found typically in e’xtreméphiles -
(Lee and Vasmaizis, 1997). The focus has been on the stabilisation of the intrinsic
propeities of a protein through mutational studies. One mode of stabilisation was
achieved through "small-to-large” mutations within the hydrophobic core of a protein.
This "size-swap" mutation could either distort the polypeptide due to a reorganisation
of the packing or it may improve the packing. The role of butied charges has been
investigated and it has been found that two oppositely charged residues buried
together stabilise a protein by 3-Skcal/mol. For example, a buried charge trisd mutant
of the Arc repressor (Waldiwurger ef al., 1779) was found to be more stable than the
wild type protein. Buried charges have beer extensively studied using salt bridges
{Dao-pin et al.,, 1991), parallel coiled-ceil helices and parallel helices (Yu ef al.,
1996). The introduction of disulphide bonds or the cross-linking of any groups far
apart in a sequence but ciose together in the native three-dimensional conformation
have also been shown to stabilise the native conformation of a protein (Pace et al.,
1988).

Presently, the hydrophobic interaction and the hydrogen bond are thought to be the
most dominant forces (Pace, 1992; Myers and Pace, 1996). The major interactions



that maintain the native fold have been described qualitatively rather than
quantitatively (for review, see Dill, 1990). The non-covalent interactions, which are
found typically in proteins, are the van der Waals interactions between charged
groups (electrostatic), polar bonds (hydrogen bonds) and apolar groups (hydrophobic
interactions). '

1.6.1.1 Hydrogen bonding and van der Waals interactions

The self organisation and tight packfng of the interior of a protein is determined by
van der Waals interactions that arise from transient dipoles that non-bonded -atoms
induce in each other (Murphy, 1995). These interactions are ubiquitous in nature and
are short ranged. The hydrogen bond is a non-covalent interaction that is formed as
the result of partial charges between a hydrogen bond donor (e.g., a hydroxyl or
amino group) and 4 hydrogen bond acceptor (e.g., an oxygen or a nitrogen). The
hydrogen bond is, therefore, essentially a dipole-dipole interaction although it is often
described as an eIectrostz-ttic interaction between two partial dipoles (Murphy, 1995).

Mirsky and Pauling (1936) were the first to describe the importance of the hydrogen
bond in protein stability (Dill, 1990). It was natural to assumne that the hydrogen bond
and van der Waals forces played a role in protein stability for a number of reasons.
Firstly, the amino acids that comprise the polypeptide chain are dipolar and therefore
are able to hydrogen bond. Secondly, the secondary structuwre features (the alpha
helices and beta sheets) are the result of hydrogen bonding and thirdly the interactions
between the polymer and solvent were short ranged indicating that the chains were
self-attractive (Dill, 1990). In addition, the stabilising effects of the hydrogen bond
may be the consequence of its slightly ionic nature, which would facilitate the internal
packing of the protein. The iydrogen bond although important has a minor stabilising
role because of competing interactions between protein groups and water.
Mutagenesis studies have suggested that hydrogen bonding contributes 1 to 2kcal/mol
pet hydrogen bond to the stability of a protein (Pace, 1992; Myers and Pace, 1996).
The importance of the hydrogen bond as a stabilising force has been supported by



thermal stability studies, where a positive correlation between the number of
hydrogen bonds and salt bridges and thermostability was found (Vogt and Argos,
1997).

1.6.1.2 Hydrophobic interactions
Kauzmann (1959) first identified the role of hydrophobic interactions in stabilising
the folded native state, Kauzmann's arguments wete based on the relative partitioning
of small apolar molecules between an apolar solvent, such as methane, and water.
Using this as a model he proposed that apolar amino acids residues such as Ile, Val,
Leu, Trp, Tyr and Phe would tend to be largely buried away from the solvent whilst
the charged, polar side chains would be orientated to ensure contact with the solvent.
This distribution of amino acids whilst made long before the elucidation of the first
- thre-e-ain-lensional structure turned oﬁ;‘. té be an accurate pre&iction. Crfstallographic
studies have indicated that the interfor of a protein is tightly packed and that such
tight packing is essential for stabilisation of the proteins native conformation
(Richards, 1977; Chothia, 1975). It is this tight packing that maximises van der Waals
interactions and results in hydrophobic stabilisation.

The role of hydrophobic interactions in stabilising the native state has been
extensively studied and have, in general, been concluded to be the major driving force
in protein folding (for review see Rose ef al., 1985), The burial of hydrophobic
residues has been proposed to have two general effects in terms of protein stability.
The first effect, known as the hydrophobic effect, is the stabilisation of the native
protein as a result of shielding from the aqueovs environment. The magnitude of this
effect has been compared with hydrophobicity scales of amino acids which were
derived from the partitioning of small apolar molecules between water (representative
of the unfolded state) and an apolar solvent or vapour phase (representative of the
folded state), These scales indicate that the burial of a hydrophobic side chain results
in an increase in the stability of a protein (Matsumura ¢ al., 1988). In general, this
effect contributes 1.0-1.6kcal/mol to the overall stability of a protein (Sandberg and



Terwilliger, 1992). The second effect has been referred to as the "packing effect” and

is the result of differences between the interior of a protein and an ﬁp.oiar liquid. In

this effect, a protein is stabilised by 0.8-2.9kcal/mol as a result of the combination of
close packing, the distortion of the proteins packing and the effect of the polarity of
the interior of a protein. It is the combination of both effects that contribuites to the
stabilising effect of the hydrophobic interactions (Sandberg and Terwilliger, 1992).

The measurement of solvation effects has shown that the origin of hydrophobic
effacts is largely entropic at room temperature, The unfavourable entropy of solvation
has been ascribed to the decrease in entropy of water swrrounding the apolar groups.
The solubility of apolar groups is lower in water. Therefore, the free energy of
transfer to water is positive. At room tertiperature, the lower solubility in water could
be explained by the ordeting of water around the apolar groups, which would in turn
lower the entropy of the sysham and increase the free energy (AG = AH -TAS).

1.6.1.3 Electrostatic intern :tions

Electrostatic interactions simply occur between charges on protein groups such as
amino- and carboxyl-termini and ionizable side chains. Barlow and Thormton {1983}
have extensively studied Coulombic interactions (or ion pairs) and have defined an
ion pair as two charged groups within 4A of each other, Most ion paits occur between
distant residues in the sequemce and between different segments of secondary
structure elements and therefore exert their stabilising effect on the tertiary structure
of & protein. Elecirostatic interactions have been found to affect protein stability in
two ways: firstly, through classical effects which result from non-specific repuisions
that are formed when a protein is charged and secondly, through specific effects as
the result of ion pairing. Ion pairing has been found to ocour ot the surface of 2
protein as well as in the protein core. Generally, a protein has only five ion pairs per
150 residues only one of which is buried (Barlow and Thomton, 1983). The energetic
cost of burying an ion puir is large and therefore if a charge is burled it is essential for

the specific role of the protein.
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X-ray crystallography has provided evidence for ion pairing occurring on the surface
of proteins and mutagenesis studies have shown that variations in ion pairing can
influence the stability of a protein. However, evidence against it as a dominant force
has been provided for & number of reasons: (i) The stability of a protein is not
significantly affected by pH or salt at or nesr its isoelectric point, (i) the model
composed shows that the change in volume on formation of an ion pair (<14ml/mol
per ion pair) contrasts with experimental studies which show a partial increase in the
volume, (iii) mutagenesis studies of a large number of ion pairs in proteins has little
effect on the stability of a protein and (iv) the conservation of ion pairs in
gvolutionary linked protein families is low (Barlow and Thomton, 1983).

1.6.1.4 Configurational entfopy -

Another important determinant of protein stability is configurational entropy, which
tends to destabilise the native protein structure. The gain in entropy relates to the
increased degrees of freedom of the side chains and backbone available to the
unfolded protein relative to the native state. Thus the unfolded state has greater
entropy and the conformational entropy is 2 des;tabilising component of the free
energy. The destabilising effect is, therefore, due to the loss of configurational
entropy of the folded protein and this is compensated for by the many small
stabilising interactions (Baldwin and Eisenberg, 1987).

1.6.2 Major determinanis of the protein fold

The inspection of the native state of proteins using information collected on protein
 structures using the protein data bank (PDB) (Bemstein et al., 1977) indicated five
basic but major determinates of a protein fold (Thornton ef al., 1995 and references

therein).

First, it was apparent that all proteins exhibited a tightly bound hydrophobic core
(Richards, 1977; Hubbard, 1994). The entropic tendency to exclude water has three



consequences. The tertiary and quaternary stuctures of -glcrbulauf proteins have a
tightly packed interior with apolar side chains in the centre and polar and ionizable
side chains at the surfice, the "inner" core is unsolvated (about one water molecule is
buried per 27 residues) with the average water sized cavity constituting only 1% of
the total volume of the protein and the association of proteins leads to maximum
stabilisation and complementation such that the quaternary structure has a unique fit
which is highly specific. Second, the protein in the native state adopfs a Told so that
the torsional angles ¢ and y are confined to low energy conformations and therefore
the interactions even within the proteins interfor are strong enough to provide
constraints on the torsional freedom. Third, the hydrogen bond potential for nearly
ali-main chain groups (buried or exposed) is satisfied indicating its contribution to
stability. The satisfaction of the hydrogen bond potential is the driving force for the
formation of secondary structural elements of globular proteins. Fourth, the
_interactions between side chains are specific except for apolar-apolar interactions,

therefore, indicating that the side chain interaction between oppositely charged
residues, polar residues and aromatic side chains play a role in protein stabilisation.
Fifth, the pretein structure is on average (approximately 60% of al] residues)
dominated by secondary structural elements that interact to fulfil the requirement for
close packing.

Therefore, based on theoretical and structural evidence, the forces that maintain the
three-dimensional state of a protein are balanced between those that satisfy the local
conformation preference and those that fulfil the global requirement to bury an apolar
side chain whilst satisfying the potetitial hydrogen bond acceptors and donors
{Thornton e¢ al., 1995).

1.7 The unfolded state

The unfolded state of proteins, unlike the native state, is not well defined by a set of
co-ordinates and therefore it is described as an ensemble of conformations. The
unfolded state is described by Dill and Shortle (1991) as a specific subset of
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denatured states for which the conformations are opei and solvent exposed with little
or no residual structure i.e., it is the state that is formed under strongly denaturing
conditions. The extent of unfolding of the depatured state and its importance in
influencing the (re} folding pathway has been extensively studied (Dill and Shortle,
1991). Little is known about the unfolded state but it is essential to characterise it in
oxder to cornplete the folding pathway.

Tanford was the first to study the denatured state and he demonstrated that the
denatured protein in 6M guandinium chloride has 2 hydrodynamic radii that was close
to that expected for random coils based on theorstical estimates (Tanford 1968;
1970). Howewer, several recent studies have shown that even in high concentrations
of denaturant significant amounts of residual structure can-be detected (Shortle,
- 1996). For example, the denatured state has been characterised for ribonuciease A
{Sosnick and Trewhella, 1992) using X-ray scattering and for the 434-Repressor (Neri
et al., 1992) and barnase (Arcus ef al., 1995) using NMR. The residual strocture and
heterogeneous nature of the denatured state has important implications when studying
refolding pathways.

1.7.1 Denaturing agents

Denaturants, often termed as chaotropes, are agents that resuit in the disruption of the
bals ‘ce of forces between the protein interactions with itself and its interactions with
the environment (Schiffer and Dé&tsch, 1996). The disruption of these forces is the
result of environmental changes such as temperatire extremes, pH extremes or
solvent. The most widely used denaturarits are urea and guandinium-chloride because
of the persistence of structure found in the acid and temperature denatured states (Dill
and Shortle, 1991; Matthews, 1993). A combination of denaturants such as urea of
guandinjum-chlotide with pH and temperature has been shown to have an additive
effect (Schiffer and Détsch, 1996).
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1.7.1.1 Solvents

~ The action and details of the chemistry on how these denaturants work is poorly
understood. Recently, computational methods such as molecular dynamics
simulations. and experimental studies have implicated the role of water in the initial
stages of unfolding (Schiffer and Détsch, 1996). Simply, the denaturants are thought
to have two mechanisms of action. First, there is an initial decrease of water-water
interactions that result in an increase in the interaction between the water and the
protein that may initiate the unfolding of the protein. Second, the exposed interactions
are further destabilised by direct interactions with the denaturant. The interactions
involve the weak binding of the denaturant or adsorption of the denaturant to the
apolar surfaces. A large number of solvents act as chaotropes, for exarple
guanidinium chloride, urea, NaSCN, SDS, GuSCN, and ethanot.

In the presence of concentrated urea (8-9M)} or guandinium-chloride (4M), the
ordered structive of water is non-existent (Collins and Washabaugh, 1985; Pace,
1992). As a result of the interactions between denaturant and water being weaker than
the water-water interactions the relative interactions of water and depaturant have
increased. Therefore, for proteins, the water competes with internal hydrogen bonds-
' and this initiates uafolding, The exposed apolar surfaces are then acted on by the
denaturant. Urea has been shown using NMR to interact directly with aliphatic side
chains (Ddtsch et al., 1995) and its interaction with aromatic side chains has been
shown computationally (Tirado-Rives and Jorgensen, 1693). Therefore the denaturant
acts on the exposed surface in the denatured state and promotes the dissociation and
unfolding of the protein (Shortle, 1996).

1.7.1.2 pH

Denaturation as a result of extremes in pH have been implicated to act on the
denatured state (Shortle, 1996). Proteins in the native state are composed of basic and
acidic residues and therefore possess a net charge in an acidic or basic solution which

is related to its characteristic isoelectric point, In the native state, the basic and acidic



amino acid groups have pKa' s which have values altered by the environment in
which they are placed. In the denatured state, these groups 2 exposed and therefore
the pKa's of the basic and amino acids are typically similar to 1ixse expected for free
' amino acids. This hﬁplies that additional protons must bind to the acid denatured state
and protons must be lost from the basic denatured state (Shortle, 1996), Therefore, in
order for a protein to refold, protons must be lost {or retrieved) depending on whether
the pH is low (or high) and the energetic cost of doing this is higher than the free
energy necessary to stabilise th: folded conformation of a proiein (Shortle, 1996).

1.7.1.3 Temperatuie
Heat {or cold} are the most complex denaturing agents which are thought, albeit
subjectively, to act on the denatured state of a protein (Shortle, 1996), Thermal
denaturation as the result of high temperature results in an increase in the vibrational
freedom of all bonds. The increase in entropy results in a decrease in the free energy
{(-TAB) of the system. At low temperatures, near 0°C, some proteins denature
{Schellman, 1987). In this case denaturation is the result of a decrease in the enthalpy
of the system and Is the result of the ordering of water (in a clathrate-like manner)
around exposed hydrophobic chains (Shortle, 1996).

1.8 The intermediate state(s)

The efficiency of protein foldin:g (Levinthal's paradox) suggests that the process
proceeds through intermediate states and this raises the possibility of the observation
of partially or incompletely folded states. These states would enable the folding
pathway to proceed through a definite sequence of events with decreasing Gibbs free
energies (Privalov, 1996). The pature of intermediates and their actual role in
speeding up a folding process {i.e., their ability to act as "folding domains") is largely
debated. The structural features of intermediates can be inferred from the analysis of
the transition states (section 1.9.2).



The concept of "folding domains” 1s feasible for large proteins since they generally
fold through definite steps that correspond to the folding of individual domains.
However, for smal proteins and for some oligomeric proteins the concept is
* problematic because the rate of folding is fast and therefore, suggestive of folding
without any domain organisation. Intermediates have been postulated to be important
in directing the folding process (Kim and Baldwin, 1990) but recent evidence using
kinetic models (Fersht, - 1995; Baldwin, 1996) has suggested that significantly
populated intermediates may slow the folding process. The reasoning for this is based
on the view of the protein folding pathway as an energy .iands'cape where the folding
rates are 4 function of the "roughness" of the energy function on the path between the
native and unfolded state (Burton ef al., 1996). Therefore, the folding path would be
slowed down by any crenulations (i.e., by transient intermediates) in the energy

surface.

For some proteins, for example, alpha lactalbumin, apomyoglobin, DnaK and
staphylococcal nuclease, an equilibrium interiaediate that is neitﬁer native nor
completely unfolded has been observed. The state was called a2 " molten globule"
(Kuwajima, 1977) and was initially described to be a collapsed state of the
polypeptiac chain without fixed, specific long-range interactions. A number of
experimentalists characterised the molten globule and found it to be & compact
species closer to the native state than to the unfolded state with a substantial amount
of secondary structure and little or no tertiary structure (Privalov, 1996). The state
was ¢ompact but had a significant amount of hydrophobic surface éxposed when
compared with the native state. Since the first report of the molten globule, a large
number of studies have described the appearance of the molten globule and there is
confusion of the actual meaning of molten globule. The term may be used to describe
an unstructured collapsed specie with & hydrophobic core or to describe a structured
species with a fixed specific secondary structure (Fink, 1995). To resolve this issue
two types of molten globules were proposed, the "true" molten globule <hick w
structured and the “collapsed” molten globule which is unstrug: 4 {Busdwin, 1991).
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There is evidence for two types of compact denstured states: the compact
intermediates (the molten globule) which represent a global fres minimum and the
compact form of the unfolded state (Palleros e al, 1993). To experimentally
distiﬁglﬁsh betoreen the two is difficult and therefore theoretical models of each
denatured state have been proposed (Ptitsyn, 1992; Finklestein and Sbakhnovich,
1989). It is, therefore, questionable whether the molten globule is a true
thermodynamic state or a substate of the unfolded state.

Privalov (1996) addresses the concept of the molten globule as a thennociynamic state
in detail. The criterion for a specific thermodynamic state is the presence of a phase
transition between that state and the next state. If the transition results in a large
change in thermodyngmic parameters, such as enthalpy and entropy, then the state is
regarded as a first-order phase transition. The consideration of a protéin as a
macroscopic system means that the different states (folded/unfolded/intermediate)
would be separated from ench other by a first-order phase transition, For small
protetis, the co-operative transition between the folded and unfolded states implies
that the two-state transition should be regarded as a first-order phase transition, In all
reported cases, the molten globule state is separated from the native state by 2 highly
co-operative two-state transition but the order of the transition is not clear. However,
analysis by statistical methods has saggested that the transition from unfolded state to
compact molten globule would be a second order phase transition which would be
accompanied by a change in heat capacity and compresaibility (Privalov, 1996 and
references therein).

Recently, the idea of the moiten globule has been criticised for a number of reasons
(Privalov, 1996). Firstly, the definition that this state is a dynamic highly mobile
conformation is disputed by the fact that the molt . ¢lobule and unfolded state have
different retention times in chromatographic experiments meaning that the rate of

interconversion between the two states is slow, Ana secondly, the description of this



state as molten (i.e., as being liquefied) is conflicting with its definition as a

conformation with fixed long-range interactions.

1.9 Experimental metheds to monitor protein stability and the
unfolding/refolding pathway

The molecular mechanisms of protein folding have heen studied in detail for small
monomeric proteins (molecular masses between 30 and 40kDa), These studies have
« provided informaiion on how the amino acid determines the secondary and tertiary
structures of a protein (Kim and Baldwin, 1990; Matthews, 1993). However, the use
in applying small monomeric proteins as model systems to understand the folding
mechanism of dimeric/oligomeric proteins is ambiguous. The folding mechanisms of
larger proteins (40-90kDa) addresses the issue of domain and subunit association _
resctions that result in the formation of the quaternary structure (Jaenicke, 1987). In
order to gain a géneral folding mechanism it is essential that folding and unfolding
 studies be performed on different structural classes of proteins with varying dégnees
of oligomeric states. '

Conforntational stability (equilibritun) studies have been extensively used to provide
information on the structure, stability and folding of the initial and final states of the
folding pathway and any stable imermediates (Neet and Timm, 1994). Kinetic studies
of the unfolding and refolding properties of proteins have provided information on the
pathway and mechanism of protein folding and unfolding and the transition states.
The combination of these two techniques with "protein engineering" (mutagenesis
studies) allows specifi¢ interactions that control the pathways to be mapped out at the
level of individual residues (Matouschek et al.,, 1989; Fersht ef ail., 1992).

1.9.1 Conformational stability studies

The stability of a protein is defined as the decrease in Gibbs free energy of a
structure-less polypeptide chain when it folds to give a native protein molecule in
water (AG(H20)). The stability of a protein can be determined from the unfolding
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transition curve induced by a denaturant (such as pll, temperature or solvent). The
denaturation of many small single¢ domain proteins and some multi-domain proteins is
a reversible process. For a schematic representation of a sigmoidal denaturant-
indu¢ed unfolding transition-fitted to a two-state approximation see, for. example,
figure 6. The two-state denaturation model has been obser‘véd for monomeric protéins
(Kim and Baldwin, 1990) and some dimeric proteins (for example, the Arc repressor
{Bowie and Sauer, 1989) and the E.coli Trp aporepressor (Gittelman and Matthews,
1990)) and is the consequence of the co-operative nature of a number of nen-covalent
interactions, which result in the marginal stability of a protein {section 1.6.1).

The minimal hypothesis for a two-state transition assumes that at any point in ths
imfolding transition that the individual residues of the protein exist in only one of two
states: the native or unfolded state, In other words, for monomeric proteins and some
dimeric proteins the native monomer (or intermiediate) does not exist at significant
concentrations at equilibrium (Neet and Timm, 1994). It is important to note that the
two-state approximation does not rule out the presence of a high-energy intermediate
(which would correspond fo a lotal minimum on the reaction co-ordinate
diagram)¥{Wolynes et al,, 1995). If the energy of an intermediate were sufficiently
high then the state would not be populated to a significant extent and therefore would

not have any effect on the experimental observations.

Larger proteins generally have equilibrivum unfolding transitions, which are more
complex. Generally, these proteins which display non-co-operative multi-state
unfolding are composed of individual domains which are able to fold and unfold
independently (Neet and Timm, 1994). A general three-state model for oligomeric
proteins would Involve the native dimer, the unfolded monomer and folded monomer
or monomeric intermediate. The presemce of a stable equilibrium intermediate
increases the complexity of the unfolding/refolding pathway. Some examples of
oligomeric proteins = wfold via an intermediate are the 2-subunit of tryptophan
synthetase (Zetina and Goldberg, 1980), the lambda repressor (Banik ez al.. 1992) and



superoxide dismutase (Mei ¢f al., 1992). The intermediate may be either dimeric or
monomeric and may not have spectral properties similar to those found for the folded

* or unfolded protein states,

A sigmoidal transition for equilibrium unfolding implies that the interactions within
the native protein are co-operative. This co-operativity may be either two-state (i.e., &
first-order phase transition) or one-state (i.e., a higher-order phase transition) (Clt o et
al., 1995)(figure 1). The only way to distinguish between the two requires the
observation of the species populated at the midpoint of the unfolding transition. For a
two-state transition, there are two identifiable states in contrast to only one for the
une-state transition. Therefore, the two-state transition implies an energy surface with
two minima separated by a barrier and the one-state transition implies a single energy
minimum with no barrier between the native and unfolded state (Dill and Shortle,
1991; Chan et al,, 1993; Fersht, 1995),

Three models have been used to describe the co-operativity of non-covalent
interaction within the native protein (Chan er al., 1995). Model 1, the "helix-coil”
model where co-operativity is described to be the result of interactions between
neighbouring atoms in the sequence (Schellman, 1958; Zimm and Bragg, 1959;
Poland and’ Scheraga, 1970). Model 2, the "side-chain packing" or "jigsaw-puzzie"
model where co-operativity is described to be the result of the complementary fits of
tide chains (Shakhnovich and Finklestein, 1989) and model 3, the "hydrophobic
collapse" model where co-operativity is the result of the assembly of apolar residues
into a compact core (Dill, 1995). Only the third model has been supported by
experimental evidence,

The analysis of the equilibrium unfoiding transition curve is essential for a number of
reasons {(Utiyama and Baldwin, 1986). First, it e¢nables the reversibility of the
unfolding/refolding transition to be assessed. Second, it characterises the finai and
initial states of the protein-folding pathway. Third, it establishes the presence/absence
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- Figure 1. Models of co-operativity: two states, A and B, such as native and denatured
states, can change populations with increasing denaturant concentration. (@) Gradual
change - no co-aperativity. (b) Co-operative transition of the one-state type. (¢) Co-
operative traasition of the two-state type. Both one-state and two-state transitions can
have sigmoidal behaviour and heat absorption {a peak int the C, plot), they cannot be
distinguished on these bases or from the steepness of the sigmoidal curve. The main
distinction is whether there is one broad peak involving populations of intermediates
near the denaturant midpoint (one-state) or whether there are two populated states and
less intermediate population (small plots at the bottom of (b) and (c)). (Taken from
Chan ef al., 1995),
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of an equilibrium intermediate. Fourth, it enables the design of kinetic
unfolding/refolding experiments and fifth, it enables the consistency between kinetic
and equilibrium experiments to be tested.

1.9.2 Unfolding/refolding kinstic studies

The kinetics of protein unfolding/refolding are used to characterise the folding
mechanism of a protein. In addition, the elucidation of the kinetic mechanism for
protein unfolding/refolding enables any transient intermediates and the transition state
between them to be characterised.

The details on how a protein unfolds/folds have increased due to the large amount of
structural inforimation avallable from fast reaction measurements such as stopped-
flow kinetics (interfaced with fluorescence, cireular dichroism or NMR); fluorescence
life time measurements (Elove ef 4l., 1992); mass spectrometry (Fersht, 1993; 1994)
and "protein engineering" studies. These techniques have enabled the observation of
early unfolding/refolding events {millisecond to microsecond time range).

In stopped-flow kinetic studies, the protein is unfolded by changing conditions to
favour the unfolded state and vice versa for the folding of the protein. The
unfolding/refolding pathway measured depends on the probe and the experimental
conditions used. The experiments are designed using the equilibrium unfolding
transition curve and enable the different aspects of the pathway to be characterised
(Kiefhaber, 1995).

1.9.2.1 Unfolding kinetics

The kinetics of unfolding for most proteins, single and multi-domain, is 2 simple
monophasic process. This is consistent with an “all-or-none" process of unfolding for
& homogeneous population of native protein and is suggestive of a single transition
state for unfolding or a set of energetically similar transition states (Kim and Baldwin,
1990). Complexities in kinetic unfolding reactions are rare but have been observed



for some proteins; for example, RNase (Houry et al., 196 "~y and Scheraga,
1996), dihydrofolate reductase (DHFR)Touchette e! 3., 1vb60), Siephylococcad
nuclease (Walkenhorst et ¢, 1997) and Rhodobucter capsulatus cytochrome ¢ _
(Sauder et al., 1996). The complexities may be the result of either multiple states of
the native protein or the result of kinetic coupling between peptide bond isomerisation
and the actual folding reaction {Kiefhaber, 1995) ot the result of formation of a
structured intermediate (Walkenhorst ef al.; 1997).

1.9.2.2 Refolding kinetics

The kinetics of refolding are generally more comiplex with at least two kinetic phases.
The complexities may be the result of a heterogeneous mixture of unfolded protein
which interconvert slowly as ths result of different isormers about the peptide bond or
as a result of disulphide bond formation, Tn addition, complexities may be the result
 of the population and accumulation of refolding intermediates. Genperally, all
molecules within the population have the same probability of folding via a pathway
that is governed by a rate-limiting step. For some small proteins (for example, the
chymotrypsin inhibitor, CI2 (Jackson and Fersht, 1991) and for a few oligomeric
proteins (for example the Arc repressor (Milla and Sauer, 1994)) studied, & single
major refolding phase was observed indicating that all the conformations interconvert
rapidly and fold via a single pathway. For oligomeric proteins, the single refolding
phase is indicative of tight coupling between the folding and the association reactions
{Mills snd Sauer, 1994). Generally, however, the folding of oligomeric proteins
requires the co-ordination of secondary, tertiary and quaternary structures, which
results in a complex refolding pathway.

1.9.2.3 The trangition state for unfolding/refolding

Kinetics of unfolding/refolding is the only method available for analysing the
structures of the transition states using the transition state theory. The transition states
for protein unfolding/refolding have been defined as the intermediate species with the
preatest free energy (Matouschek et al., 1989). It is the most transient specie and



therefore it can only be characterised indirectly. The indirect conventional methods
involve the characterisation of the transition state by monitoring the temperature and
urea-dependence of the apparent unfolding/refolding rate constants (Tanford, 1970;
Chen et al., 1992; Schindler ¢ al., 1995). Recently, the "protein engineering" method
has been used to map the interactions of the transition state at the level of the amino
acid residues (Matouschek ef al.; 1989). The two parameters that are used to
characterise the structre of the transition state are of and ¢. The of parameter
monitors the solvent accessibility of the transition state based on its susceptibility to
urea and the ¢ parameter probes the structure of the transition state by mutation.

1.10 Theoretical studies of protein folding

_The large amount of interest in the protein folding pathway by physicists and
mathematicians has led to an increase in a wide range of theoretical approaches to the
problem (for review, see Karplus and Sali, 1995). The theoretical approach varies
from the simple classification of single amino acids by their tendency to form a
specific type of secondary structure to the classification of how secondary sﬁ’uctural
elements combine to form the tertiary folding patterns (Chothia, 1984).

The limitations of computing pewer necessitate that only simplified models are used
to simulate the unfolding/refolding process. The simplifications omit details of the
proteins structure (i.e., only the backbone is included) and any interactions that
maintain the native state, In addition, simulations of the folding process are restricted
because of the random coil-like nature of the unfolded state and hence the large
numiber of configurations that the unfolded state can occupy.

The mechanism of protein folding has been investigated using molecular simulation
dynamics (MD) and lattice models (Karplus and 3ali, 1995). MD simulations provide
information on the initial stages of the folding process using an all-atom model and
have provided information on the structure and solvation of the partially unfolded

state. However, because these simulations are approximate it is necessary to validate



them with experimental studies, The lattice models are used to provide information
on the protein-folding pathway. In the lattice heteropolymer simulations the protein is
represented as a string of beads and provides information on the final stages of
protein folding (i.e., up to the stage of side chain packing). The lattice models bave
enabled the proposal of a folding mechanism for small proteins and have resolved the
Levinthal paradox, The main cunclusions from these simulations were that a global
energy minimum is necessary for the rapid folding of a protein into its stable native
state and that the folding mechanism starts with a rapid event that reduces the number
of conformations that need to be searched and from this collapsed state folding
proceeds to the native state through a number of transition states, Although the two
types of simulations have ptovided information on the unfolding/folding mechanisms, -
it is necessary to assess their validity by means of experimental methods.

1.11 Models of protein folding _

Several models have been proposed to describe the pathways of protein folding,
These vary from the model that predicts a single pathway to one that predicts a series
of pathways.

The "jigsaW-puzzl;e" model predicts that folding is a series of sequential folding
events i.., each protein molecule folds via a unique pathway (Harrison and Durbin,
1985). In this model, the individual molecules are coﬁformationally diverse unti} the
native state of the protsin is reached. The "nucleation-growth" now known preferably
as the "nucleation-condensation model is in contrast to the above model (Fersht,
1995), This model proposes the formation of a stable specific substate that acts as a
nucleus. The nucleation site directs the rest of the molecule to fold around it. This
model, was first proposed by Wetlaufer in 1973, and is presently the most popular. In
this model it is proposed that the native structure of the protein is formed early in the
folding process and has been used to describe the early kinetic events i folding
(Abkevich et af., 1994; Fersht, 1995) for the chymotrypsin inhibitor, CI? (Itzhaki er



al., 1995), the acyl-CoA binding protein (Kragelund ef al., 1995) and the MYL
mutant of the Arc repressor (Waldburger et al., 1996).

1.12 Protein folding funnels

Levinthal's hypothesis (section 1.2) led to the search for protein foldiﬂg pathways
with populated intermediate states. The observation of intermediates along the folding
pathway was postulated to be important for directing the polypeptide chain towards
its final, folded conformation (Kim and Baldwin, 1990). The role of intermediates
along a protein folding pathway is largely debatable (section 1.8) since it is possible
that the intermediate may act as a trap rather than speed up the folding process
(Fersht, 1995; Baldwin, 1996).

The id¢a of the folding pathway has since been replaced by the view of profein
folding kinetics as an "energy landscape” and "folding funnels” (for review see Dill
and Chan, 1997). In this view, the folding process is described by a mumber of
parallel folding events which result from an ensemble of conformations. Each
ensemble, therefore, folds asynchronously to a distinctive conformation which
ultimately channels into the same native structure.

The "energy landscape" is a function of the internal free energy of each configuration
(which includes the sum of hydrogen bonds, ion pairs, torsional angles, hydrophobic
and solvation free energies efc.) versus the degrees of freedom of each configuration
(for exan y.l2, the dihedral bond angles, ¢ and ).

The energy landscape is desciibed by meny features with peaks (hills) which
correspond to high-energy conformations (for example, conformations that result in
the burial of hydrophobic surfaces or unfavourable dibedral angles) and troughs
_(valleys) which correspond to more energetically favourable conformations.
Therefore, the folding rates are a function of the "ruggedness” of the eniergy function
on the path between native and denatired states (Burton et al.. 1996 and references
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thersin) and any bumps sic:  sown the folding process. An idealised protein-folding
funnel is smooth and, in this case, the kinetics of protein folding is fast and best
described as a two-state folding mechanism. In general, however, folding funnels are
"~ more complex with bumpy landscapes that describe multi-state kinetics. The
"roggedness” of the path acts as a trap for the accumulation of misfolded
intermediates that must undergo conformational rearrangements before continuing
along the path towards the native state.

The modelling of protein folding kinetics using "energy landscapes” and "folding
funnels" is in its elementary stages and it represents an idealised concept to aid the
understanding of the protein-folding kinetics.

1.13 Protein folding in vive versus in vitro

The folding process of a protein in the cell is likely for obvious reasons to differ from
that monitored in vitro. Apart from differences in solvent, pH, ionic strength and
temperature, the initial event of the refolding pathway is artificial (Radford and
Dobson, 1995). In ivo the process of folding begins from & nascent polypeptide
chain whilst in vitro the initiation of folding is from a protein that was - tured,

Peptide synthesis from the C terminus to thre N terminus has been shown to result in
native protein indicating that the vectorial nature of protein synthesis is not important,
In addition, the rate of refolding of protein under suitable conditions is similar to the
folding rate in vivo and the final product after refolding has been found to be similar
if not identical to the native state (Rainer and Jaenicke, 1986).

There have been some similarities as well as differences observed between protein
folding in vivo and ir vitro (Ruddon and Bedows, 1997 and references therein). One
main difference is the rate and efficiency of folding. /n vitre the folding rate is not as
high as that observed in vivo and may be explained by competing pathways that exist
between correct folding and misfolding and aggi‘egation. In vitro studies require the



. accurate control of protein coticentration in order to minimise and prevent
aggregation. The efficiency of the folding process in vitre can be facilitated by
protein catalysts such as the protein disulphide isomerase (PDI) and the prolyl peptide
isomerases (PPI). In addition, proteins called molecular chaperones (DnaK/Dnal for
“bacterial proteins and their eukaryotic analogues, Hsc7) family and BiP) have been
found to increase the yield of native protein by preventing "off-pathway" folding

events.

The role o1 chaperones in folding, assembly and intracellular translocation of proteins
has been reviewed (Hartl, 1996). Generally, chaperones act sequentially in the folding
pathway by binding folding intermediates and passing them onto the nexi chaperone
or chaperone complex in the cascade eventually releasing'a native protein. The
" binding of the chaperones to the protein involves the interaction with hydrophobic
residues exposed on the surface of the unfolded protein and its release often requires
ATY hydrolysis (Ruddon and Bedow, 1997). '

It is important to note that although foldases and chaperones are needed to assist
protein folding events in the living cell they do not negate the fact that the folding of
a polypepfide chain occurs spontaneously, i.e., Anfinsen’s hypothesis.

The interest in mimicking folding events iz vivo has its application in treating human
diseases th .. *he result of protein folding defects (Ruddon et al., 1996), for
example, Ly . brosis, alpha Il-antitrypsin deficiency, Alzheimers disease,
neurodegenerative diseases such as Humtington's chorea and prion diseases such as
bovine spongiform encephalopathy (BSE; mad cow disease) and Creutzfeld-Jakob
disease. It is, therefore, essential that in vitro folding studies be supplemented with
studies of intracellular folding pathways.



CHAPTER 2
GLUTATHIONE TRANSFERASES

2.1 A supergene family of detoxification enzymes

Cytosolic glutathione transferases (GSTs, E.C. 2.5.1.18) are a supergene family of
multi-functional proteins feund in all vertebrates. plants, insects, yeast and aerobic
bacteria, As 4 group of proteins, they are involved in the bictransformation of a
pumber of reactive endogenous and toxic xenobioties, They function primarily as
phase I detoxification enzymes (Jakoby and Ziegler, 1990) and catalyse the
~ nucleophilic addition of reduced glutathione (GSH) to numerous chemically diverse
compounds, such as alkyl- and arylhalides, lactones, epoxides, quinones, esters and
activated alkenes (Mannervik and Danielson, 1988). As 3 consequence of this
resction, a less reactive but fore polar glutathionyl-S-conjugate is formed which can
be exporied from animal cells by a membrane-mediated ATP-dependent purnp éystem
(Ishikawa, 1992), catabolized via the mercapturate pathway and excreted (Boyland
and Chasseaud, 1969). In plants, the absence of an effective exorétion pathway means
that the coajugate is internally compartmentalised or stored (Sandermann, 1992),

In é.dditiom certain glutathione transferases are able to catalyse selenium-independent
peroxidase activity (Ketterer ef al., 1987) with organic peroxides as the substrates.
The catalysis of the glutathione-dependent isomerisation of 3-ketosteroids {Benson ef
al., 1977) and the biosynthesis of peptide leukotrienes (Tsuchida et @/, 1987) are two
other important physiological functions of glutathione transferases,

i1 addition to the catalytic diversity of the GSTs, they are also able to function as
ligand-binding proteins ("ligandins"). The ligand binding function of GSTs facilitates
the intracellular storage and transport of a variety o° hydrophobic non-substrate
compounds and hormones, metabolites and drugs (Listowski, 1993), The role of
GSTs in the transport and catalysis of Xenobiotic compounds has resulted in the
proteins being responsible for the acquisition of resistance towards a variety of
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xenobiotic compounds such as carcinogens, therapeutic agents and pesticides (Hayes
and Wolf, 1988; Tsuchida and Sato, 1992).

The glutathione transferase family is represented by a large number of enzymes that,
according to sequence homologles, are classified iInto one of seven species-
independent gene classes. Six are the cytosolic GSTs referred to as alpha, mu, pi
(Mannervik et al., 1985), sigma (Buetler and Eaton, 1992}, theta (Meyer et al., 1991)
and kappa (Pemble et al., 1996) and the seventh is the class of microsomal enzymes
(Delong er al., 1988). The microsomal GSTs are distinet from their soluble
counterparts. Recently, a new class called zeta has been identified by sequence
alignments «wd phylogenetic analyses in a range of species from plants and humans
(Board et al., 1997).

The various isoenzyme classés evolved along a divergent pathway (figure 2). A
comparison of the ¢cDNA and gene sequence of class alpha/mu/pi with that of the
class thetasigma from eukaryotes and prokaryotes suggested that the aipha/mu/pi
class enzymes originated from the duplication of the theta gene (Pemble and Taylor,
1992; Pemble et ol., 1996; Armstrong, 1997). The highly conserved 3' non-coding
sequences of the mu and theta genes also suggest that the class mu diverged from the
theta precursor before the alpha and pi gene. The class theta enzyme resembles most
closely the ancestral bacterial proteins and the progenitor of the theta class may be the
kappa class, which encodes the mitochondrial enzyme (Pemble er al., 1996), The
class sigma GST from the squid digestive gland 1s proposed to have diverged from
the theta or an early alpba/mu/pi precursor for the purpose of the production of -
erystalling {refractoay proteins, in the lens of the vephalopod sye (Tomarev ef al.,
1993).

Examinations of the three-dimensional structures of gene classes have also suggested
an evolutionary distinction between the theta/sipma and the alpha/mu/pi enzyme
classes, The most significant structural differences involve a residue at the active site
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and the dimer interface (Armstrong, 1997). The precursor class theta enzyme .as an
essential serine at the active site (Board et al., 1995) as opposed to the highly
conserved tyrosine residue found in all other gene classes (see section 2.3). The
structural distinction at the dimer inteiface relates to a more hydrophilic interface in
the class theta/sigma as opposed to a more complex hydrophobic "lock-and-key”
interface displayed in the class alpha/mu/pi. The serine/tyrosine switch supports the
theta class az the ancestral precursor of the sigma/alpha/mu/pi precursor which then
evolved to the alpha/muwpi precursor through alteration of the dimer interface

(Armstrong, 1997) (figure 2).

2.2 The three-dimensional structure of cytosolic glutathione transferases

All eytosolic GSTs are roughly globular proteins with dimensions of about 62A x
51A x 46A, All vytosolic GSTs have dimetic quaternary structures (M = 50 000) and
exist ag either stable homo- or heterodimeric structures. The heterodimeric isoen_zyme
forms exist (in the alphé and mu class only) as a result of the expression of multiple
genes and intraclass subunit hybridisation. A variety of three-dimensional structures
for the mammalian GST isoenzymes have been elucidated (for review see Dirr ef al.,
1994b; Wilce and Parker, 1994). Three-dimensional structures of isoenzymes from
the alpha (Sinning ef af, 1993; Camecron ef al, 1995). mu (Ji e al, 1992;
Raghunathan et al., 1994), pi (Reinemer ef al., 1991; 1992; Dirr ef al., 1994a; Garcia-
Séez et ol., 1994; Oakley er al., 1997), sigma (Ji ef al., 1995; 1996) and theta (Wilce
3t al., 1995; Reinemer et al,, 1996) have been determined. In addition, a three-
dimensional representative of the helminth Schistosoma japonicum GST (Lim et al.,
1994; MeTigue ef al., 1995) has also been elucidated, The structural information
provided by these three-dimensional structures has provided a wealth of information
on the tertiary and qu. .mary architecture of these proteins and has enabled an
understanding on the structure and fiunction of the different gene classes.

The various three-dimensional representatives for the cytosolic GSTs share a simjlar
fold and topology (Dirr ef af., 1994b; Wilce and Parker, 1994), Within each class,
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Figure 2. The proposed evolutionary scheme for the supergene family of cytosolic
glutathione transferases (adapted from Armstrong , 1997)



there is a high sequence homology (> 75% identity) while between. the classes the.
homology is much lower (20-30% identity)(Sinning ef al, 1993). The pair-wise
sequence identities are alpha-mu 20%; pi-mu 20%; pi-mu 30%; alpha-pi 32%; theta-
alpha 20%; theta-mu 13%; theta-pi 16%; theta-sigma. 14%. A sequerice alignment for .
a representative from each class is indicated in figure 3 aﬁd a comparison of the

secondary structure elements for representative classes of GSTSs is shown in table 1.

Despite the conservation of the overall fold, each class displays unique features about
the active site and at the C-terminus (Wilce and Parker, 1994). For example, in the
mu class there is an insertion of residues 3642 in domain 1 (Ji ef al, 1992;
Raghunathan ef af., 1994). These extra residues form the so-called "mu-loop” which
serves as a lid to the active site shielding it from the bulk of thé solvent. In the alpha
class GST, an additional helix at the C-terminus (alpha helix 9) and a short beta
strand at the end of the C-terminal segment are unique to this gene class (Sinning ef
al., 1993) (see section 2.3.2.2).

2.2.1 Subupit structures

‘The homodimeric class alpha glutathione transferase Al-1 (hGST Al-1)! consists of
221 amino acid residues per subunit. Four three-dimensional structures of hwnan
class alphas (ST are availsble in the PDB (Bernstein et al., 1977). The class alpha
structures available and their code accession numbers from the Brookhaven Protein
Data Bank are: (1) in complex with S-benzylglutathione (pdblguh.ent); (2} in
complex with ethacrynic acid (pdblgseent); (3) in complex with glutathione-
ethacrynic acid (pdb1 gsf.ent) end (4) apoenzyme form (pdb] gsd.ent),

1 The nomenclature used throughout this thesis & that suggested by Mannervik ef of., 1992, For example, the aerenyin kGST
Al=l denotes the human (h) ctass alphe (A} glutathions trangferase (GSTY, which is composed of two identcal type 1 spbunits
{11
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Figure 3. Sc;“quence alignment of class theta 4. thaliana (At: Reinemer ef al., 1996),
class theta L. cuprina (Le; Wilce et al., 1995}, class alpha (A; Sinning ef af,, 1993),
class mu (M: Ji et al., 1992), S japonicum (Sj; Lim et al., 1994), class pi (P;
Reinemer, 1991) and class sigma (Sq; Ji ef al., 1995) GSTs. Lower-case characters

are used to identify sequences in regions with low structural similarity (Taken from

Reinemer et al., 1996),
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Table 1. The secondary structure elements for representative classes of GSTs. Adapted from Reinemer ef ol. 1996,
Corresponding element in GST class or isoenzyme

Domain é:;::::;f Residue alpha® my’ pi* Sjaponicun®  sigme® Leupring
i Bl 37 BIG-8) BI2T) B1(3-7) Bl12-6) BI(3-7) Bl1(2-5)
al 1223 al(17-26)  al(14-22) aA(I523)  «l(1422)  ai(i522)  «i{102D)
B2 2932 @2(2835)  B2(27-32) 82(29-32)  P2(27-32)  P22932)  P2(27-30)
35 35-37 :
3" 3941 o2(3847)  02/3i(d3- uBl3e(38-  02(38-43)  a2(38-41)  a2(d1-44)
46,49-51) 44)
3" 4547 :
B3 56-59  P3(57-60)  P3(61-64) P3(52-55)  P3(56-59)  P35255)  PI54-57)
B4 62-65  PA(63-66) . PA(67-70) BA(58-61)  Pa(62-65)  PA(58-61)  PB4(60-63)
. o2 67-717  03{68-79) a3(72-82) al(63-74) o3{67-77) o3(63-74) aH{65-76)
|| o3 93-108 -
ot 111-121  od(86-111} aA(90-]114) aD(81-107)  o4(83-110) ad(81-104} wA(86-111)
o3 123-126 '

o4 133-154  «3'(114-129) oSa(119-127)  aB(109-132) a5(113-136) aS5(112-135) «5(124-141)
as%(132-143) as5h(130-141) :

o 167-170 - : :
oS5" I73-17%  w6(155-160) a6(154-169) oF(148-163) a6(149-164) a6(15)-168) «6(l154-169)
a6 185-189 -- - 310(167-170) — —n —

of 192202 o7(}79-190) o7(187-189)  aG(172-182) o7(173-184) aQJ(175-186) «7(177-189)

o8 205-208  af(192-1987  oB(191-197) ci(185-192)  B8(186-192)  u8(188-196)
All structural analyses were calculated according to Kabsch and Sander (1983) and taken from GST structure analyses of (a)
alpha (Sinning ef al., 1993), (b) miu (Ji ef al., 1992), (c) pi (Reinemer ef al,, 1991, Dirr et al., 1994u), (4} S, Japomcum (Lim et al.,
1994}, () squid (Ji ¢t al,, 1995), (f) L.cuprina (Wilce el al., 1995).
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The individual subunits are composed of two spatially distinet domains, The smaller
N-terminal alpha/beta domain, domain I (81 residues), has a PufupBo folding
topolégy. 'fhe overall topology of this domain resemibles that observed for the
bacteriophage T4 ghutaredoxin (Ekland ef al., 1992) and related folds have been
found in the Ecoli Thioredoxin (Holmgren ef al,, 1975) and the glutathiéne
peroxidase (Epp et al., 1983). The larger all alpha-helical C-terminz | domain. domain
If (140 residues) is composed of six amphipathic helices (figure 4). These helices
pack tightly together to form a consc hydrophobic core. In the class alpha GST,
domain I has an additional three-res.”  seta sheet niear the C-terminal segment and
a larger alpha helix 5. In addition, the class alpha GST has a unique alphs helix 9
fortned by the folding of fifteen residues of the C-terminal segment of the polypeptide
chain. Domain I and 1T associate to qum a subunit with interactions between the two

domains being hydrophobic and hydrophilic.

2.2.2 Subunit-subunit interactions

The dimer of cytosolic GSTs is formed by an almost perfect two-fold axis (C2
symmetry)(figure 4). As a result of dimerization, 14% of the initlal water accessible
surface area becomes buried at the subunit interface (Dirr e# al., 1994b). All cytosolic
G8Ts have distinct quaternary structures and the molecular recognition at the subunit
is class specific because dimerization involves only subunits from the same gene
class. The interactions formed at the subunit interface are primarily between domain I
(alpha helix 2) of the one subunit and domain II (alpha helices 3 and 4) of the other
subunit. The interaction between the two subunits results in the formation of a solvent

accessible V-shaped crevice (see section 2.2.3.3).

Thare are two typical types of subunit-subunit interactions observed. At the ends of
the interface, the interactions are predominantly hydrophobic and have been
described as a "lock-and-key” type interaction. This interaction is observed in the
alpha/mu/pi:S.japonicum structures and is stabilised by the wedging of a hydrophobic
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Domain I

Domain IT

Figure 4, Cartoon representative of the homodimeric hGST Al-1 in complex with S-
benzylglutathione (Sinning e? al., 1993), The view is parallel to the crystallographic
two-fold axis. The H-site is ocoupied by the benzyl moiety, the G-site by glutathione
and the L-site is tnocenpisd. The hydrophobic side chain of Phie51, which is a part of
the "lock-and-key" type interaction, is shown. The figure was generated using Rasmol
(Sayle, 1994).
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side chain (Phe51, alpha; PheS6, mu; Phed7, pi; PheSl, Sjaponicum) from one
monomer into a hydrophobic pocket on the other side of the interface formed by the
side chains of five residues belonging to the alpha helices 4 and 5 (Met93, Gly97,
Ala134, Phel35 and Val138, alpha; [1e98. Gin102, Leu!36, Tyrl37 and Phe140, my;
Met89, Gly93, Pro126, Pheli27 and Leul30, pi; Met93, Ala97, Metl3], Phel32 and
Argl35, 5. japonicum). This interaction is absent int the theta and sigma classes with
the result that the dimer interface is more hydrophilic. The absence of this interaction
is compensated for by an increase in electrostatic interactions and is of evolutiorary
importance (section 2.1) and may impact on the stability (section 2.5). At the middle
of the interface, there is a conserved intermolecular contact that results from the
stacking of symmetrically equivalent arginine guanidino groups (Arg68, sigma;
Arg69, alpha; Arg77, mu; Arg68, pi; Arg72, S. japonicum). The arginine residues are
not conserved in the aligned sequences but a structural alignment indicates that they
occupy topologically equivalent positions. The charges of the guanidino group are
mitigated by the close proximity of a glutamate or asparate side chain. This type of
interface has not been observed in the class theta structure (Wilce ef al., 1995).
Recently, a mixed-charged clustet has been identified at the dimer interface of the mu
class GST (Zhu and Karlin, 1996). The mixed-charged cluster which involves inter-
aud intrachain contacts may play an essential role in stabilising the quaternary
structure of GSTs and miay facilitate the folding process.

2.2.3 The active site

Cytosolic GSTs have two active sites per dimer, which behave independently of each
other (Danielson and Mannervik, 1985). Each active site is composed of a specific
binding site for reduced glutathione (GSH) (the G-site) and a less specific
hydrophobic-electrophilic substrate-binding site (the H-site). The less specific H-site
enables the accommodation of & variety of toxic agents. In all mammalian GSTs, the
conserved core of domain I forms the structural framework for the active site,



2.2.3.1 The glutathione binding site (the G-site)

The G-site, as mentioned above, is specific for glutathione with the molecular
recognition of the tripeptide (y-glutamyl-cysteinyl-glycine) involving primarily polar
interactions from domain I of oue subunit and either no (class theta), one (class
sigtna/pi/mw/S. japonicum) or two (class alpha) amino acid residues from domain 0
of the other subunit (Dirr ef all, 1994b). The interactions with the tripeptide for the
different gene classes are indicated inl table 2 and the inferactions between the
tripeptide and protein moieties of the class alpha GST are indicated in figure 5. For
class alpha GST, the G-site is made up of residues from domain I (the loop between
the beta sheet] and the alpha helix 1, the carboxyl-end of alpha helix 2, the end of ihe
loop before the beta sheet 3 and the turn batween the beta sheet 4 and the alpha helix
4) and residues Asp100 and Argl30 (in the middle of the alpha helices 4 and 5) from
domain II of the other subunit. The G-site is lined with polar residues. The Pro55s
residue in the c¢is~configuration maintains a functional active site (Wang et al.,
1993a). The tripeptide binds to the G-site in an extended conformation. The y-
glutamyl moiety of glutathione plays an important role in the glutathione binding
(Adang et al, 1989; 1990) and interacts with the enzyme in a similar manner
(although the specific interactions differ) for all the gene classes (Dirr er al., 1994b; Ji
et al., 1995). The y-glutamyl arm points downward towards the dimer interface i.e.,
into the base of the pocket that is lined with polar residues. The interactions between
the cysteinyl and glycine residues of glutathione are mote variable between the gene
classes, In the class mu GST, the conformation of glutathione is different which leads
to an interaction of the carbonyl oxygen of the cysteinyl residue with the indole side
chain of Trp7 (Ji et al., 1992). A similar binding mode bas been observed with the S,
Japonicum GST (Lim ef al., 1994). In the class sigma GST, the carbonyl oxygen atom
interacts with the backbore of Met50 resulting in a different conformation (Ji et al.,
1995). This binding mode is similar to that okizerved for the class alpha and pi GSTs.
At the glycine end of glutathione, the interactions are even more different. The alycyl
moiety points away from the core of the N-terminal domain of the enzyme towards
the solvent. Mutagenesis studigs with a truncated tripeptide or with an analogue (L-
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Table 2. Interactions for the different glutathione transferase gene classes with
glutathione (adapted from Reinemer ef al., 1996)

Sj26?

Theta

Glﬁt&thione Alpha® M | P Sigma‘ Theta
moieties : {Le)f (AP
y-CGiu NHy" | Glos6 " .Ghﬂl Gind2 Ging6é Ging2 Glusd Giu66
| Aspl00*  AsplOS*  Asp96*  AsplO0*  Asp9ot*
COO" | Thr67  Ser’2  Argi3  Th67  GIn62  Ser65  Giu6e"
Ser63 Ser63 Argo6 Ser67
Arg68
C=0 | wi- — Gin49
Cys NH | Valss  Leus9  LeuS0  LeuS4  MetS0  IleSz  ValSé
C=0 {Vals5  Top? Leusd  Trp7  MetS0  1les2 Vals4
Gly NH |-—— - AsnS8 -  ASnS3  —— — S
COO" |Argd4  Argd2  Tmp38  Lysdd  Tep38  His38  Hisdo"
Argl30* TepdS  Lysd2 Lys42  HisS0  Lysdl
Lys49  Gind9 Asn4s Ginss
—

{2) Sirming ef al., 1993; (b) J1 &t al., 1992; Raghurathan ef al,, 1994 (¢j Rememer ef al,, 1991: 1993;

Dirr et al., 1994a; Garcia-Sdez er al., 1994; (d) Lim ef ol., 1994; McTigue et af., 1995 () Ji ef al., 1995

(f) Wilce et al,, 1995 (g) Reinemer ot ol.,, (992, * Interactions from the neighbouring subutit
"Interaction toediated by water

41




Figure 5. A schematic representation of the residues of hGST Al-1 which interact via
H-bonds and salt linkages with the ligand, S-benzylglutathione. The two residues
marked with an asterisk are from the two-fold related molecule. Adapted from
Sinting et al. 1993. L
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Glu-L-Cys) have indicated this moiety to be the least restrictive (Adang et al., 1989;
1990; Widersten ef al.,, 1996). In the class alpha, the removal of the glycyl moiety
from the tripeptide resulted in a greater affinity for the electrophilic substrate
© suggesting that this moizty may influsnce the topology of the active site and assist the
binding of the second substrate of the enzyme (Widersten et al., 1996).

2.2.3.2 The hydrephebic binding site (the H-site)

The co-crystallisation of many representative GST gene classes with a substrate-
product analogue such as 8-hexylglutathiode (Reinemer et al., 1992, 1996; Wilee et
al, 1995) or S-benzylglutathione (Sinning et al. 1993) and  S-(-p-
nitrobenzyl)glutathione (Garcia-Sdez et al., 1994), transition state analogues (8-2,4-
dinitrophenyl) glutathione (Ji ef al., 1993; 1995) as well as those crystallised in the
presence of ethacrynic acid and the glutathione-ethacrynic acid complex (Cameron et
al., 19935; Oakley et al,, 1997), has enabled the identification of the hydrophobic-
electrophilic-substrate (xenobiotic) binding site. In these three-dimensional
representatives the tripeptide, glutathione, adopts its usual extended conformation and
the moiety covalently attached to the sulphur atom is located in the H-site (figure 4).

The molecular details on the structure of the H-site varies between the gene classes,
however, despite this there are clusters of apolar side chains that provide a highly
hydrophobic protein surface that in the absence of xenobiotic substrates or product is
accessible to ~ solvent. The different topologies of the H-site enable the
accommodation of a wide variety of hydrophobic-electrophilic substrates of different
size and polarity. The H-site is formed by the residues of the C-terminal segment of
the polypeptide chain, the loop between the beta sheet 1 and the alpha helix 1 and the
C-terminal end of the alpha helix 4, The C-terminal region of the polypeptide chain in
the class alpha GST has through photoaffinity labelling studies (Hoesch and Boyer,
1989), mutagenesis studies (Board and Mannervik, 1991) and crystallographic
evidence (Sinning ef al., 1993; Cameron ef al., 1995) been shown to be an integral
part of the Hesite. The C-terminus folds into an sdditional alpha helix 9 and this
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region displays conformational flexibility in the absence/presence of ligand (Cameron
et al., 1995; Aikins er al., 1997). Tn the presence of ligand, the alphia helix 9 forms a
"lid" over the H-site, blocking the active site from solvent i.e., rendering it more
. hydeophobic. It is not essential for the binding of glutathione but deletion of this
segraent does impair catalytic activity (Board and Mandervik, 1991).

The crysialtisation of human class alpha GST with ethacrynic acid (EA) and the
ethacrynic acid-GSH (EA-GSH) complex (Cameron 2 al., 1995) indicates that EA
binds to the H-sit¢ in a similar position to the benzyl- or hexyl-moieties of S-
benzylglutathione or S-hexylglutathione (Reinemer ef al., 1992; Sinning et al., 1993), -
respectively. In class alpha, the dichlorophenoxy ring of BA makes hydrophobic
contacts with the alpha carbon of Gly13 and the side chains of résidues Phe9, Leul06,
Leul07, Val110, Met207 and Phe221. The ethacrynic acid assumes an orlentation at
the H-site so that the carboxylate group forms hydrogen bonds with Tyr8 and
possibly Argl4 (Cameron ef al., 1995). A comparison of the EA and the EA-GSH
complexes show that the position that EA occupies varies. In the inconjugated
complex, the ethacrynic acid has rotated moving the whole molecule closer to the G-
site. The position of the unconjugated ethacrynic acid, regardle ss of its orientation
means that the substrate is bound in a non-productive manner. It has to move in order
for the glutathione to bind. A similar mode of ethacrynic acid binding has been
observed for the class pi (Oakley et al., 1997).

2.2.3.3 The non-substrate ligand binding site (the L-site)

The dimerization of the individual subunits of all GSTs tesults in the formation of a
cleft at the subunit interface, The cleft (figure 4) found in the centre of the dimer is
open to the active site and to solvent and has similar features for all GST classes.
Howuver, there are distinict differences in the topology of the cleft that may explain
the wide range of specificity's and atfinities that exist for the different anionic ligands
(Danielson and Mannervik, 1985). This site has been implicated as the binding or



{ransport site for the anionic hydrophobic ligands, 8-anilino-~1-naphtkalene sulphonate
(ANS) and sulphobromophthalein (BSP).

There is very little structural data available about the location and nature of this site.
Some detail on the location has been provided by the crystal structure of the
Schistosoma japonicum enzyme in complex with the leading anti-schistosomal drug,
praziquantel (McTigue et al., 1995) and the crystal structure of the class sigma GST
in complex with S-(3-iodobenzyl)glutathione (Ji et al., 1996). In the Schisiosoma
Japonicum GST structure, one molecule of the drug was found bound per protein
dimer, in the dimer groove that adjoins the two catalytic sites (McTigue ef al., 1995).
Ini the cephalopod class sigma GST, the dimeric enzyme binds three molecules of S-
(3-iodobenzyl)glutathione {Ji ef al., 1996). One molecule is ‘associated with each
active site and the other is bound as the cleft between the two subunits. _

It mammalian GSTs, the dimer intetface near the two-fold axis was proposed using
fluorescence resonance energy transfor, as the binding site for the hydrophobic
anionic ligand, ANS (Sluis-Cremer et al., 1996). In addition, the binding of aflatoxin
B1 has also been implicated to be at this site (Sluis-Cremer and Ditr, unpublished
results). It is not clear at this stage if this is the only binding site. The non-substrate
ligand  binding site has  also  been  identified using  3p-
(Todoacetoxy)dehydroiscandrosterone (38-IDA) as an affinity label (Barycki and
Colman, 1997).

2.3 The catalytic mechanism

The catalytic mechanism of GSTs involves the nucleophilic addition of glutathione to
a wide vatiety of electrophilic compounds (most commonly the aryl chloride, 1-
chloro-2,4-dinitrobenzene). The addition of the electrophile to the nucleophilic
species in the active site (i.e., the highly reactive thiolate anion), occurs sequentially
involving a ternary complex of the enzyme, glutathione and the electrophile
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{Armstrong, 1991). The sequential catalytic mechanism may be represented
schematically as follows:

- R-X
E + GSH <> EeGS + H" «» EeGSeR-X © EsGSReX & E+ GSR + X

where E is the enzyme (i.e., G8T), R-X is the hydrophobic-electrophilic substrate and
(SH is the nucleophilic physiclogical substrate. Glutathione and substrate are added
in the catalytic reaction in a random order. However, because of the high
conceniration of GSH in the cell (1-10mM) it is likely that the addition of glutathione
will be first,

A central aspect of the catalytic mechanism involves the interaction of the protein
with the sulphur of the tripeptide and an evolutionary conserved tyrosine residue at
the G-site. This tyrosine reéidue is located at or near the C-terminus of the beta strand
1 and is followed by the conserved loop connecting this strand and the alpha helix 1.
This loop forms an essential component of the active site and for the reactivity of the
tyrosine side chain (Dirr ef al., 1994b). In classes sigma/alpha/mu/pl/ S,japonicum,
the hydroxyl group of the tyrosine résidue (Tyt7, sigma; Tyr8, alpha; Tyré, mu; Tyr7,
pli; Tyr6, S.faponicum) acts as a hydrogen bond donor to the sulphur atom of GSH. In
doing this, the pKa of the thiol in the enzyme-GSH complex is lowered and therefore
it exists as an lonised form at physiological pH.

The role of this tyrosine residue in the catalytic mechanism has been exploited by
site~-directed mutagenesis studies in the class mu (Liu et al,, 1992), the class alpha
(Stenberg et al., 1991b; Wang et al., 1992a; Dictze ef al, 1996) and the class pi
(Manoharan ef al., 1992; Kolm ef al., 1992; Kong ef al., 1992). In all these studies,
the enzymatic activity was reduced although there was little change in the affinity for
the tripeptide. The tyrosine residue is implicated to play a role in increasing the
mucleophilicity of the thiol group of glutathione. The hydroxyl group of the tyrosine
residue acts as a hydrogen bond donor promoting the formation of the thiolate anion
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by decreasing the pKa of the glutathione, which provides the electrophilic
stabilisation of the thiolate anion.

Another role of the tyrosine residue hsg been suggested using the class alpha and pi
enzymes (Atkins et al., 1993; Karshikoff ef al., 1993; Meyer et al., 1993). In this
role, the tyrosine residue acts as a base i.e., a proton donor. In class alpha and pi, the
pKa of the tytosyl hydroxyl group is extremely low and the tyrosinate anion acts as a
genéral base and therefore removes a proton from the GSH and creates the thiolate
anion. A récent study in which all fourteen tyrosyl residues of the mu class G8T were
replaced with 3-fluorotyrosine (Parsous and Armstrong, 1996) indicated that the
hydroxyl group of the tyrosyl residue stabilises tlie thiolate anion of bound GSH prior
to nucleophilie attack. This study, therefore, argues against the general base catalytic
model. in addition, theoretical studies using molecular dynamics simulations and
quantum mechanics have modelled the reaction mechanism of the class pi GST and
suggest that the tyrosine residue in the unionised form contributes to the catalytic
process of G8Ts (Orozco et al, 1997).

In the class theta (L. cupring) enzyme the tyrosine residue (Tyr3), in the same
position as the evolutionary conserved tyrosine, has through mutagenesis studies been
ruled out of playing a role in the catalytic mechanism. The tyrosine residue is too far
from the active site (13.9A from the sulphur atom) (Wilce et al., 1995). The hydroxyl
group of a serine residue (Ser9) has through mutagenesis studies (Bourd et al., 1995)
been shown to be essential in the catalytic mechanism of the theta class GSTs. The
serine residue is 3.94 away from the sulphut atom of ghitathione and its hydroxyl
group . superimposes with that of the evolutionary conserved tyrosine residue. In
addition, another residue (Tyr113) may influence the reactivity of glutathione by
hiydrogen bonding through a water molecule at the active site (Board et al., 1995).
Similarly, in the A. thaliana enzyme (Reinemer ef al., 1996) the structurally
corresponding residue is a glycine (Gly7) which obviously has no role in the catalysis
but a serine residue (Ser1l} may take over the role of the tyrosine.
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2.4 Mutagenesis studies of the class alpha ghitathione transferase

Site-directed mutagenesis studies have been used to study the contribution of amino
‘acids t¢ the catalytic mechanism,; sx_ibstrate binding and stability of the human class
alpha GST (WGST Al-1) and the rat class alpha GST (rat YﬁYa). A summary of the
residues mmatéd, their location within the polypeptide chain, their possible function
and the result of the mutation are tabulated (table 3). Mutagenesis studies have

primarily focussed on those residues thought to be involved in the catalytic

mechanism,

2.5 Conformational stability of the glutathione transferases

The equilibrium unfolding and dissociation of the class pi (Dirr and Reinemer, 1991;
Erhardt and Dirr, 1995) and the Schistosoma japonicum (Kaplan e al., 1997) GSTs
are consistent with a highly co-operative two-state transition involving the native
dimer and the unfolded monomer. The energy of stabilisation of the native three-
dimensional state is approximately 25kcal/mol. In contrast, conformational stability
studies of the class mu and class sigma (unpublished results) and the theta (Sacchetta
et al., 1993} GSTs suggest a multi-state equilibrium unfolding pathway. The lower
conformational stability for the class theta and sigma GSTs may be explained in part
by the differences observed at the subunit-subunit interface (see section 2.2.2).

The conformational stability of the class pi GST has also been investigated in the
presence of G-site ligands (Erhardt and Dirr, 1996) and have indicated that
glutéﬂ:ione ‘destabilises the stability of the enzyme in contrast the glutathione
analogues, S-hexylglutathione and glutathione sulphonate, have a stabilising effect on
the enzyme. The conformational stability of the class alpha, pi and S japonicum GST
has been determined in the presence of non-substrate ligands (Ohimeyer: MSe
dissertation, 1997; Kaplan; PhD thesis, 1997) and G-site ligands (Parsons; MSc
dissertation, 1997). The non-substrate ligands (ANS, BSP, bilirubin and the drug,
praziguante!) have little or no significant effect on the conformational stability.
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2.6 Objectives
A pursuit to understand the relationship t stween the intrinsically complex structure of
the homodimeric human class alpha glutathione transferase and its biological function
“in cellular detoxification and transport of non-substrate ligands formed the basis of
this study. The purpose was to characterise its complete foldinglunfolding pathway
using equilibrivin and sinetic unfolding/refolding studies. In addition, kinetic
unfolding/refolding studies were performed to identify and characterise the transition
states between the native and unfolded states. The contribution of a topologically
conserved hydrophobic residue, in the domain IT of the glutathione itransferases
(Leul64, alpha; Leul57, pi; Leul63, mu; Leul60, sigma; Leulss, S. japonicum;
Val153, theta), to the overall stability was characterised, using the class alpha GST,
by means of equilibrium and kinetic unfolding studies. This study will facilitate the
understanding of the molecular mechanism of subunit folding and the assembly of
dimers for the glutathione transferases. .
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Table 3. Site-directed mutagenesis studies for the class alpha glutathione transferase

with Glul(3; decreased catalytic activity

Residue Laocation; possible function; effect of mutation Reference
His7 B1; possible catalytic role; conserved cnly in the o class; mutant less stable, ligand Wang et al,, 1991,
hinding unchanged, does not affect calalytic activity, nonessential role in catalysis { 1992b; Bjdrnestedt
| etal,, 1995
Tyr8 B1-active site; conserved in ail clusses except theta; catalytic role deprotonates GSH Stenberp ef ul.,
and stabilises the thiolate anion; mutation hydroxyl group abolished activity; binding | 1991b; Wang e/
of GSH unaltered al., 1992a; Dietze
. tetal, 1996
Asnll between B1 and al-only in the alpha class; possible role in catalysis; no change in Bjbrnestedt et al,,
catalytic parameters 1995
Alall between B1 and ccl-only in the alpha class; possible role in catalysis; no change in Bjtrnestedt et al.,
catalytic parameters ' 1995
Argl2 pi-al link, conserved o/pu/n, stabilises the active site loop, interacts with domain II; Stenberyg ef al.,
mutation decreased yield, specific activity and affinity for GSH 1691a; Wang et
’ al., 1993a
Argld between Pi-atl, conserved oz, amide group is within H-bonding distance to the Wang ef al,,
sulphur atom of GSH - possible functional role, structurally NH backbone interacis | 1993a; Bjbmestedt
with OH of Tyr8, -CH,- groups located in the H- site, guandinium group st bridge et al., 1995
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Cysi7
Argl9

| Tep20

Lysd44
Gins3

§ Pro55

Glné6

o sl g, M

ol-rat alpha class only; role in catalysis; not essential for catalysis
ol-conserved o/p/m; buried with salt bridge to Glu31; mutation to Ala -decreased
specific activity; decreased affinity for GSH; increases susceptibility to inhibitor (8-

' hexylGSH; BSP); mutation to Lys; Ile no effect
! al-present only in alpha class; possible role in catalysis, GSH/S-hexylGSH/heme

binding; mutation o Phe no effect on catalysis or ligand binding

{ 02-rat o class/p/x; possible role in G8H binding; mutation io Arg/lle indicated it is

not an essential residue for rat alpha class

beiween o2 and 3-conserved in o/p/n; role in GSH binding; increased affinity for
GSH

| precedes B3-conserved all classes; cis configuration, role at GSH binding site to

maintain functional site; mutation abolished catalytic activity, decreased affinity to
S-hexylGSH: less stable

between B3 and B4-not conserved; possible role catalysis; mutation no effect on

| catalytic activity

| bend between P4 and 0L3—cons§rved in all classes except 0; carboxyl group [-bonds
| with amide group of y-glutamyl of GSH; Interacts with Asp100 ot domain II via H-
| bond; decreased effinity for GSH and catalytic activity

| Wang et al,, 1992b |

Stenberg et al.,
1991a; Wang et o,
1993a

| Wang er al.,

1992b; Atkins et
al., 1993
Wang ef al., 1993a

Wang ef al., 1993a

Wang ef ol., 1993a :

Wang ¢f al., 1992a

| Wang ef al., 1993a
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| Thr67

Arg68

Asp92
Aspl00

| Cys111-

Tyrl31

Aspl36

| Met208

a3-beginning of TR(SN)AIL sequence, conservatively replaced with Ser (other
classes), interacts with the a-carboxyl group of glutamy] residue of GSH; binding for
electrophiles increased, possible role in stabilisation of catalytic intermediate

o3-part of the TRAIL sequence in o class; possible role in GSH binding, stabilisation
of the subunit-subunit interface ; decreased conjugating activity, increased sensitivity
towards BSP/S-hexylGSH

o4-domain 11 no role in catalysis or ligand binding

| 0d-domain IT; involved in GSH binding via a salt bridge with the amino proup of y-

glutamy! arm of GSH. Conserved in all classes except 0; negative charge on Asp
essential for binding :38H, no role in heme binding

between o4 and a5, alpha class only; not essential for catalysis or the conformation
of the protein .

o.5-alpha class only; interacts with water molecule in active site; marginal increase in

activity, s-complex between GSH and TNB less stable

| c6-part of hydrophobic core, hydrogen bonds to the amide nitrogen of Ser153/Leul46/
| as wel!l as the side chain of Serl53; possible structural role; mutation to Asn abolished

enzyme activity, further role not pursued

f5-hydrophobic residue which precedes the C-terminal helix; in alpha class it interacts

{ with the substrate occupying the H-site; randomly mutated, M208W increases stability

of the Meisenheimer complex, M208Y and M208W decreased affinity for 3-(2.4-

Widersten et al.,
1998

Stenberg ef al.,
1991a, Wang ef al.,
1993a

| Wang et al., 19928

Wang et al., 1992a

Wang ef al., 1992b

Widersten ef al.,
1996

XY

Waug ef al., 1992a

Widersten ef af.,

| 1994




del209-221

.' , dinitrobeniyl)GSH; role in aromatio substitution reactions by interacting with the

| delocalized negative charge of the aromatic ring in the transition state complex

ad-unique to o class(C- terminus), extra helix shows conformationat flexibility, in
presence of ligand forms a part of the H-site; truncation diminished catalytic activity,
but no effect on GSH binding '

Board and

Mannervik, 1991
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CHAPTER 3
EXPERTMENTAL PROCEDURFS

3.1 Materials _ _
Ultrapure urea was purchased from ICN Biomedicals, Inc, ANS, NATA, N-acetyl-L-
tyrosinamide, IJAEDANS, DCIP, L-ascorbic acid, CDNB and spectroscopic grade
sucrose were purchased from Sigma. GSH and glutathione sulphonate were
purchased from Boehringer Mannheim, S-Hexylglutathione was prepared according
to the method of Vince ef al. (1971). The restriction enzywmes (Sac I, Pst I, Pva I) and
the DNA sequencing kit {3equenase v2.0) were purchased from Amersham Life
Science Internationsl. The ExSite mutagenesis kit was purchased from Stratagene. All
other reagents were of an analytical grade. The plasmid, pKHAT was a kind gift from
B.Mannervik (Stenberg ef al., 1992). '

3.2 Comstruction of L164A hGST Al-1

3.2.1 Oligonucleotide primer design

Oligonucleotide primers for PCR mutagenesis were designed using the computer
package Gene Runner, v3.04. The primers were designed according to the nucleotide
sequence encoding the human glutathione transferase Al-1 from human Hepatoma
HepG2 cells (Stenberg ef al., 1992). The primers were designed according to the
manufacturer's recommendations, The mutagenesis oligonucleotide primers used to
create the L164A hGST Al-1 have the following sequences: LIG4AFP 5.TAC TAC
GTC GAG GAG CTT G-3' and L164ARP 5-7'GC GAG CTC CAC CAG ATG AAT
(3TC-3'. Both primars snnealed to different strands of the template and the 5' end of
the L164AFP r was phosphorylated. In primer L164ARP, the underlined
nucleotides 1¢ .t the translationally silent mutation, which incorporated a unique
restriction site, Sac I, for screening for the mutant plasmid and the italicised
nucleotides represent the mutation that generates the Leu to Ala substitution.



'3.2.2 PCR mutagenesis

Site~directad mutagenesis was performed by combining inverse PCR with long PCR
to introduce the mutation directly into an intact plasmid template (Weiner ef dl.,
1994; ExSite mutagenesis kit). The kit enabled site directed mutagenesis to be
petformed by PCR using double stranded DNA. The construct pKHA (Stenberg ef
al., 1992) encoding the hGST Al-1 was used as the template DNA. PCR reactions
were performed in a total volume of 25ul, The reaction mixture contained 0.7pmol of
template DNA, 15pmot of each mutagenesis primer, 1.04mM of each dNTP in buffer.
The buffer was 200mM Tris-HCl pH 8.75, containing 100mM KCI, 100mM
(NH:)280z, 20mM MgSO04, 1%(v/v) Triton X~100 and Img/ml BSA. After a 4 minute
hot start at 94°C Tag DNA polymerase (SU/ul) and Tag extender PCR additive
(3U/ul} were added. The PCR product was generated through twelve amplification
cycles of 100 seconds at 94°C to denature the DNA, 160 seconds at 52°C to anneal
the primers and 150 seconds at 72°C for DNA extension. The PCR product was
analysed on a 1% (w/v) agarose gel. The linear PCR reaction mixture was ireated
using Dpul (10U/ul) to digest parental témplate DNA and the linear PCR product was
polished using Pfu DNA polymerase (4U/pl). The ligated PCR product was
transformed into £ coli XLI-Blue supercompetent cells.

The transformed cells were screened for mutant DNA using restriction analysis. An
overnight culture of a sefected colony was grown in 1.5mL LB media (10g tryptone,
10g NaCl] and Sg yeast extract) at 37°C. The culture was centrifuged (13 000rpm, 5
minutes) aud the pellet was resuspended in 1001 ice-cold 25mM Tris-HCL, pH 8.0,
containing 10mM EDTA and 50mM giucose. The suspension, after incubation at
room temperature for 5 minutes, was treated with 200! 0.2M NaOH and 1% SDS to
denature the DNA, The denatured DNA was incubated on ice and treated with 150ul
ice-cold 5M potassium acetate, The suspension was centrifuged a 14 000rpm for 10
minutes at 4°C, The supernatant was removed, treated with an equal volume of

isopropanel and centrifuged at 14 000rpm for 15 minutes at 4°C. The pellet was
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washed twice with 70% ice-cold ethanol and air dried. The DNA was resuspended in
20ul of sterile milli-Q water. 1ug of the DNA was digested using Sac I (12U/ul) at
37°C for at least 1 hour, The restricted DNA was analysed on 4 1% (w/v) agarose gel
containing ethidium bromide and the size of the fragments was compared with
standard DNA markers.

3.2.3 Sequencing of mutant DNA using the dideoxy-chiain termination method

The entire cDNA encoding the L164A ht3S§T Al-1 was sequenced to easure that no
other mutations were introduced into the nucleotide segquence during PCR. DNA
se ,Jencing was performed by the dideoxy-chain termination method using a modified
T7 DNA polymerase (Sequenase version 2.0; Sanger er al., 1997; Tabor and
 Richardson, 1987). Briefly, the purified double stranded mutant DNA, was denatured
by alkaline denaturation: 2M NaOH was added to 2pmol of plasmid DNA. The DNA
was precipitated using 3M sodium acetate, pH 5.2, and washed using 70% ethanol.
The pellet was air dried and annealed to primers designed for sequencing. The
primers designed for sequencing were SEQ1: 5 CCC GTA TGT CCA CCT GAG ¥
and L164NO3: 5' TTT CCC ATA GAG GTT GTA 3" The primer L164ARP (section
3.2.1) was also used to sequence the muta: : DNA. 0.3-5pmol of plasmid DNA was
anfiealed to 0.5pmol primer il‘:l. the 5X Sequenase buffer (200mM Tris-HCI, pH 7.5,
containing 100mM MgCls and 250mM NaCl) at 37°C for 30 minutes. To each tube
containing the DNA and annealed primer, Spl of a Iabelling mix containing 0.1M
DTT, a 1:10 dilution of dGTP labelling mix, enzyme dilution buffer (10mM Tris-
HCI, pH 7.5, containing 5SmM DTT and 0.5mg/ml BSA), Sequenase (3.25U/reaction)
and {o->>S]dATP(5uCi/reaction) was prepared. The mix was incubated at 15-18°C
for 4 minutes, The sequencing reactions were set with four tubes (A, C, G, or T) per
template to be sequenced. The labelling reaction was terminated with the appropriate
termination mix e.g,, ddGTP for the G nucleotide etc. by incubation at 45°C for S
minutes. Finally, the reaction was stopped by addition of a stop solution (95%
formantide, 20mM EDTA, 0.05% bromopheriol blue and 0.05% xylene cyanol FF).
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The reaction products, heated to 80°C prior to loading, were resolved on a 6%
denaturing polyacrylamide gel for 2hours (short run), 4howrs (medium run) and 6
hours (fong run). The gel was dried and exposed to X-ray film for 72hours. The
autoradiogram was developed, fixed in acetic acid and rinsed with water before -

analysis.

3,3 Expression and protein purification

Recombinant hGST Al-1 was exprassed in E.coli IM 103 cells and the L164A aGST
Al-1 was expressed in E.coli XL1 blue cells at 37°C. The wild type and mutant
enzymes were purified using S-hexylglutathione affinity chromatography (Stenberg e?
al., 1992). The protein was eluted from the affinity mafrix using either lmM S-
hexylglutathione in 20mM Tris-HCI, pH 7.8, containing 200mM NaCl and 1mM
EDTA or 50mM glycine-NaOH, pH 10 (Cameron et al., 1995). The elution of the
protein using a high pH was used to prepare protein in the apoenzyme (ligand-free)
form (Cameron et al.,, 1995). Wild type and mutant enzyme were stored in 20mM
sodium phosphate buffer, pH 6.5, containing 0.1M NaCl and ImM EDTA. -

The homogeneity of the protein was assessed using SDS-PAGE (Laernmli. 1970) and
SEC-HPLC, Wild type and mutant protein electrophoresed as a single band, on a 15%
polyacrylaniide gel, with an apparent molecular mass of 27kDa and eluted as a single
symmetrical peak of molecular mass approximately 55kDa using SEC-HPLC.

The protein concentration of water-soluble globular proteins can be calculated using
the average values of the extinction coetficient of tryptophan (5550M 'em™), tyrosine
(1340M lem™) and cysteine (150M 'em™!y (Mach et @l., 1995). Frotein corcentrations
calculated in whiis maoner have typieally less than 2% error (Mach ef al., 1995). The
protein concentration for dimeric wild-type and mutant enzyme were estimated using
a molar extinction coefficient of 38 200M 'cim™ at 280nm caleulated by the method
described by Perkins (1986):
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&= 5550XTip + 13405 Tyr + 1505Cys 6}

where the coefficient (&) for the specific residue is multiplied by the number of amino
acids in the protein sequence. The concentration of the protein was determined using
the absorbance measutement st 280nm and the Beer-Lambert law, C=Azgo/el, where 1
is the pathlength of the light through the cuvette (em).

3.4 Alkylation of hGST Al-1

The single cysteine residue (Cysl11l) of wild-type hGST Al-1 was chemically
modified using 5-{[2-[(iodoacetyl}umino)ethyljaminc]-naphthalene-1-sulphonic acid
(JAEDANS), a fivorescent sulphydryl reagent that reacts readily with thiol
compounds and suiphyd: .- groups (Hudson and Weber, 1973,." The reagent contains
an iodoacetamide group that reacts readily with the Sulphydrf.l group and in doing .
this the naphthalene sulphonic acid group is added that has fluorescence
speciroscopic properties, The chemical modification of hGST Al-l1 using the
fluorescent properties of the AEDANS group provided an additional spectroscopic
probe for studying the unfolding properties of the protein, hGST Al-1 was alkylated
overnight with a 100-fold molar excess of IAEDANS, at room temperatute in 50mM
Tris-HCl, pH 7.5. Unreacted IABDANS was separated from modified protein using
gel filtration (Sephadex-G25). The stoichiometry of labelling was determined
spectrophotometrically at 338nm using an extinction coefficient of 6000Mem™ for
AEDANS (Hudson and Weber, 1973). The alkylated enzyme was assessed using
spectfic activity, fluorescence spectroscopy and SEC-HPLC and found to be identical
to native unmodified enzyme.

3.5 Steady-state enzyme kinetic properties

3.5.1 General CDNB-conjugating assay

The steady-state enzyme kinetics for wild type and mutant enzyme were performed
spectrophotometrically at 340nm in 0.1M potassium phosphate, ImM EDTA, pH 6.5
(Habig and Jakoby, 1981). The standard assay contained a final concentration of
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ImM reduced glutathione (GSH) and 1mM I-chloro-2,4-dinitrobenzene (CDNB) in
3%(v/v) ethanol. All reactions were followed for 60 seconds at room temperature
(typically 21°C) and the standard error between assays was about 10%. The assays \
were performed on a Hewlett Packard mudel 8452A-diode array spectrophotometer
" interfaced with a Vectra CS computer. The specific activides were determined using
identical protein concentrations (determined as described above) and the extinetion
coefficient of 9600M cm™ was used - - . the amount of product (1-(S-
glutathionyl)-2 4-dinitrobenzene) forme.. - aon-enzymatic raté was
subtracted from the assay-containing enzyme.

Enzyme activity measurements of hGST Al-1, in tis sosence of denaturant (0-8M
‘irea) were assessed as described above, The final concentration of protein was 3nM
and the residual denaturant (up to 27mM urea) had no effect un the activity of the
enzyme. Conditions for the assay were chosen such that linear progress curves were
observed. Less than 10% reactivation of denatured protein was observed during the

assay.

3.5.2 Kinetic parameters (Viy, K, Keat/Kpp) for wild-type snd mutani

The enzymes wete assayed in the presence of 0-6maM GSH and 1.6mM CDNB to
determine the Michaelis-Méenten constant (Kp) towards GSH. Similarly, the
Michaelis-Menten constant (K} towards CONB was determined in the presence of 0«
1.6mM CDNB and 2mM GSH, The solubility limit of CDNB (in ethariol) in aqueous
solutions was assessed by monitoring the absorbance at §00nm and was estimated to
be between 1.6mM and 2mM, The non-enzymatic background without enzyme was
subtracted from the assay-containing enzyme. The catalytic efficiency (kew/Ku)
values for GSH and CDNB were calculated from the slope of a linear plot of velacity
versus substrate concentration at final concentrations between 0.1-1mM GSH and
0.05-0.15mM CDNB:

v= (kea/Km)[EMS) ' 2)
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3.5.3 Inhibition of the CDNB-conjugating activity
The inhibition of the CDNB-conjugating sctivity for wild-type and mutant were
assessed using the standard enzymatic assay conditions described above. The
glutathiorie analogues, S-hexylglutathiione (0-70uM) and glutathione sulphonate (0-
100uM) and 8-anilino-1-naphthalene sulphonate (ANSY(0-100puM) were added to
oM of enzyme. The activity of the enzyme in the preseénce of the inhibitors was
measured by the additicn of iImM s .4 GSH and 1mM CDNB, '

3.6 Thermal-inactivation

1uM of wild-type and mutant enzyme in 20mM sodium phosphate buffer, pH 6.5,
containing (.1M NaCl and 1mM EDTA were incubated for 30 minutes at the required
temperature (10°-80°C). The remaining activity was assayed as described in section
3.5.1. At each témper‘atm'e, aggregation was monitored using fluorescence
spectroscopy where the wavelengths of excitation and emission were identical. The
thermal inactivation was irreversible even after prolonged incubation (24 hours) at
room temperature.

3.7, Spectroscopic studies

The spectroscopic properties of 5uM wild type and SuM mutant protein were studied.
The intrinsic fluorescence emission spectra of tryptophan alone (excitation at 295nm)
and tyrosine and fryptophan {excitation at 280nm) were measured with a Hitachi
model 850—ﬂﬁorescen_ce spectrofluorimeter (see section 3.9.1.1). Second-derivative
analyses of the UV spectra (250nm to 320nm} were used to compare the extent of
tyrosine exposure for each protein (see section 3.9.1.2). A comparison of the second-
derivative spectra for wild type and mutant profein enabled the différences in the
extent of tyrosine exposure to be determined (Ragone ef al., 1984).

3.8 Ligand binding assajrs

The affinity of wild type and mutant hGST Al-1 for 8-anilino-l-naphthalere
sulphonate {ANS) was determined by measuring the quenching of the intrinsic
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tryptophan fluorescence. All flucrescence measuremetits were performed as detailed
in section 3.9.1.1. 1uM of enzyme in sodium phosphate buffer, pH 6.5, was titrated
with ANS to a final concentration of 40uM. The final dilution factor did not exceed
10% of the initial volume, '

The correction for inner-filier effects was performed according to Birdsall et al,
(1983). The absorbencies of the ligand were measured at the excitation (Aey 2950m)
and emission (Aem; 325nm) wavelengths and the observed fluorescence (Fyns) was
corrected according to the equation:

Feorr = Fopg X 1lA*em2) (3)

The sorrection for the inner-filter effect can 6n1y be used when AechAgy is less than
0.2. The quenching data and the dissociation cnnstant () was determined according
to the equation:

1/AF = K/{ AF L]} + 1/AF e (4)

where AF is the corrected fluorescence signal, AFmay, the maximum fluorescence, [L]
is the ligand concentration and Ky the dissociation constant. The plot yields a linear
line with the intercept of the abscissa equal to -1/ K.

3.9 Equilibrium wrea-induced unfolding studies,

The conformational stability of wild-type (modified or vamodified) hGST Al-1 and
mutant protein were investigated using urea-induced denaturation. ‘The assessment of
the degree of reversibility of the urea-induced denaturation process was essential.
Reversibility of the unfolding reaction means that the native and unfolded protein
state are in equilibrium with each other in the folding transition zone and that the
refolding reaction results in 100% recovery of native protein.
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The equilibrium unfolding and reversibility study was performed at room temperature
in 20mM sodium phosphate 1mM EDTA and 100:M NaCl buffer, pH 6.5. Native -
protein (0.1pM-5uM}, AEDANS-modified protein (0.8uM) and L164A muiant
protein (0.1pM-3uM) were unfolded in 0-8M wrea. The 10M-urea stock solution was
prepared fresh daily, as described by Pace ef al. (1989). Each point of the
densturation curve was determined using a separate solution of varying urea -
concentration. The urea concentration of each solution was determined by varying the
smount of urea and buffer added. The protein sample was incubated in the different
ures concentrations for at least 1-hour. The reversibility of urea-induced unfolding
was initiated_ﬁy a 10-fold dilution of wild-type (10uM in 8M ures), AEDANS-
modified (7.5uM in 7M urea) and mutant (4.5uM in 7M urea) enzyme and assessed
by enzyme activity and fluorescence spectroscopy. )

3.9.1 Physical techniques used to monitor the unfolding transition
A large number of techniques such as biological activity measurements,
immunochemical techniques and spectroscopic techniques such as fluorescence,
circular dichroism and nuelesr magnetic resonance are used to distinguish the native
and denatured states from one another (Shirley, 1995). Fluorescence has its
application in monitoring the thermodynamics aod Kinetics of protein
unfolding/refolding reactions. Fluorescence is the phenomenon whereby a molecule
after absorbing visible or uliraviolet radiation emits radiation at a longer wavelength
(Stokes' shift). Absorption of photons elevates electrons in these molecules to a
higher energy state in less than 10™° seconds. After absorption, the energy is lost
rapidly by collision (as heat) resulting in the energy of the excited molecules falling
rapidly to that of the minimum vibrational energy in the lowest excited state, The
period of less than 10" seconds gives rise to a fluorescence peak with 2 Stokes' shift
(Lacowicz, 1983). The fluorophore can be either intrinsic (ttyptophan, tyrosine or a
co-factor) or extrinsic (AEDANS, fluorescein or dansyl). In proteins, the tryptophan
residues are particularly valuable probes since the indole sing is seusitive to



environmental changes and they can be used as probes of secondary and tertiary
changes.

3.9.1.1 Steady-state fluorescence

All fluorescence measurements were made using a Hitachi model 850-fluorescence
spectrofluorimeter. The excitation and emtission bandwidths were set to Snm.
Tryptophan was selectively excited at 295nm and emission monitored at 325nm
(folded protein) and 355nm {unfolded protein). Emission spectra wére collected from
300nm-400mm at a scan rate of 60nm/min. Monitoring the intensity, when the
excitation and emission wavelengths were set at 295nm assessed the extent of
Rayleigh scattering (due to aggregation) during every unfolding study. The limit of
the protein concentration, to minimise aggregation, was assessed to be SuM and 3uM
f;of the wild type and mutant enzyme, respectively.

Anisotropy decays, to assess the structural integrity of the enzyme, were measured
using Hitachi polarisation attachments. Anisotropy (A} was caleulated using:

A = {Iyv-Glyp)(Ivv +2Givy) and G = Iyv/ly (5

G is the cotrection factor (typically 1.07 in this study) for the differing efficiencies
that the excitation and emission monochromators have for the horizontal and
vertically polarised lght. Yyv, Ivn, Tvy and Iy refer to the fluorescence intensities
measured when the polarisers were positicned horizontally (H) or vertically (V)
(Lacowicz, 1983). Anisotropy is, therefore, the difference between parallel and
perpendicular emission intensity with respect to the total inténsity when parallel
polarised light is used (Royer, 1995). Excitation at 295nm and emission at 355am

were used 1o monitor anisotropy decays.

The binding of the hydrophobic ligand, ANS, was monitored using steady-state
fluorescence measuremertts. The ligand, ANS was added in saturation (200uM) to
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wild type and mutant protein pre-equilibrated in 0-8M wurea. Fluorescetce
measurements were as described above. In addiﬁon, the effect of ANS on the
conformational stability was assessed by pre-ixicubation- of the wild-type enzyme with
saturating concentrations of ANS for at least Thour prior to the addition of ures.

3.9.1.2 Second-derivative spectroscopy

. The application of second-derivative spectroscopy to zere-order absorption spectta
enables the spectral features from tyrosine residues to be monitored during an
unfolding transition (Ragone ef al., 1984), The ratio between two second derivative
peak-to-peak distances is used to evaluate the average polarity of the tyrosine residues
in proteins (e.g., see figure 23). The ratio (¢) is the peak-to-peak distance between the
maxirnum at 287nm and the minimum at 283nm (g) and the-peak-to-peak distance
Eetwéen the maximum at 295nm ahd the minimurmn at 290.5am. (b). The position of
the maxima and minima may change marginally. The ratio (1) is a/b. The degree of
tyrosine exposure,c, was calculated using:

o = (Ty-To/Tu-Ta) (6)

where 1; is the ratio of a2 mixture of aromatic amino 4cids in ethylene glycol ie., ina
solvent with the same characteristics of the interior of the protein matrix. r, and r, are
the ratio for the native and unfolded protein (in 8M urea), respectively.

Second-derivative analyses of &% 1 traviolet spectra (240nm-320nm), for SpM wild-
type hGST Al-l in 0-8M v ea were monitored using a GBC UV-visible (9114A)
spectrophotometer (scan speed 250nm/min and skit width {nm). Three-to-five spectra

were collected and averaged.

3,9.2 Analysis of the equilibrium unfolding fransition
The single sigmoidal transition ie., the absence of any thermodynamicaily stable
intermediates, for wild-type and mutant enzyme enabled the satisfactory analysis of



the unfolding curves according to the two-state assumption (Pace ef al., 1989). Any
measured property (yops) of wild type and mutant enzyme (i.e., Trp fluorescence;
anisotropy decays; ANS binding; tyrosize exposure; enzyme activity) was converted
to the fraction of protein populated in the unfolded form (fy).

In the two-state assumption, only the native (IN) state and the unfolded (U) state are
present in significant concentrations at the midpoint of the unfolding transition. For
the two-transition, therefore, fiy + fy = I and yoss which is the measured property is
equal to ynfi + yufy where fiy and £y are the fraction -unfolded native or unfolded
protein state and yn and yy are the measured propertiss of the native and unfolded
state, respectively. yn and yy are estimated from the linear extrapolation of the data in
the pre- (yn) and post-(yy) transition baselines (figure 6). Thezefore,

fu= (yn-yoss/yn-Yu) _ )]

where yoss is the observed property (i.¢., the catio of the Trp fluorescence intensity of
unfolded to folded protein; the anisotropy vaiue (A); the percentage solvent exposure
of Tyr or the percentage residual CDNNB-conjugating activity),

For the two-state model for dimeric proteins (Pace ef al., 1989; Bowie and Sauer,
1989), the equilibrium constant, Ky, was calculated using each point in the transition
region of the denaturation curve:

Ky
Ng 20U

Ku= [UP/Nz] = 2P ()] (8)

where P; is the protein concentration of the monomer, fiy is the fraction-unfolded
protein, The free energy change was calculated according to the linear free energy
model (Schellman, 1978; Pace et al., 1986). The linear dependence between Gibbs
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Figure 6. Urea-induced unfolding transiti:n for 1uM hGST Al-1 prior to
normalisation according to the method of Pace ef al. (1989). The fluores~=nce
intensity of folded protein (3251m) and unfolded protein (355nm) were monitored by
excitation at 295nm. Linear regressions through the pre- and post-transition regions

were fitted and the data was converted to the fraction of unfoided protein (fy).
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free energy change (AG = -RTInK() on unfolding and the urea concentrations was
caleulated using:

AG = AG(H,0) - m {denaturant] - ®

where AG(H20) is the Gibbs fiee energy in the absence of denaturant (i.e,; an estimate
of the conformational stability of the protein) and m is the susceptibility of the protein
to uréa (the m-value) and indicates the change in solvent exposure of the protein as it
unfolds, The m-value is 2 measure of the co-operativity of the unfolding transition.

3.9.3 Diffevential scanning calorimetry {ISC)

DSC is the only technique available for directly accessing ‘the thermodynaimics
associated with a thermally induced trapsition (Privalov and Potekhin, 1986).
Differential scanning microcalorimettic measurements were determined using an
adiabatic differential microcalorimeter model-4 (DASM-4; Mashpriborintork,
Moscow). 20uM hGST Al-] in 20mM sodium phosphate buffer, pH 6.5, containing
0.1M NaCl and imM EDTA was heated at a rate of 1°C/min from 20°- 90°C. Ina
similar experiment, 20pM hGST Al-1 in the presence of saturating concentrations of
ANS (200uM) was heated as above. For each sample, three calorimetric scans were
performed: a buffer scan (which was subtracted from the sample scan), a second scan
of the protein and a third scan (ie., a re- n of the sample scan) to assess the
roversibility of the thermal denaturation. For hGST Al-l, the third scan indicated a
signal identical to that for buffer indicating that the thermal unfolding process is
irreversible. Therefore, based on this the DSC profile was not used for the evaluation
of the thermodynamic parameters such as the change in entropy and the heat capacity
change, it was, however, integrated to obtain the calorimetric enthalpy change (AH)
for comparison with the van't Hoff enthalpy change (AH,x). The DSC profile was
fitted to a two-state reaction scheme:
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K
Ny «» 21
where K is the equilibrium constani defined as a function of the enthalpy change
(AH), entropy change (AS) and the partial specific heat capacity change (AC,). The
equilibrium constant can then be expressed in terms of the Gibbs-Helmholtz free

energy as follows:
K = exp(-AG/RT) (10)
AG = AH + AC,(T-Tg) -T{AS + ACyln (T/TR) - RIn(2Cy)} (11)

where AH and AS are the enthelpy and enfropy changes at some reference
temperature (Ty), The calorimetric enthalpy {AHgu) was calculated by mtegrating the
AC, versus temperature over the transition interval, taking into account the protein
concentration (Cy). AC, is the apparent heat capacity change from the initial to the
final state. The equilibrium constant, K differs from the conventional equilibrium
constant because the molar concentration term C, has been included. The unfolding of
hGST Al-1 was monitored by absorbance at 280nm. The van't Hbﬁ' enthalpy (AHyp)
was determined from a plot In K versus 1/T (Pace et al., 1989):

8(ln KY8(1/T) = -AH, /R (12)
where R is the universal gas constant (1.978cal/mol/K).

3 %4 Urea SEC-HPLC

SEC-HPLC was performed, in the presence of 0-8M urea (Corbett and Roche, 1934),

at room temperatwe (typically 21°C} using a BioSep SEC-S3000 column
(Phenomenex) (300mm x 7.80mm). The hydrodynamic volume of SuM hGST Al-1
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that was pre-equilibrated in 0-8M urea was assessed from the elution profile (at
280nm) using a flow rate of 0.5ml/min. The column was pre-equilibtated with the

appropriate urea concentration prior to Joading the sample,

1.9.5 Thermal-gradient gel electrophoresis (TGGE)

TGGE was performed as described by Birmes et al, (1990) and the buffer selected
was 0.023M Na;HPO,, 0.132M NaHaPO4, pH 6.0, The selection of this buffer was
based on the pl of the protein (i.e., 8.9) and on the fact that this buffer gives a small
change in pH with a temperature increase of 50°C (ApH/50°C is +0.10) (Bimmes et
al., 1990}, A slab gel (300mm x 300mm) composed of 12.5% polyacrylamide, (.25%
bisacrylamide, 2mM DTT, 100mM NaCl, imM EDTA in the sodium phosphate
buffer, pH 6.0, was placed vertically against an aluminium gradient block insulated
with a thin layer of Teflon sheeting, 150ug of protein (wild;type protein} in 1ml of
the sodium phosphate buffer, pH 6.0, containing 10% glycerol and methylene green,
was applied wniformly across the top of the gel. Electrophoresis was performed at
50V for 30minutes for smooth application into the gel and 120V for 3hours to allow
the sample to enter the gel. The electrophoresis was then stopped and a linear
temperature gradient from 20°-80°C formed for at least 30minutes by passing water
at 5°C through one extreme of the block and water at 85°C through the other extreme
of the block. Once the gradient was formed the electrophoresis was continned whilst
maintaining the temperature gradient for 6hours at 120V.The gel was stained in
0.25% Coomassie brilliant blue R-250,

3.10 Urea-inditced unfolding /refolding kinetic studies .

Stopped-flow kinetics facilitates the study of the kinetic mechanism of the unfolding
and refolding pathway for a protein and the characterisation of all of the species on
the pathway. Stopped-flow experiments enable the detection of early events, in the
millisecond time range, of the pathway. The kinetic experiments designed to monitor
the unfolding/refolding reactions were based on the urea-induced equilibrium
unfolding tramsition for hGST Al-1 (figure 6). The urea-iriduced unfolding transition
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can be divided into three different regions of protein stability: the native baseline, the
transition region and the unfolded baseline. Therefore, various aspects of the pathway
can be monitored and characterised by changing the experimental conditions.

3.10.1 Fluorescence-detected stopped-flow kineties

Fluorescence detection of the unfolding and refolding of hGST Al-1 were monitored
using a stopped flow-mixing device (SX-18MV) from Applied Photophysics (UK).
The excitation path length was 10mm and the emission path length was 2mm. An
excitation bandwidth of 2.32nm was employed. For the unfolding of unmecdified
hGST Al-1 and L164A hGST Al-1, fluorescence was iieasured by excitation of Tyr
and Trp at 280nm ot Trp alone at 295am and the emission was monitored using a
320nm cut-off filter. For the unfolding of AEDANS-modified: protein, fluorescence
was measured by direct excitation of AEDANS at 340nm or energy transfer from Trp
to AEDANS at 295nm and emission was monitored using a 400nm cut-off filter. For
the unfolding of hGST Ail-1 in the presence of ANS, fluorescence was measured by
excitation of Tyr/Trp at 280nm and emission was monitored using a 400nm cut-off
filter. For the refolding of hGST Al-1, fluorescence was measured by excitation of
Tyr and Trp at 2800m and the emission was monitored using a 320nm cut-off filter.
The temperature in the stopped-flow cell was regulated within 0.1°C of the required
temperature using a thermostated water bath.

The kinetics of unfolding and refolding in the equilibrium transition i.e., at final urea
concentrations between 3.5M and 4.5M urea, were followed using manual mixing
methods which have a dead time of 8-108. The reactions were stirred continuously
using & magnetic stirring mixer at approximately 25°C (i.e., the temperature inside the
fluotimeter). Fluorescence methods were made using a Hitachi model 850-
fluorescence spectroflucrimeter with excitation at 280om and emission at 325nm. The
excitation and emission bandwidths were set to 5nm each. The reactions were

scanned at 10mm/min, for the appropriate time range.
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In all unfolding a.nd refolding experiments, to ensure the absence of mixing artifacts
various control experiments were performed. Identical "unfolding” and "refolding”
experiments were petformed using 2puM N-acetyl-L-tryptophanaritide (NATA) and
20uM N-acetyl-L-tyrogsinamide instead of IpM hGST Al-1. In addition, if the phase
was a mixing artifact or the result of aggregation it would be observed at any
" wavelength as a consequence of a change in refractive index. Absorbance at 340nm
was used to monitor aggregation in this study. Finaily, all control runs (buffer only;
butfer/urea and buffer/protein) were performed for every kinetic experiment. The
effect of the slit width on the photodegradation of tryptophan residues was assessed.
A slit width of 0.5mm results in little or no decrease in the tryptophan emission i.¢.,
there is & minimal amount of Trp photodegradation. The effect of residual S-
hexylglutathione\ on the unfolding and refolding kinetics was also investigated by
purification of the protein in the absence of ligand (Cameron et &l., 1995).

3.10.1.1 Dead-time for the stopped-flow instrument

The reaction between 2,6-dichlorophenoliadophencl (DCIP) and L-ascorbic acid
(Tonomura et al., 1978) was used to determine the dead-timte of the instrument. L-
ascorbic acid reduces DCIP and the reaction is & pseudo-first order reaction when the
concentration of L-ascorbic acid was in excess. The disappearance of the colour of
DCIP was followed at 524am. 500uM of DCIP (in 10% propanol containing 0.2M
NaCl) was mixed (1:1 symmetric mixing) with 2mM - 120mM of ascorbic acid in
0.02M HCI and 0.2M NaCl, The final pH of the mixture was 2.0 and all solutions
contained (,.2M NaCl to minimise the effsct of changes in the ionic strength.

The plot of the pseudo-first order rate constant (ko) Vversus ascorbic acid
concentratinn was linear up to 40-50mM ascorbic acid and the upper limit of the rate
constant is 1200s"'. The mixing time of the instrument is 0.5ms and the dead time was
calculated to be 1.5ms, therefore, no date within 2ms was fitted (figure 7).
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Figure 7. Dead time determination for the SX-18MV stopped-flow apparatus
{Applied Photophysics, UK).



3.10.2 Kinetic data analysis

All kinetic data obtained using the stopped-flow instrument was fitted using the
Applied Photophysics software, version 4.24. The program utilises the algorithm of
Levenberg-Marquardt (Marquardt, 1963) for non-linear least squares fitting. The
kinetic data obtained using the manual mixing method were fitted using the fteration
program in Sigma Plot (v 5.0) (Jandel Corporation). Three to four kinetic runs were
averaged per experiment and standard deviations caloniated for at least 3 separate
experiments. Kinetic anzlysis of the time dependent change of fluorescence signal
tequires consideration of the final urea concentration with reference to the
eruilibrium transition. -

For wrea unfolding jumps ending at urea concenirations above the equilibrium
transition zone {final urea concentrations greater than 5M), the unfolding reactions of
the fast and slow phases were fitted using a single exponential function, Each phase
was fitted individually to a single exponential function (by selecting a fitting range).

- For urea refolding jumps ending at urea concentrations below the equilibrium
transition zone (final urea concentrations less than 4M), the refolding reactions of the
fast and intermediate phases were fitted to a bi-exponential function. The slow
refolding phase was fitted to a single exponential function (by selecting a fitting
range).

Fi= ZFexp(-t/t) + Fe (13)
where F, is the total fluorescence amplitude at time, t, F; is the fluorescence amplitude
for phase i at time zero, © is the time constant (the inverse of the apparent rate

constant, X) and F, is the fluorescence amplitude at infinite time.

For urea unfolding and refolding jumps ending with urea concentrations within the
equilibrium transition zone (final urea concentrations 3.5M to 5.8M), both unfolding
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and refolding reactions must be considered since in this region the model relaxes to
equilibrium. Data in this region was analysed using the relaxation expression
described by Bernasconi, 1976.

For fluorescence measﬁrements:
Fi= ZFy(exp(-D))/(1+qF(1-exp(-ve))) + Eo ' (14)

where Fy, Fj, F., and ¢ have the sameé meaning as in equation 13. For flucrescence
measuremens, q' relates the fluorescence intensity change to the change in protein
concentration. q' is defined as the term, which accounts for the quantum yields of the
native and denatured_states, the extinction coefficients of each specie and various
instrumental parameters. In- this study, as employed for the Trp aporepressor
(Gittelman and Matthews, 1990) and leucine zipper peptide (Wendt ef al,, 1997), ¢'
was used as a fitting parameter. In unfolding studies, ¢’ has a theoretical limit of -0.5
{Bernasconi, 1976). For these studies q' was typically -0.3. In the refolding studies,
the value of ' was near unity. The term (q'Fi(1-exp(-t/%)) in the denominator accounts
for the contribution of the refolding or unfolding reaction in the transition zone, This
term approached zero under conditions that strongly favour the denatured state or the
folded state and hence, it approximates to an equation equivalent to a single
expotential oz to a yum thereof (equation 13).

The deviations of the experimental data from the fitted function (i.e., the residuals)
were used to judge the accuracy and quality of the fit,

3.10.3 Urea-dependence of the unfolding/refolding rate _

In all unfolding experiments, unmodified/modified native protein/L164A protein
(6uM hGST Al-1 in OM or 3M urea in 20mM sodium phosphate 1mM EDTA and
100mM NaC} buffer, pH 6.5) was dilated six fold (1:5 asymmetric mixing) with 4M -
10M ures, at 25°C. The final urea concentrations were between 3.5M and 8.9M and
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the final protein concentration was 1uM. The urea-dependence of the first order rate
constants for unfolding (k,) were fited to equation 15 which epables the
determination of the unfolding rate in the absence of denaturant (an estimate for the
rate of dissociationfunfolding in vivo) and the change in solvent accessibility of the
transition state for unfolding (Tanford, 1970):

log k, = log ky(H,0) + my[denaturant] (15)

where k, is the apparent first order rate constant for unfolding at different
concentrations of denaturant, k,(H20) is the apparent unfolding rats in the absence of
denaturant and m, is the change in solvent accessibility of the transition state for
unfolding. '

In the unfolding experiments to assess the influence of ANS on the unfolding
pathway, 2uM hGST Al-1 was pre-equilibraied with 0-200uM ANS in sodium
phosphate buffer, pH 6.5. The unfolding was initiated by mixing two-fold (i:1
symmetric mixing) with 10M utea at 25°C.

In the refolding kinetic experiments, §uM hGST Al-1 was unfolded in 6M or 7TM
urea for at least 1 hour. In the refolding experiments, unfolded protein (6uM hGST
Al-l in 6M or 7M urea in buffer as above) was diluted six fold (1:5 asymmetric
mixing) with 0M-3.7M urea. The final urea concentrations were between 1M and
4.25M and the final protein concentration was 1pM. The urea-dependent refolding
experiments wete performed at three different final conditions: (i} at 25°C using 1M
protein; (ii} at 15°C using 1uM protein and (iif) at 25°C in the presence of §.3% (w/v)

Sucrose using lLLM protein,

The urea-dependence of the refolding rate in the presence of 8.3%(w/v) sucrose was

perforined in an identical manner as described above except that the unfolded protein
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was diluted six-fold with urea slolutions which contained 10% (w/v) sucrose in the
sodium phosphate buffer, pH 6.5.

© Kinetic amplitudes for all the unfolding (modified/unmodified/L164A proteist) and
refolding (unmodified protein) phases were normalised with respect to the fraction
unfolded (f,) measurements obtained in equilibrium stidies.

" 3.103.1 Protein-concentration dependence of the unfolding/refolding kinetic
studies . '

For the kinetic unfolding studies, 3uM-30uM of native protein was diluted six fold
(1:5 asymmetric mixing) with 6M-10M urea at 25°C. The final protein concentrations
were 0.5tM-511M and the final urea concentrations were between 5.8M and 8.3M.

For the refolding kinetic studies, 3uM-30uM of unfolded protein in 6M urea was
diluted six-fold {1:5 asymmetric mixing) with OM-3.4M urea at 25°C. The final
protein concentiations were 0.5pM-5uM and the final urea concentrations were
between 1M and 4M,

The change in the apparent unfolding and refolding rate constants with protein
concentration were used to predict the order (i.e., first-order (unimolecular) or
second-order (bimolecular)) of the reactions. If the rate changes with protein
concentration then the reaction is bimolecular as expected for the refolding of a
dimeric protein.

3.10.3.2 Kinetic two-state test for unfolding/refolding
Stopped-flow unfolding and refolding experiments were performed at different injtial
urea concentrations but at the same final urea concentration to assess if the

complexities of the unfolding/refolding reactions were the result of a pre-equilibrium
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existing in the pre- or post-transition baseline between native or unfolded molecules,

respectively.

For the ﬁnfolding kinetic experiments, 6uM native protein in OM, 1.5M ot 3M urea
was diluted six fold (1:5 asymmetric mixing) with 9.6M, 9.3M or 9M ures,
respectively. The final urea concentration was 8M and the final protein concentration
was 1pM. For the refolding experiments, 6uM protein in 6M, 7M or 8M urea was
diluted six fold (1:5 asymmetric mixing) with either 2.4M, 2.2M or 2M urea,
respectively to give a final urea concentration of 3M or with 0.4M, 0.2M or sodium
phosphate buffer, respectively to give a final urea concentration of 1.3M.

" 3.10.4 Temperature dependence of the unfolding/refolding rate

The temperature dependence of unfolding was performed from 10° 40°C by a six-
fold dilution oi 6uM native unmodified/L164A protein with 10M wrea. The final urea
concentration was 8.3M. For modified protein, 6uM native protein was diluted with
0.6M urea to give a final concentration of 8M, The temperature dependence of
refolding was performed from 5°- 40°C by a six fold dilution of 6uM protein in 6M
or 7M urea to give final urea concentrations of 1M and 3M, respectively. The
temperature dependence of the apparent unfolding/refolding rate constants (k) for
unmodified/ modified / L164A protein were analysed using the transition state theory
(Eyring plot) (Oliveberg et al., 1995; Tan et al., 1996):

k = kkgT/b exp(AGY/ -RT) (16)

* where kg is Boltzmann's constant (1.38 x 10%¥7.K™), h is Planck’s constant (6.626 x
10345 .s'l), T is the absolute temperature, R the universal gas constant and AG? is the
activation energy. The transmission coefficient (x) is assumed to equal 1. There are
various factors that limit the use of the transition state theory for protein
unfolding/refolding. The values obtained for the activation free energy are highly
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wependent on the value of the transmission factor (k) and the preexponential (kg'l‘fh)
term. Neither of the werms are accessible for protein folding reactions (Kiethaber,
1995). Thus, the values obtained are apparent activation parameters. The temperature
dependence of the apparent unfolding/refolding rate constant (k) reflects the
teﬁlperature dependence of the free energy of activation AG¥ (Oliveberg et al., 1995):

it

AH(T,)- TASH(Ty)
AR (T ACHT-To)- 1 [ASH T+ ACHN(T/T] (17

AGH(T)

where T is the absolute temperature, T, is the standard temperature (298K); ASz(T o} 18
the activation entropy at To; AH¥(T,) is the activation enthalpy at Ty; ACf is the heat
capacity differenice between the native/denatured states and the transition state.

Substittition of equatior (17) into (16) yields:
In(kvkpT) = [ASHTo)E - AHYTH/RT - ACHT-ToURT + ACHRINT/T]  (18)

This enables a plot of In(klvksT) versus 1/T to be fitted and the thermodynamic
parameters of the unfolding and refolding kinetics to be caloulated.

3.11 General data analysis and molecular graphic simulations

All least-squares fitting of the data to the appropuiate equation was performed using
the programn Sigma Plot (v 5.0) (Jandel Corporation), unless otherwise stated. The
three-dimensional structure of hGST Al-1 was viewed using the molecular
visualisation program, Rasmol (v 2.6) (Sayle, 1994). The sequence alipnments and
the strucaral superimposition of the alpha helices 6, 7 and 8 for all gene classes (see
chapter 5) and the other characteristics of the taree-dimensional « cture of the
glutathione transferases reported were obtained using WPDB (v 2.1) (Shindyalov and



Bourne, 1996). Any interatomic distances reported were caléulated by means of the
molecular-graphics package, Hyper-Chem (Autodesk LTD).
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CHAPTER 4
EQUILIBRIUM AND KINETIC UNFOLDING PROPERTIES OF hGST Al-1

4.1. Fluoreéscence properties of hGST Al-1

The fluorescence properties of tyrosine and tryptophan (excitation at 280mm) and
tryptophar alone {excitation at 2950m) and the extrinsic fluorophore, AEDANS, were
used to probe the urea-induced conformational changes of hGST Al-1. The extrinsic
flaorophore, AEDANS, was covalently linked to Cyslll! (Cysl11-AEDANS)
{excitation at 295nm or &t 340nm).

Human class alpha glutathione transferase Al-l1 contains one tryptophan residue
(Trp20) per subunit, located at the domain interface in alpha helix one of domain i
(figure 8a) (Sinning er al., 1993). The indole side chain of TIPEG protrudes from
domain I imw domain I and has non-specific hydrophobic interactions with the side _
chains of le158, Glul62 and Tyr165 (all in alpha helix 6) and Val194 and Phe197 (in
alpha helix 8). The side chain of Trp20 is inaccessible to solvent (SASA is 44%) and
can he used as a probe for the dissociation of the iwo domains (Atkins ef al., 1997),

The tryptophan emission spectrum (excitation at 295nm) of native RGST Al-1 has a
maximum at 325nm which is red-shifted to 355nm when the protein is denatured
(figure 9a)., The maxirnum at 325nm for native hGST Al-l is consistent with the
aromatic nature of the Trp residue and supports ctystallographic evidence that Trp20
is buried and at least partially inaccessible to solvent. The region of the Trp20 residue
has been implicated to show conformational changes in the presence of substrates or
GSH-conjugates (Wang et «l., 1993b) and non-substrate hydrophobic ligands (N.
Sluis~Cremer, unpublished results) indicating the dynaratic nature of this residue. The
red- shift to 355nm upon denaturation is similar to that observed for NATA in water
(Teal, 1960) and illustrates the complete exposure of the Trp20 side chain to solvent,
The red-shift is ar-r'mnpanieci by a decrease in flnorescence intensity (figure 9a) which
is opposite to that uuserved for the other cytosolic glutathione transferases (Dirr and
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Reinemer, 1991; Erhardt and Dirr, 1995; Kaplan et af., 1997). There are a number of
mechanisms, which are known to result in quenching of tryptophan fluorescence in
the unfoided state. These include the influence of nearby protonated amines or
carbonyl groups, metallic cations, anions or the existence of a vaﬁety of
conformations each with a different average exposure to the aqueous phase
{Gryczynski ef al., 1988). An examination of the amino acid sequence and the thr s »~
dimensional structure of hGST Al-1 (Sinning et al., 1993), indicate the presence of
an arginine residue at position 19. In the folded state, the guanidino group of Argl9 is
unable to interact either by collision or via direct hydrogen bonding with the g-
nitrogen of the indole group of Trp20 (interatomic distance 8.47A) (figure 8b), In the
unfolded state, as a result of the greater conformational flexibility of the polypeptide
chain, collisional quenching between the two side chalhs is possible. The
plienomenon of fluorescence quenching is described to be the result of the charge
effect (Steiner and Kirby, 1969) of the protonated guanidino group of Argl9 with the
indole side chain of Trp20. Therefore, the complete urdfolding and dissociation of
GST Al-1 results in a decrease in the fluorescence intensity and conversely for

complete refolding and association,

In the crystal structure, hGST Al-1 has ten tyrosine residues per subunit. Three are
located i domain I (Tyr8, Tyrd9, Tyr74), two in the linker region between the two
domains (Tyr79, Tyr82) and five in domain I (Ty195, Tyrl32, Tyrl47, Tyri6s,
Tyrl66), The excitation of tyrosine and tryptophan (excitation at 280nm) indicates a
substantial atnount of energy transfer from the tyrosine residues (globally distributed)
to the Trp20 residue (figure 9b). In addition, the emission maximum (at 325nm) is
identical to that observed for the selective excitation of Trp20. The fluorescence
emission maxirum at 325nm, as opposed to 305nmum as expected for the free tyrosine
aminy acid, indicates that Trp20 acts as a local reporter of events occurring at the
interdomain interface. The unfolding of hGST Al-1 results in a decrease in the
fluorescence intensity as the distance between the tyrosine residues and Trp20
becomes too great for efficient energy transfer. The uncoupling of the energy transfer



is apparent as & shoulder in the spectrum at 305nm (for the tyrosine residues) and the
Trp emission maximum is red-shifted to 355n.

The single cysteine residue in BGST Al-1, Cys 111, is located in the turn between the
alpha helices 4 and 5 of domain IL. Tts sulphydryl side chain is exposed to solvent
(SASA is 21A% and points into the amphipathic V-shaped cavity between the two
subunits (referred to as the L-site because of its ability to bind non-substrate ligands)
(figure 8c). The thiol group of Cys111 iv subunit 1 is 23A from the s-nitrogen of the
indole group of Trp20 in the same subunit and 34.& from the e-nitrogen of the indole
group in subunit 2. The location of Cyslll enables it, by means of AEDANS
modification, to be employed to monitor changes oceurring at/near the clelt between
the two subunits. )

The tryptophan emission spectrum for native Cysi11-AEDANS hGST Al-1 displays
an identical emission meaximum wavelength (325nm) as that for unmodified hGST
Al-1 (figure 9a) but lower fluorescence intensity (fgure 10a). The lower fluorescence
intensity is the result of the transfer of excitation energy from Trp20 to the ARDANS
group. The transfer of energy is possible because of the spectral overlap of the
emission spectrum of hGST Al-1 with the AEDANS absorption spectrum. Upon
denaturation, the energy transfer from Trp20 to Cys111-AEDANS is uncoupled and
the fluorescence intensity mcreases with a concormitant red-shift in the wavelength to
355nm. The direct excitation of the AEDANS label (excitation at 340nm) indicates an
emission maximum at 485nm and 495nm for the native and unfolded protein,
respectively (figure 10b), The red-shift and the slight decrease in fluorescence
intensity upon denaturation are consistent with a more polar envitonment for the
covaleritly bound AEDANS fluorophore. The emission maximum for AEDANS in
water is at approximately 530nm (Hudson and Weber, 1973).
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Domain I

Figure 8. (2) Ribbon representative of the structure of hGST Al-1 (Sinning ef al.,
1993). The view is parallel to the two-fold axis and Cys111 and Trp20 and the alpha
helix 9 over domain I are indicated. (b) The orientation of Argl9 and Trp20 in the
folded state and (c) the location of Cysill at the dimer interface indicating the
position of the sulphydryl groups. Figure was generated using Rasmol (Sayle, 1994).
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4.2 Equilibrium unfolding of hGST A1-1

4.2.1 Reversibility of the unfolding transition

The reversibility of the urea-induced equilibrium unfolding was assessed by a tenfold
dilution of dehatured hGST AI-1 and monitored using fluorescence spectroscopy (as
a structural probe) and enzyme activity (as a functional probe). Refolded unmodified
hGST Al-1 has an emission mavimumn (at 325nm) and intensity identical to that
observed for native protein (fig.re 94). In addition, the recovery of enzyme activity
was 95 to 98%. Similarly, refolded Cys111-AEDANS hGST Al-1 was structugally
(100%) and functionally (90%) similar to native protein (figure 10a).

The 100% regain of native protein iz vitro indicates that the pathway for
unfolding/refolding for hGST Al-1, under these conditions, was devoid of competing
side reactions such as aggrogation. The high degree of reversibility for hGST Al-1
suggests that the folding in vive is a self-assembly process unaided by chaperones or
foldases, This is, however, a weak argument since only a very rapid rate of folding
will enable a protein to escape chaperones. Similar high refolding recoveries have
beent documented for the cytosolic glutathione transferases (Dirr and Reinemer, 1991;
Erhardt and Dirr, 1995; Kaplan ez al, 1997). A high refolding recovery is an essential -
prerequisite for the detailed characterisation of the equilibrium unfolding transition
and for the interpretation of the kinetic mechanism for unfolding and refolding.

4,2.2 Twe-state denaturation of hGST Al-1

4.2.2.1 Equilibrium unfolding trausitions

The urea-induced equilibrium unfolding for hGST Al-l1 was monitored using a
variety of structural probes such as steady-state Trp20 fluorescence, tyrosine
exposure, anisotropy decays, the binding of the ligand, ANS, and the fluorescence
properties of AEDANS covalently linked to Cys111 of hGST Al-1. In addition, the
unfolding transition was monitored using enzyme activity as a functional probe,
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The equilibriuim unfolding reaction for hGST Al-1, induced by urea, shows a single
sigmoidal transition indicative of a highly co-operative system involving native dimer
and two unfolded monomers (figure 11).

The first line of evidence for support of the two-state transition is the coiricidence of
the unfolding transition curves obtained using various situctural probes (figure 11a).
The change in intensity and wavelength of Trp20 and the increase in the extent of
tyrosine exposure were used. to probe local and global wrea-induced structural
changes, respectively. In the native state, the percentage solvent accessibility of the
tyrosine residues was calculated, from the second-derivative analyses, to be 19%.

The binding of the ligand, §-anilino-1-naphthalene sulphonaté (ANS) was used to
monitor structural changes of RGST ‘Al-1. This fluorescent dye binds to hydrophobic
regions of proteins and has been used to identify equilibrium intermediates such as
molten globules (Fink, 1995). The binding of ANS to hGST Al-1 in the presence of
denaturant was used to probe the existence of any species other than the native or
unfolded state which would result in a shift in the equilibriumn unfolding transition.
The binding of ANS o the native state is weak because of the absence of accessible
hydrophobic binding sites (Ptitsyn er-al., 1995). Similarly, the unfolded state shows
weak binding of ANS because the hydrophobic patches are solvated and because the
urea competes with the interaction between ANS and the protein (Kwmar er al.,
1996). The unfolding transitions of hGST A1l-1, monitored using Trp flucrescence, in
the absence and presence of ANS show identical co-operative sigmoidal transitions
indicating the absence of an intermediate that can preferentially bind ANS and hence -
result in a stabilisation or destabilisation of hGST Al-1.

The anisotropy decays (L.e., the polarisation of Trp fluorescence) were used to
measure the structural integrity of hGST Al-1 during the unfolding transition. In
general, a tryptophan residue within the folded protein structure is constrained to
small amplitude motions, which result in very little depolarisation of the fluorescence
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ernission with respect to the polarised exeitution. The mechanism of depolarisation of
the tryptophan residue int the == ve protein results from the Brownian fumbling of the
macromolecule in solution, The disruption of the protein structure upon denaturation
results in the greater rotational freedom of the indole side chain of the tryptophan
residue around the C, and Cp bonds and this increases the efficiency of depolarisation
(Murphy, 1995). Steady-state anisotvropy of a spherical molecule is dependent on
temperature, viscosity, the fluorescence lifetime of the fluorophore and on its
molecitlar volume (Lacowicz, 1983), The angular displacement of the fluorophore
results in a decrease in the anisotropy values that depends on the rate and extent of
rotational diffusion during the lifetime of the excited state. The location of Trp20 at
the domain interface enables one to assume that its fluorescence lifetime will not be
_ affected by the possible dissociation of the dimer into a-folded onomer, '!;herefore,
under the conditions psed in this study, only the molecular volume of the protein
affects the anisotropy value, The anisotropy values of 0.082 for native hGST Al-1
decreases to 0.031 upon denaturation and this is consistent with an increase in the
rotational freedom of the partially mobile indole side chain of Trp20. The sigmoidal
transition. with the absence of & plateau at intermediate urea concentrations excludes

the existence of a strictured intermediate state under equilibrium conditions.

The individual curves obtained for hGST Al-1 and Cy- '11-AEDANS hGSTA1-1 are
coiricident indicating that the alkyiation of this residue with TAEDANS does not alter
the folding pathway of the enzyme (figure 11b). This data in addition to unchanged
physicochemical properties, such as Trp fluorescence, specific activity and
hydrodynamic volume (SEC-HPLC), indicate that the covalent labelling of Cysi11
with the AEDANS group results in little or no gross conformational changes of the
protein. An additional probe for tertiary structural chianges, occurring at the cleft
‘between the two subunits, was provided using the fluorescence properties of
AEDANS-covalently linked to Cys111. The individual unfolding transitions, obtained
for the energy transfer from Trp20 to Cys111-ATDANS (at 295nm) and for the direct
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excitation of Cys111-AEDANS (at 340nm), are coincident within experimental error
(inset of figure 11b) supporting the co-operative unfolding pathway of hGST Al-1.

The coincidence of the equilibrium unfolding transitions for hGST Al-1 obtained
- from the variety of structural probes described above and illustrated in figure 1la
supports the two-state transition between the folded dimer and the two unfolded
monomers. [t is important to note, however, that the unfolding of a protein can still
be described as two-state even though different probes do not give coincident
sigmoidal curves (Dill and Shortle, 1991). The reason for this is that the native and -
unfolded states are not fixed and therefore certain regions of the structure may be
more susceptible to external conditions than the others. Therefore, coincident curves
give supporting evidence for a two-state (folded dimer/unfolded monomer) transition
but non-coincident curves are not definitive evidence against the two-state behaviour
(Chan et al., 1995).

The sigmoidal unfolding transition obtained using enzyme activity (functional probe)
was non-coincident with that obtaitied using fluorescence properties (structural
probe)(inset of figure 11s). The dimeric structure is important for the catalytic
function of g:atuthione transferases and therefore dissociation of the dimer results in a
loss in the function. The unfolding transition for 1uM hGST Al-1 has a midpoint at
4,1M wrea for enzyme activity measurements and 4.5M urea for fluorescence
measurements . This phenomenun may be the consequence of the unique alpha helix 9
found in the ¢ . ~uinal region of the GST A1-I polypeptide chain. This region shows
high confesie . «2xibility in the absence of ligand (Cameron et al., 1995) and is
implicated to be wu iﬁjpor‘tant component of the hydrophobic substrate-binding site
(Board and Mannervik, 1991; Cameron et &i., 1995}. It is not essential for glutathione
binding but deletion of this segment does impair catalytic activity (Board and
Mannervik, 1991). It is, therefore, feasible that the conformational Rexibility of this
helix would render it more susceptible to urea than the rest of the protein and the
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Figure 11. (&) Urea-induced equilibrium unfolding curves for 5pM hGST Al-1
monitored by Trp20 fluoresaence (), anisotropy decays (V), the binding of ANS (V)
and tise extent of Tyr exposura ([). Inset: unfolding transition for enzyme activity (o)
and Trp fluorescerice (#). (b) Unfolding transition for 0.%. M unmodified hGST Al-1
(V) and 0.83uM AEDANS-Cyslll hGS'I‘ Al-1 (»), Trp was excited at 295nm and
‘emission monitored at 323nm and 355nm. Inset: Unfolding transition for Cysllil-

AEDANS (o; excitation 295nm, emission 485nmi, e; excitation 340nm, emission

485nm).
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destabilisation of this structural motif would impact on the hydrophobic substrate-
binding site and thus the catalytic function.

4.2.2.2 Protein-concentration dependence _ _
The dependence of an unfolding probe on protein concentration is essential for
assigning the two-state assumption for unfolding and dissociation to oligomeric
proteins (Timm and Nest, 1994). For any dimeric protein, there are two possible
descriptions of the equilibrium unfolding reaction which are based on the relative
stability of the folded dimer (N3), the unfolded monomer (U) and the folded monomer
{or intermediate)(N).

In the first model, a three-state pathway for unfolding and dissociation is described
which involves the dwssociation of the native dimer {(No) into two structured
~ monomers (N} prior to the complete unfolding into two unfolded monomers (U):

Kl K;
Ny ++ 2N ++ 2U

where K; = [N]¥[ Ny) and K3 = [UV[N]. In this model, the equilibrium constant K,
i.e., for the dissociation reaction, is bimolecular and the equilibrium constant Ky, i.e.,
the unfolding reaction, is unimolecular.

In the second model, a two-state pathway suggestive of a concerted dissociation and
unfolding reaction is described and involves only the native dimer (N3} and the
unfolded monomer (U):

K
Ny 20
where K={UJ¥[Na] represents the equilibrium constant for the concerted unfolding

and dissociation reaction and is bimolecular. Therefore, the bimolecular resction
described by I_(l {mode! 1) and K (model 2) would be protein concentration
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dependent. The protein concentration dependence of an unfolding reaction ! . been
used s a diagnostic tool for distinguishing between the two types of models (Bowie
and Sauer, 1989), -

Figure 12 shows the protein concentration dependence of the midpoint of the
equilibrium unfolding transition for hGST Al-1 monitored using tryptophan
fluorescence. The stability of hGST Al-l increases with an increase in protein
coticentration and is in agreement with a bimolecular reaction governed by the law of

mass action,

The satisfactory fit of hGST Al-l to the two-state assumption enables an estirnation
of the confurmational stability parameters: the free energy change in the absence of
denaturant (AG(Hz0)) and the susceptibility of the free energy for unfoiding of hGST
Al-1 to urea (the m-value) (table 4). The valuss for the free energy change in the
absence of denaturant, normalised to 1M protein, for these curves are in close agreement
and this validates the two-state model. These experimentally determined parameters
are in agreement with those predicted by Neet and Timm (1994} and Myers et al.
(1595). The AG(H:0) calculated by correlating the tertiary/quaternary stabilisation
with the size of the dimer (AG(H0) = 8.8 + 0,08N, where N is the number of amino
acid residues in the monomer) was 26.4keal/mo] (Neet and Timm, 1994), The large
value of AG(I4,0) for class alpha and the other glutathione transferases studied thus
far (Dirr and Reinemer, 1991; Erhardt and Dirr, 1995; Kaplan et al., 1997) suggests
that the tertiary and quaternary interactions are necessary for stabilisation of the
native dimer. The theorstical m-value was calculated by relating the amount of
sutface area buried with the number of amino acid residues (Myers er al., 1995). This
correlation {r = 0.84 .or urea as the denaturant) is described by m = 374 + 0.11
(AASA) where AASA is the chatge in the solvent-accessible surface area upon
unfoiding, (For hGST Al-1, the AASA = -907 + 93 (no. amino acid residues for the
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Figure 12. The protein concentration dependesice of the unfolding transition for
hGST Al-1 at 0.1pM (V), 1uM () and 5uM (o). Trp was selectively excited at

293nm and emission measured at 325nm and 355nm.
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Table 4. Conformational stability parameters for individual concentrations of

hGST Al-1,

rotein] GM) | AG(HL0)kealimol) | = Cn (M)
(keal/mol/M)

T 2508 €323 408070 |43%0.1

1 27.59+3.80 4224079 | 45201

5 26,68 4.09 405061 |4.810.1
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dimer) = 4019943%). 1ue ralculated m-value was 4.79kcal/mol/M of urea, The
agreement between the experimental and calculated m-values indicates that the
ameunt of surface area exposed to solvent on unfolding is the major structural
determinant of the m~value. The magnitude of the m-value is indicative of the co-
operative nature of the interactions maintaining the folded state i.e., the larger the m-
value the greater co-operatively between the non-covalent interactions maintaining
the folded state.

4.2.2.3 Differential scanning calorimeiry (DSC)

Differential scamning calorimetry is the accepted technique for determining the
energetics of the protein unfolding/refolding pathway and for evaluation of
tkermodynamic parameters (Freire, 1995). In addition, it is the most definitive
technique for aValuatiﬁg--the absence or presence of an intermediate (Privalov and
Potekhin, 1986). The accurate evaluation of thermodynamdc parameters obtained
from the deconvolution of the DSC profile is limited for the cvtosolic glutathione
transferases since the glutathione transferase system for thermal irifolding is
complicated by irreversibility and aggregation (Kaplan et al., 1997 and this study).

For hGST Al-1, the DSC profile was best fitted to a two-state reaction in order to
evaluate the calorimetric enthalpy (AH.y) and to compare it with the van't Hoff
enthalpy (AH, y), obtained under similar thermally-induced conditions. The validity
in calculating the enthalpy values is supported by the fact that experimental
conditions were identical for both enthalpic determinations and hence any artifact
which results from aggregation and therefore limits the interpretation of the values
will contribute to both values and be eliminated when the ratio is caleviated, The
validity in using UV-melting curves to evaluate an enthalpy value is debatable
because the massive increase in absorbance at 280nm is attributed to aggregation of
the protein. However, the results of UV-melting do appear to provide svidence for a
two-state unfolding mechanism.



The van't Hoff enthalpy calculated from the slope of figure 13b was 358.3kcal/mol
and the calorimetrically determined enthalpy that was calculated from the area under
the heat capacity profile (figure 13c) was 398.9kcal/mol. The ratio{r) of AH,y to
- AH.q 15 used as a measure of the two-5tate behaviour, For the two-state assumption, r
approximates to unity (Marky and Breslauer, 1987). For -hGST Al-l, r=0.90, The
correlation supports the two-state approximation ie., intermediates that differ from
the folded or the unfolded protein in enthalpy are not significantly populated at

equilibrium,

4.2.2.4 Urea SEC-HPLC _
SEC-HPLC, under denaturing conditions is used to characterise any species along the
equilibrium unfolding/refolding pathway provided that their rate of interconversion is
sufficiently slow enough to be resolved during the time of a chromatographic run
(Corbett and Roche, 1984). This technique is the most definitive determination of
species along the equilibium unfolding pathway since it emables the direct
observation of the species populated at the midpoint of the transition (Chen et al.,
- 1995).

The elution profile for hGST Al-1, monitored by absorbance at 280nm, in the
presence of increasing concentrations of urea is shown in figure 14. At the midpoint
of the unfolding transition (i.e., at approximately 4.85M urea) only two species are
populated, the native dimer and the unfolded monomer. The midpoint of tha transition
is consistent with that observed for 5uM protein when the ttansition was monitored
using tryptophan fluorescence (figure 1la). The broad peaks and the increase in
retention time at the unfolding transition is the result of solvation of the unfolded
protein by denaturant. This has been observed for the ciass pi GST (Erhardt and Dirr,
1995) and other proteins (Uversky and Ptitsyn, 1994). The folded monomer would
have a longer retention time than the native protein and its absence in the
chromatographic profile supports the two-state (dimer/unfolded monomer) transition
for hGST Al-1. '

97



fraction unfolded protein

0005 4 2z 1 I I | | S
36 40 B3 80 70 80 8C

[x]
temperature { C)

Figure 13, {a) Normalised UV-melting curve for hGST Al-l Protein was heated at
1°C/min and the absorbance measured at 280nm. (b) van't Hoif plot of UV-melting
unfo’ding transition in (&), the slope provides an estimate for the van't Hoff enthalpy
(AHyn)(as described in section 3.9 3). () DSC profile for 20uM hGST Al-1.
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Figure 14, SEC-HPLC elution profile for Sy hGST Al-] in the presence of varying
concentrations of urea. The profile was obtained by measuring the change in
absorbance at 280nm. hGST Al-1 was incubated in the appropriate concentration of
urea and applied to a SEC-HPLC-3000 column pre-equilibrated in the same
concentration of urea. The position of native dimer (N) and unfolded monomer (U)
are indicated. The expected position for a folded monomer (M) is indicated with an

arrow.
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4,2,2.5 Thermal-gradient gei electrophoresis (TGGE)

TGGE was used to characterise any species that may be trapped along the thermally
induced unfolding pathway. The rate of migration of 4 protein through a gel matrix
- depends on its molecular dimensions and therefore a compact folded protein will be
retarded to a lesser extent than the extended conformation of an unfolded protein. The
ability of the gel matrix to trap any species depends on the rate of their
interconversion relutive to the time taken for the electrophoret_ic run (Creighton,
1979). The electrophoresis of hGST Al-1 across a temiperature gradient from 20°-
80°C indicates a single discontinuous transition (figure 15). The transition occurs
between 50°C and 60°C and is similar to the transition obtained for the thermal
inactivation study (section 5.4). Tﬁe lack of distinction at the transition midpoint may
be the result of either thermally induced aggregation or an intermediate exchange rate
between the two species. -

4.3 Unfoldimg kinetics of hGST Al-1

4.3.1 Fluorescence-detected unfolding kinetics

The fluorescence detected unfolding reaction of unmodified hGST Al-1 was
followed using an excitation wavelength of 280nm for Tyr and Trp (figure 16a) and
an excitation wavelength of 295nm for Trp alone (figure 16b). The unfolding kinetic
traces for unmodified protein do not show a simple monophasic change (figure 16a/b
and inset). Two kinetic phases were observed for final urea concentrations between
3.5M and 8.9M and over a 10°C to 40°C temperature range. The wifolding phases
will be referred to as fast and slow unfoiding events. The fluorescence intensity for
the fast phase increases rapidly in the millisecond time range following which the
fluorescence intensity for the slow phase decreases to its value predicted by
equilibrium studies. At the final urca concentrations between 3.5 and +5M, the slow
unfolding phase was monitored using manual mixing studies since the amplitude was
not detectable using the stopped-flow apparatus, -
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Figure 15. Thermal gradient gel electrophoretogram for hGST Al-1. Native hGST
A1-1 was electrophoresed perpendicular to a linear thermal gradient from 20°C-80°C.
The transition oceurs between 50°C and 60°C.,
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Figure 16. Unfolding kinetics. Fina! urea concentration of 8.3M, pH 6.5, 25°C. The change in fluorescence upon ynfolding 1M
hGST Al-1 was monitored by excitation at (a) 280nm and (b) 2950m and emission menitored above 320nm. The fast and part of
the slow phase are indicated in the inset of each punel and the slow phase in pavel a or b. The arrows indicate the flucrescence
signal for native folded protein unfolding traces were {itted with 2 single exponential function. The lower panels of each trace

show the residuals. :
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The influence of grotein concentration on the apparent unfolding rate constant was
 used to -predict the order of the unfolding reaction. Protein concentrat’ u dependent
studies were determined for the fast and the slow unfolding phases at three final
protein concentrations (0.5uM, 140 and 5uM) at 5.8M and 8.3M urea (table 5. The
tenfold increase in protein concentration had essentially no effect on the unfolding
reactions and therefore both resctions are unimolecular (ﬁmt—orfier)_ ‘and hest
described by a single exponential function. Therefore, the unimolecular reactic
reflect unfolding events and not higher order aggregation,

For the final urea concentration of 8.3M, monitored using Tyr/Trp ﬂuoresémce, the
rale constants for the fast (inset of figure 168) and the slow phase (figure 16a) are
48,70 (i3.26js" and 0.24 (20.03)s"", respectively. Similarly at 8.3M_uxea, for the
reaction monitored using Trp fluorescence the rate constants for the fast nset of 16b)
and the slow phase (figure 16b) are 47.60 (£6.09)s™" and 0.25 (:0.06)s™, respectively.
The residuals for the fit of each phase to a single exponential function are indicated in
the lower paneis of each kinetic trace. The initial and final amiplitades are as predicted
by equilibrium experiments indicating that no burst phase occurs within the dead
time. The rate constants obtained for the fast and slow phases for the different
fluorescerice experiments are, therefore, in aQreemenI with each other. This confirms
that Trp20 is a local reportet of events occurring at the interdomain interface (section
4.1), The standard deviations of the data obtained using Trp fluorescence as the
unfolding probe are larger as a result of the smaller émplitude change and the low
signal-to-noise ratio. The unfolding studies of unmodified WGST Al-1 were
monitored using an excitation wavelength at 280nm because of the larger amplitude

change in fluorescence that occurs upon unfolding.
‘A number of conirol experiments established that both phases were real unfolding

events and that they were not the results of mixing artifacts. Identical "unfolding"
experiments were performed using 2uM N-acetyl-L-tryptopharamide (NATA) and
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Table 5. Protein concentration independence of the apparent unfolding rate constants

for the fast and slow phases.
Phase | [UreaJs (M) [Pk (kM) )
Fast 58 ' 0.5 1874 £ 0.092
_ 3 18.19 £0.510

slow 0.5 0.0192 +0.0049
5 0.0184  0.0069

Fast 83 0.5 45.15 +1.84
3 Ts175x252

slow 0.5 [ 0.221£0.0171
3 0.237£0,0175



20uM N-acetyl-L-tyrosinamide instead of hGST Al-1, "Unfolding" monitered by
excitation at 280mm and final wrea conditions of 8.3M, yielded a horizontal signal
response. In addition, if the fast phase were a mixing artifact or as the result of
aggregation it would be observed at any wavelength as a consequence of a change in
refractive index. Absorbance at 340nm, used to monitor aggregation in this study,
shows a horizontal signal response with no change in amplitude. Finally, all cuatrol
runs (buffer only, buffer/ures and buffer/protein) showed no signal change. In
addition, in order to investigate if residual S-hexylglutathions {inefficiently removed
after the purification procedure) was respansible for the biphasic unfolding properties
of hGST Ai-1, protein was prepared in the absence of ligand (Cameron et al., 1995).
The effect of residual ligand on the wnfolding kinetics can be excluded since the
protein prepare& in the absence of ligand displayed identical biphasic behaviour.

The biphasic unfolding kinetics for unmodified hGST Al-1 suggests that more than
the two species (i.e., folded dimerunfolded monomer) predicted by urea-induced
equilibrium studies must be present along the unfolding pathway. An explanation for
multiple phases in wnfolding may be the tesult of various folded forms in the pre-
transition region (Touchette et al., 1986). Since amplitudes depend on the relative
initial populations of species prasent (Hagerman and Baldwin, 1976) it is obvious that
any condition which will shift the pre-existing equilibrium will tesult in a change in
amplitude of the kinetic phases. The unfolding amplitudes and rates for hGST Al-1
using the same final urea concentration (8M) but varying the initial urea
concentration (up to 3M urea, where the protein is in the folded form) were measured.
The change in the initial unfolding conditions had no effect on the amplitudes or the
rates on the fast and slow phases (table 6) and this indicates that in the pre-transition
baseline, the native molecules are indistinguishable from each other and their relative
populations are similar. The absence of different native forms in the equilibrium pre-
transition zone confirms that the fast unfolding phase for unmodified protein is an
unfolding event,
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Table 6. Apparent unfolding rate constants and amplitudes for the fa 't and the slow
.. unfolding phases obtained for the final urea concentration of 8M but varying the

" initial urea concentration.
[Urea] (M) o gy (57 | Amplitude (ArAsj)
‘Fast stow fast slow
0 1328+2.11 0.174 % 0.029 |-1.334 0.878
1.5 2933+0.169 |0.155+0.037 |-1.386 0.9417
3 3920£3.24 | 0.178 £0.046 - | -1.28 0.754
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Unfolding kinetics of Cysl111-AEDANS hGST Al-1 monitored by energy iransfer
fom Trp20 to Cysl111-AEDANS (excitation at 295om) (figure 17a) and the direct
excitation of CyslII-AEDANS (excitation at 340bm) (figure l?b)- showed a
monophasic change. The single phase accounts for all of the amplitude predicted by
equilibrium experiments. This single unfolding phase displayed similar urea-
dependence properties as those observed for the slow unfoiding phase monitored -
using tyrosine/tryptophan fluorescence. The absence of a detectable lag phase, for the
 identical time period in which the fast unfolding phase monitored using tryptophan
fluorescence was observed, is depicted in the inset of figure 172 and b, For modified
hGST Al-1 monitored using energy transfer from Trp20 to AEDANS at 8.3M ures,
the rate constant for the single unfolding phase was 0.29 (£0.04)s", Similarly, the rate
constant for the single unfolding phase monitored by diréet excitation of the
AEDANS group covalently linked to Cys111 was 0.27 (£0.05)s™. "

4.3.2 Urea-dependence of the unfolding rates and amplitudes

The rate of unfolding of unmodified/AEDANS-modified protein increases as
conditions favour the unfolded state, For unmodified protein, the urea-dependence of
the unfolding data (figure 18a) for both fast and slow phases fit well to a linear
regression (r = 0.998 and r = 0.996, respectively) and similarly for the single phase
observed for Cys111-AEDANS hGST Al-1 (r==10.991). The linear dependence of the
unfolding rate on denaturant suggests that no changes oceur in the rate limiting step
and that the unfolded species formed differ from the native state of hGST Al-1 with
respect to solvent exposute. The urea-dependence of the rate for the slow unfolding
phase and the intermediate refolding phase has a minimum at approximately 4.5M
urea (figure 32a). This is consistent with the midpoint of the equilibrium-unfolding
eurve for 1pM protein (at 4.5M urea) and demonstrates the revetsibility of this
unfolding/folding system. Refolding studies with hGST Al-1 are consistent with a
rate limiting step which is urea and protein concentration dependent (see chapter 6)
and the slow unfolding phase for unmodified hGST Al-1 and AEDANS-modified
hGST Al-1 is postulated to represent thie complete unfolding of the dimer, Therefore,
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Figure 17. Unt 'ding kinetics. Final urea concentration of 8.3M, pH 6.5, 25°C. The change in fluorescence upon unfolding 1M
Cysl11-AEDANS hGST Al-1 was monitored by excitalion at (a) 295nm and emission above 320nm and (b) 350nm and
emission above 400nm. The absence of the fast phasz i indicated in the inset of each panel and the slow phase in panel a or b.
The arrows indicate the {luorescence signal for native folded protein. The unfolding traces were fitted with a single exponential

function. The lower panels of each trace show the residuals.



the nature of the rate-limiting step for folding and unfolding involves the transition

between two unfolded monomers and one dimer.

The linear dependence of the apparent unfolding rates for the fast and the slow phases
for unmodified hGST Al-1 and for the single phase for AEDANS-modified hGST
Al-l, even under strongly destabilising conditions, enables the complete
characterisation of the unfolding pathway. For unmodified hGST Al-1, the apparent
rate constant for undolding of the fast phase is less urea sensitive than the slow phase
{figure 18a), The slopes (i) of the fast and slow phases are 119.5cal/imol/M of urea
and 270cal/mol/M of urea, respectively. The fast phase, therefore, results in a
transition state that is more closely related to the native state of hGST Al-] in terms
of solvent exposure. For modified hGST Al-1, the single unfolding phase has a slope
{m,) of 286 2¢al/mol/M of urea. The similar urea-dependence for upmodiﬁed and
modified hGST Al-1 supports the suggestion that this phase is similar to the slow
phase observed for unmodified protein,

The solvent accessibility of the transition states for unfolding were characterised by
analysis of the susceptibility of the apparent rate constant to urea. The ratio of my/m
(where my is RTlogk/{urea] (figure 18a) divided by the m-value obtained for 1uM
hGST Al-l in equilibrium studies (4.22 (+0.72)kcal/mol per M of urea)} is an
indication of the increase in solvent exposure of the tramsition state relative to the
native state, normalised by the increase in solvent exposture between the native and
denatured state (Tanford, 1970). The rate limiting transition state for unfolding and
refolding can only be characterised for kinetic data that is monoexponential (Doyle ef
al., 1996). For Cysl11-AEDANS hGST Al-1, the monophasic change enables the
ratio of my/m to be estimated, The ratio of my/m is 0.068, which is suggestive of a
transition state for the single unfolding phase of modified protein with a solvent
accessibility closely related to the native state, ie., 6.8% of the buried hydrophobic
surface in the native state is exposed at the transition state. The stow unfolding phase
for unmodified protein has a my/m ratio of 0.064, which is comparable with that for
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AEDANS-modified protein. The fast unfolding phase for unmodified protein has a
my/m ratio of 0.028 indicating that this transition state relates more closely to the
accessible surface arma of the native protein. A ratio that approximates to zero
indicates that the solvent accessibility of the native and transition state are similar
whilst & ratio near to unity is indfcative of a transition state that is as solvent exposed
as the denatured state (Doyle ef al., 1996). For small proteins, such as the Arc
repressor (Waldburger ef al., 1995) and the IgG binding domain of protein L (Scalley
et al., 1997), my/m is typically 0.3. There is, however, considerable varation in the
ratio with no significant correlation between the ratio and the proteins structural
features, such as compactness of the hydrophobic core (Scalley et al., 1997).

The linearity of the urea dependent data enables an estimation of the rate of unfolding
of RGST Al-1 under roughly physiological conditions. For unmodified hGST A1-1,
the unfolding rates in the absence of denaturant (k, (H;0)) are 0.61s™ and 2,92 x 10°
¢ for the fast and slow phases, respectively (as obtained from the zero urea
intercepts in figure |8a). These results correspond to time constants of 1.6s and 9.5
hours for the fast and slow phases, respectively. Cys111-AEDANS hGST Al-1 hasa
similar zero urea intercept (3.07 x 10%s”') and time constant for unfolding in the
absence of denaturant (9.0 hours) as the slow unfolding phase for unmodified protein,
The unfolding and dissociation of proteins iz vivo varies (Milla and Sauer, 1994), The
biological relevance of a slow unfolding rute in vive is related to the stability and
physiological function of the protein. The evolutionary pressure placed on the
unfolding raté constarit varies with the function of the protein (Button ef al., 1996).
For example, the fastest folding proteins, ubiquitin, CspB and the Arc repressor, ail
have regulatory functions. There is, therefore, a selestive advantage in reducing the
kinetic barrier to unfolding such that the protein may be rapidly degraded at the
approptiate time. In general, the sl er the unfolding rate the greater the stability of
the protein and the Jess susceptible the protein i3 to proteolytic degradation.
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Figure 18, (a) Urea-dependence of the unfolding rate constants for 1uM unmodified
hGST AI-1 () and 0.8uM Cys111-AEDANS hGST Al-1 (o). The solid lines are the
curve fits using equation 15. Unfolding experiments were performed at 25°C, 0.1M
NaCl, pH 6.5. Data were fitted to equation 14 for urea concentrations between 4.5M
and 5.8M urea and to equation 13 for final urea concentrations greater than 5.8M. The
error bars are as indicated or are comparable to the size of the symbol. (b) The vrea-
" dependence of the amplitudes for unfolding (*} and refolding ('¥.G.M) of unmodified
hGST Al-1 and for the uafolding of Cysi11-AEDANS hGST Al-1 (o). The
amplitudes were normalised with respect to the i{raction-unfolded measurements

obtained in equilibrium studies.
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Th: -ea-dependence of the amplitudes for the fast and slow unfolding phases for
unmoditied protein nd for the single unfolding phase for modified protein is depicted
 in figure 18k. The relative amplitudes observed for the unfolding kinetics were about
100% of the total change expected. Both the fast and slow phases occur
simultaneously from 3.5M urea. The relative percentages of the two species increased
from 3.5M to 5M urea and then became independent of the urea concentration when
the final urea concentration exceeded 5M urea. The inverse amplitudes are the result
of the different fluorescence properties of each phase. The occurrence of both phases
from time zero suggests that the slow phase overlaps the fast phase and it is,
therefore, quité likely that the parameters (in, and kuo(H0)) obtained for the fast
unfolding phase are underestimated. The amplitudes for the single unfolding phase
for AEDANS-modified protein displayed similar characteristics to those for the slow
unfolding of unmodified protein. The amplitudes for the three refolding phases are
included to illustrate the consistency of the unfolding/refolding transition for hGST
Al-1 (chapter 6).

4.3.3 Temperature dependence of the unfolding rates

The apparent unfolding rate of the fast and slow phases of unmodified hGST Al-1
were characterised from 10°C - 40°C at a final urea concentration of 8.3M. The
temperdture dependence for the single unfolding phase for AEDANS-modified
protein was characterised at a final urea concentration of 8M. For unmodified hGST
Al-1, both phases are temperature dependent with the apparent unfolding rate and
amplitude of the fast phase increasing to such an extent at 40°C that the fast phase
occurred within the dead time.,

The rate constant for unfolding was related to the Gibbs free energy (ﬁC—:) of

activation using the transition state theory (Tan ef al, 1996). The temperature
dependence of the activation energy enables an estimation of the apparent
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thermodynamic properties (i.c., enthalpy, entropy and heat capacity) for the transition
state. These properties reflect the flexibility of the polypeptide backbone and side
chains as well as the solvation of certain protein moieties in the transition state.

For unmodiﬁed thT Al-1, the pfot of In (kt/kpT) versus 1/T [ ﬁ;gure 19a) for both -
phases is almost linear. Both phases fit equally well to equation (18) and to a linear fit

 (see residuals figure 19b). The best fit for equation (18) to the fast unfolding phase of
unmodified protein gives the following thermodypamic parameters: ACy® of
253.3cal mol’K”; AH*(298K) of 20.45keal.mol’; AS(*(298K) of 17.45 cal'mol

'K!, Fitting the data of e slow unfolding phase of unmodified protein to equation

(18) gives: ACyu* of 475.0cal 'molK™; AHL*(298K) of 18.90kcal.mol™!; ASyH(298K)

of 2.28¢cal* mol 'K, For the single unfolding phase of Cys111-AEDANS hGST Al-

1, the temperature dependence of the apparent unfolding rate constant shows distinet

curvature when fitted to equation (18), the residuals indicate that the infolding rate is

best fitted to this equation than to a linear function. The curvature occurs at the

temperature extremes and may indicate systematic deviation of the data rather than a

large heat capacity (ACuu®) chunge as the protein unfolds. The best fit for equation

(18) to the single phase for modified protein gives: ACy* of 987.0cal'mol'K’Y;

AH(298K) of 18.46keal.mol™; ASH(298K) of 0.878cal'mol K™, The errors from

the fit to equativn (18) are large since the curvature is marginal in the experimentaily

accessible temperature range (Tan e al., 1996).

The linearity of the temperature-deperdent data, monitored using tyrosine/tryptophan
fluorescence, is consistent with a sl heat capacity change (ACDU: = () between the
native state and the transition states. The apparent heat capacity value for the fast
phase is smaller than that of the slow phase and therefore the transition state for the
fast phase is more closely related to the pative state in terms of compaciness. There
are many factors that contribute to the positive heat capacity changes for unfolding
such as the increase in configurational freedom of the polypeptide chain due to the
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disruption of tertiacy interactions. In general, howeves, the hydration of hiydrophobic
groups that become exposed upon unfolding contributes the miost to the heat capacity
change (Privalov and Gill, 1988).

The change in the heat capacity (ACyn-y) value for unfolding, as for the m-value, can
be estimated by relating the surface area exposed to the size of the protein (Myers ez
al., 1995). This correlation (r = 0.97) is described hy ACpn.y = -251 + 0.19(AASA)
where AASA is the change in the solvent-accessible surfiice area upon unfolding and
is 4019942 for hGST Al-1. For hGST Al-1, the heat capacity change for complete
unfolding is estimated to be 7.39%cal'mol'K. To determine the relative heat
ca;;ﬁcity changes this value is used instead of the value obtained calorimetrically
(DSC) since the glutathione transferase system for thermal unfolding is complicated
by irreversibility and aggregation (Kaplan et 2l., 1997 and section 4.2.2.3). The extent
of buried surface area for each transition state (AC,u™/ACpwy) is 3.4% and 6.5% for
the fast and slow urfolding phases of unmodified protein, respectively and 13.5% for
the single unfolding phase of Cys111-AEDANS hGST Al-1. The compactness of the
unfolding transition states is, therefore, in agreement with the urea and temperature
data shown above. '

The activation energy (calculated using AHy® = EA-RT (Oliveberg ef al., 1995) or
obtained from a linear Arthenius plot) is 21.04 (% 1.89) keal.mol™ and 19.49 (= 1.51)
keal.mol™ for the fast and slow unfolding phases for unmodified protein, respectively.
Similarly, for the single unfolding phase for Cysl111-AEDANS hGST Al-1 the
activation energy is 19.05 ( 2.15) keal.mol™. A high activation energy for unfolding
has also been found for other proteins, for example, dihydrofolate reductase
(Touchette e al., 1986) and T4 phage lysozyme (Chen et /., 1989) and is indicative
of the large number of forces required to maintain the native structure (Matthews,
1993). For the slow phase, the time range and the activation energy could be
indicative of ¢is X-Pro peptide bond isomerisation The cis/frans isomerisation of a
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Figure 19. (a} Eyring plots for the temperature deperidence of the unfolding rate
constant for 1uM unmodified hGST Al-I (v} and 0.8uM Cys111-AEDANY, hGST
Al-1 (o). Unfolding experiments were performed at 8.3M urea, 0.1M NaCl, pH 6.5,

for unmodified hGST Al-1 and 8M urea, 0.1M NaCl, pH 6.5. for Cys111-AEDANS
hGST Al-1. The error bars are as indicated or are cotnparable to the size of the

<ymbol. The plots for unmedified kGST Al-1 (*) fit ¢qually well to a linear fitnction
{~—) and equation 18 {---). The plot for Cys111-AEDANS hGST AI-I {o) is best
fitted to equation 18(-~~ ). The residuals for fitting to a linear function (solid lines, »
unmodified hGST Al-1, o Cys111-AEDANS hGST Al-1) and equatior. 18 (dashed
lines, ® unmodified hGST Al-1, o Cysl11-AEDANS hGST Al-1) are indicated in

panel b.



peptide bond preceding proline is an intrinsically slow process (v = 10-100sec) with a
high activation enerpy (= 20kcalmol™) (Nall e al, 1978). However, the urea-

dependence of the slow phase excludes the possibility of such an isomerisatior.

The large standard devistion of the thermodynamic parameters limits an accurate
evaluation of the absolute values for the enthalpic and entropic contributions to
unfolding, The enthalpy change is large and positive, consistent with a nef gain in
enthalpy as the protein unfolds. The net enthalpy change of the transition state for
protein unfolding is a balance between a gain in enthalpy due to disruption of van der
Waals forces and hydrogen bonding between residues within the protein; a loss in
enthalpy due to the solvation of hydrophobic patches by water and a gain in enthalpy
when the interactions between the water and the solvated non-polar groups ace
broken. The solvation of hydrophobic patches and the subsequent ordering of the
water around these groups into "icebergs" gives rise to the hydratioﬁ effect which
results in a loss in the enthalpy because of the gain in hydrogen bonding (Kauzmaﬁn,
1959). Similacly, the positive entropy gain indicates a balance between the increase
in entropy due to disordering of the polypeptide backbone and side chains and an
entropy loss due to solvation ("ordering") of water around the non-polar groups.

The epparent activation Gibbs free energy in the absence of denaturant (AGy(H:0))
caleulated for the fast and slow unfolding phases according to equation 16, are
17.74keal.mol™ and 23.59kca1.mol'l.,. respectively, Therefore, the slow unfolding
phase represents the transition state for the overall unfolding pathway.

4.4 The non-substrate ligand (ANS) and the unfilding pathway

The dimeric structure of the glutathione transferases results in the formation of a
solvent dccessible V-shaped cavity between the two subunits (section 2.2.3.3). The
cavity (the L-site) has been implicated to be the binding or transport site for the
hydrophobic non-substrate ligand, 8-aniline-1-naphthalene sulphonate, ANS (Sluis-
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Cremer ef ¢l., 1996). ANS binds to the class alpha GST with a relatively high affinity
(Kq value = 16uM)(chapter 5).

The urea-induced unfolding curve of hGST Al-1 in the absence and presence of the
ligand are superimposable, *vithin experimental error. The coincident data, therefore,
indjcates that the two-state unfolding pathway for hGST Al-1 is essentially unaltered
by the presence of ligand (figure 20a). The conformational stability (AG(Hz0)) of
hGST Al-1 in the absence and in the presence of ANS was estimated to be 27.5 (&
3.79) kecal/mol and 25.55 (= 4.34)kcal/mol, respectively, Similarly, the m-values
indicate that the co-operativity of the unfolding transition is unaffected by the
vresence of ANS. In addition, the DSC profile for hGST Al-1 in the presence of
200uM of ANS indicated a single transition with a si'milar'shape and transition
midpoint (=58°C} as that for uncomplexed hGST Al-1 (figure 20b).

Stopped-flow fluorescence-detected unfolding fo: k(ST Al-1 in the presence of ANS
(emission >400nm) indicated that the fast and slow unfolding phases have the same
apparent first order rate constant and amplitude as the uncomplexed protein. At a final
urea concentral,on of 6.5M in the absence of ANS, the rates for the fast and slow
unfolding phases were 16.24 (£0.57)s™ and 0,028 (£0.002)s, respectively. Similarly,
in the presence of 100uM ANS, the rate constants for the fast and slow unfolding
phases were 17.02 (£ 2.36)s™ and 0.025 (+ 0.002)5", respectively.

This data is cousistent with conformational stability studies of the class pi GST in the
presence of ANS and the drig, praziquante! (Ohlmeyer; MSc dissertatic  1997) and
for S. japonicum GST in the presence of the drug, praziquantel (Kaplan; PhD thesis,
1997). The results suggest that the interactions involved in sequestering hydrophobic
ligands at the L-site and the small conformational changes induced by their binding
(Bico -et al., 1995; McTigue et al., 1995) does not impact on the equilibciwn and

117



1.2 T T | 1 T
A. .
-

1.0F v w7 »
.V‘

e
L J
v

Q.8 - ]
L

08I

0.4 +

fraction unfelded 'protein'

e
b4
b+
¥
o2 b * %,
v
i
V .
o ¥ -
[ ] L M| | 1
3 4 5 & 7 8

<®

LV ]

0.0% 4

hadl sl I

ore
L 2

[urea] (M)

1
4

0.0

-
L

~0.001

rertmrassuramabarm Y

=0.002

TFTE by,
e L TSP

—0.003

c, (/a/X)

--0.004

-3.005

~0.008

temperoture
)
Figure 20. (a) Urea-induced equilibrium unfolding curves for 1uM hGST Al-1 in the
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kinetic unfolding pathway of glutathione transferases. In addition, the rather large Ky
for ANS is cousistent with a minimal effect on stability. This is in contrast o -
conformstional stability studies in the presence of G-site ligands (Erhavdt and Dirr,
1996; Parsons; MSc dissertation, 1997) where the presence of these ligands
 influenced the stability of the glutathione transfetases.

4.5 Discussion

The equilibrium unfolding of hGST Al-1 is consistent with a fwo-state transition
between native dimer (N3) and unfolded monomer (U) (f.e., Nz +» 2U). This simple
dynamic equilibrium is consistent with an "all-or-none" process for unfolding of a
homtogeiteous population of native protein and is well documented for a large number
- of proteins (Schmid, 1992) includia:, “:e ghutathione transferases (Ditr and Reinemer,
1991; Erhardt and Dirr, 1995; Kaplzn ef al., 1997). The single transition, therefore,
implies that all molecular conformations of hGST Al-1 can be divided into either
folded dimer or unfolded monomers, which are separated by a high-energy barrier.
The absence of an observable intermediate indicates that any intermediate(s) are
insufficiently populated and too short-lived.

The equilibrium unfolding of several dimeric proteins have been analysed
satisfactorily using the two-state denabnration model (Neet and Timm, 1994). The
absence of a stable folded monomeric or dimeric intermediate for proteins such as the
. Arc repressor (Bowie and Sauer, 1989), the Trp apofepressor (Gittelmann and
Matthews, 1990) and the cyfosolic glutathione transferases suggests that each
monomer cannot be separated into distinct folding umits. All subumits of the
glutathione transferases have been described, albeit subjectively by eve, as
comprising of two domains, Domain I and H of each subunit were identified by visual
inspection of the crystal structure of the porcine class pi glutathione transferase
{pGST P1-1) (Reinemer et al., 1991),
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An algorithra described by Siddiqui and Barton (1995) was designed to accurately
identify domains. The algorithm explicitly locates domains that comprise of one or
two continuous :egments of the proteln chain but may be used to locate domains that
include mote than two segments. The algorithm identified each subunit of the
glutathione transferase as being comprised of only one dotain. The reason for this
mdy be atteibub- & - “-ege sumnber of inter-domain interactions. Therefore, for the

cytosolic ghuta* " .. - “he stability of the individual dowmains may not be
significant and i #. : 3.0{1 or the association of the two domaing would
not be detectable, -

For hGST Al-1, as for all cytosoiic éiutathione transferases studied thus far, the free
energy of stabilisation of the native twee-dimensional state is high (approximately
25keal/mol) and the transition betwéen native dimer and unfolded monomer is highly -
co~operative. This implies that the quaterrary structre (i.e., the subunit-subunit
interactions) of all cytosolic glutathione transferases is necessary for stabilisation of
the tertiary siructure of each subunit. All cytosolic glutathione- transferases have
distinet quaternary structures which are comprised of identical or non-identical
subunits with interactions at the subunit interface formed primarily between domain I
(alpha helix 2) of one subunit and domain II (alpha helix 3 and 4) of the édjacent
subunit. The minimisation of the accessible surface area (~14%) is the driving force
for dimer formation (section 2.2.2),

In general, the alpha/mu/pi enzymes display greater stability than their evolutionary
forerunniers namely the class theta and sigma (unpublished data from our laboratory).
This may be explained in part by the differences observed between the subunit
interfaces. At the end of the interface two different types of subunit-subunit
interactions are apparent {section 2.2.2). For the alpha/mu/pi classes there exists the
hydrophobic "lock-and-key” type interface (figure 4) in contrast to the more
hydrophilic interface present in the sigma and theta classes (Ji ef al. 1995). The
"ock-and-key" (ype interface whilst important for the stabilisation of the native three
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dimensional structure is not a criteria for dimer formation, at least for the class theta
and sigma GSTs.

The unfolding kinetics of unmodified hGST Al-1 is biphasic with a fast unfolding
event and a slower main unfolding event. The increase in intensity for the fast phase
indicates 1/ _ 'p20 is transiently exposed to solvent and is postulated to represent the
partial dissociation of domain I and II of each subunit. Complexities in kinetic
unfolding reactions are rare since the transition state for the unfolding pathway is
structurally related to the native state. For many monomeric proteins (Kim and
Baldwin, 1990) and for the few oligomeric proteins studied (Milla and Sauer, 1994;
‘Liang and Terwilliger, 1991; Gitteiman and Matthews, 1990) unfolding kinetics are
monophasic, congistent with an "all-or-none” unfolding’ mechanism for a
homogeneous population of protein. The single unfolding reaction implies the
existence of 2 single transition state or a set of energetically similar transition states.

Complex unfolding reactions have been observed for some proteins and originate
from either multiple states of the native protein {(example, dihydrofolate reductase
(DHFR) (Touchette e af,, 1986) or from kinetic coupling betweern peptide bond
isomerisation (example, RNase (Houry et al., 1994, Houry and Scheraga, 1996)) and
the actual folding reaction (Kiefhaber, 1995), Proteins that unfold via a structural
intermediate often display non-linear denaturant dependence of the rate of unfolding
(refetred to as a "rollover") at high dematurant concentrations. The "rollover" is
indicative of a change in the rate limiting step and has been observed for the P22 Arc
repressor (Jonsson ef al., 1996); Staphylococeal nuclease (Walkenhorst ef al., 1997)
and Rhodobacter capsulatus cytochrome ¢, (Sauder et gl., 1996). The absence of a
"rollover" for hGST Al-1 suggests that there is no change in the rate limiting step and
therefore the fast unfolding event represents a partial dissociation of the two domains
rather than the formation of a structured intermediate.



Urea and temperature characterisation of the apparent unfolding rate constants enable
the location of the transition states for unfolding and the transition state properties are
described by the relative kinetic m-values (my/m) and the relative heat capacity values
(AC,,UII ACpn-y). The transition stare for the fast unfolding event (3%) is more closely
related 1o native protein than the transition state for the main_tmfolding gvent (6%).

_'This is consistent with a transition state for each event that has an extensive system of
intramolecular interactions (not necessarily the same as those in the native protein)
and that has a structure that is compact. The apparent activation Gibbs free energy
changes for unfolding in the absence of denamrant, indicate that the slow unfolding
phase has the largest apparent Gibbs free energy change (23.5%kcalmot™) and
therefore represents the overall transition state for the unfolding pathway of hGST-
Al-1. )

A sequential unfoldirg pathway, based on structural and experimental evidence, is
proposed to describe the unfolding properties of hGST Al-1:

Nz —c Ng‘ -‘+2UA

where N, represents the folded dimeric state, N represents a native-like dimer or
dimeric intermediate and U, is an unfolded monomeric state of hGST Al-1. The
melusion of an additional isomerisation reaction between different unfolded states of
AGST Al-1 is supported by crystallographic evidence (Sinning ef al., 1993). The
reaction, 2U, <> 2Us, would represent the cis/trans isomerisation of X-Pro peptide
bonds, Cis/trans proline isomerisation was not observed since the conditions used
were insensitive to structures that vary only in their bond orientations. There are ten
proline residues per subunit of hGST Al-i, dne of which is in the cis configuration
(cis Val54-Pro55). The importance of cfs X-ProS5 in maintaining the structural
integrity of the enzyme has been investigated using site-directed mutagenesis (Wang
et al., 1993a). |
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The pathway proposed incorporates the two events observed using Tyr/Trp and only
Trp fluorescence as well as the single event monitored by energy transfer to or direct
excitation of Cys111, which was covalently labelled with the fluorescent AEDANS
group, For the pathway monitored using Tyr/Trp fluorescence, the fast unfolding_
event can be described by the Na —> Ny reactioﬁ. This event is proposed to represent
the partial dissociation of the two structurally distinct domains, at the domain
interface, near the Trp20. The dissociation results in a npative-like dimeric state or
dimeric intermediate that resembles the folded state in terms of solvent exposure and
hydrophobic interactions. The fast unfoldmg event is followed by a slower unfolding
event (No — 2U,) which represents complete dissociation end unfolding of the
native-like dimer into two unfolded monomers. This event is also represented by the
- single phase observed using AEDANS labelled Cys1ll hGST Al-l. The two-state
(dimer/monomer) equilibrium unfolding transition excludes the presence of a stable
folded monomeric state along the unfolding pathway. This slow unfolding event
observed using Tyr/Trp fluorescence and the single event observed using AEDANS
labelled hGST Al-1 have similar urea and temperature properties suggesting that
their transition states occupy similar positions on the reaction profile based on solvent
accessibility.

4.6 Conclusion

The unfolding properties of hGST Al-1 are described by a iwo-step sequential
unfolding pathway which incorporates the two-state folded dimerfunfolded monomer
equilibrium transition and the fiuorescence-detected stopped-flow unfolding kinetics.
The pathway involves the formation of a transient dimeric intermediate with partially
dissociated domain I and II, at or near the Trp20, of each subunit. The intermediate
then unfolds completely into two unfolded monomers, The urea-dependent and
thermodynamic activation parameters for the unfolding pathways indicate that the
transition states for the unfolding pathway are native-like and compact suggesting
that the disruption of the hydrophobic core during unfolding of hGST Al-1 is partly
rate-determining.



CHAPTER 5
THE STABILISATION OF THE HYDROPHOBIC CORE OF DOMAIN II OF
GLUTATHIONE TRANSFERASES BY A TOPOLOGICALLY CONSERVED

' RESIDUE IN ALPHA HELIX 6

5.1 Hydrophobic core in domain II of glutathione transferases

The three-dimenstonal struchures for all gene classes of the glutathione transferases

show similar archetypal folds (see Dirr ef al., 1994b; Wilce and Parker, 1994)

(section 2.2). An interesting feature of the three-dimensional structore is the presence

of two hydrophobic cores, one located in the smaller N-terminal alpha/beta domain

 (domain I) and the other located in the larger C-terminal all-alpha-helical domain
(domain IT) (Sinning et al., 1993). :

In domain I, the hydrophobic core is formed by the packing of the alpha belices 1 and
3 against the B-sheet arrangement. The (B-sheet is formed by the arrangement of four
beta strands in the order beta sheet 2, 1, 3 and 4 with the beta strand 3 aligned anti-
parallel to the others. The alpha helix 2 packs against one edge of the B-sheet and the
alpha helices 1 and 3 pack against the other edge to form a compact liydrophobic core
(Sinning ef al,, 1993). In domain II, the alpha helices 4, 5, 6 and 7 with their
connecting loops pack against each other and the interior forms the hydrophobic core.

In the hydrophobic core of domain II, a hydrophobic amino acid residue (Leul64,
alpha; Lenl57, pi; Leul63, mu; Leul60, sigma; Leul38, S japenicum; Vall63, theta)
is topologically conserved throughout the gené classes. A sequence alignment and an
overlay of ribbon diagrams of the alpha helices 6 and 7 for all the gene classes is
depicted in figure 212 and b, respectively. A comparison of the secondary structural
elements of the representative gene classes is shown in table 1. In general, the
positions and lengths of the alpha helices 4, 5, 6, 7 and 8 for all ¢lasses of GSTs are

similar.

124



The effect of an amino acid mpl%eﬁent in the hydrophobic core of domain I was
investigated . using hGST AlI-1. Leul64 in the class alpha GST has a solvent
accessible surface area (SASA) of 242 (Sinning ef al.. 1993). The aliphatic residue,
Leul64 (in alpha helix 6) is encapsulated in a cavity lined by Phel33 (in alpha helix
5), Leul60, Vall61, Val167 (all in alpha helix 6) and LeulBi, Leul84 and Lysi85
(all in alpha helix 7) (figure 21c). The truncation of the Leul64 side chain by
replacement with Ala was designed to minimise gross structural rearrangements of
the folded state of the protein. The deletion of the side chain will remove defined van
der Waals interactions without introducing new ones and in this way prevent any
change in the stereochemistry of the protein. Valine was not chosen as the
replacement amino acid because it is the topologically equivalent residue in the theta
class glutathione transferase and the substitution to Ile was not tonsidered because of
the change in the side chain branching. '

5.2 Characterisation of L164A> DNA
The pertinent segment of the wild-type nucleotide sequence encoding hGST Al-1 and
the corresponding amino acid sequence targeted for mutagenesis are represented in

figure 22a.

The transformed E.coli X-L1 blue cells were screened for mutant DNA by means of
restriction analysis (figure 22b). Mutant DNA restricted with Sac I shows a single
linear b  of approximately 4000bp in size (lane 3) in contrast to wicut closed
 circtilw, mutamt and wild-type DNA (lane 2 and 6, respectively) which are
approximately 3800bp in size. The restriction of the mutant DNA with Sac I,
therefore, confirms the successful incorporation of the unique restriction site. In
cohtrol lanes, mutunt (lane 4) and wild-type (lane 8) DNA show identical banding
patterns when restricted with Pst L

21 164A refers to the teplacement of the wild-type leucine (L) residee at position 1564 with alanie
(A
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< Helix 6 > < Helix7 >

150 170 179 190
Alpha GBRLSRADIELVENUYYVEELDSSLISSFPLLRALRTRISHLPTYRRFEQD - v m e
Sigma CESHTLADLECYVAUEVPLRETPELERDCPRIVASRRRVARC PRIAATLRRRRVROF---- <
Mu  EDRYTYVDFLAYDILDQYHIFEIRCIDAFDPNLRDFLARFEGLERISAYHRES —~-- -~ fama—
Bi §SQISFADTRLLDUHRIBQVLN? SCEDAFPLLSAYVARESANPRIRAFLASPERVNRITNGRGR
Si26  ¢PEVTEYDPHEYDANDYPLTIDPECEIAFPRLVCFRERIEATPOIDRYIRE-~mmmmmmmm oo
Theta CRSLTVADLALLASYISTFEVAGFDFSRTANVARUTANARTVAPGFDERWELCT «mmnmmmm-=

Figure 21. (a) Sequence alignment and (b) overlay of cartoon representatives of the
alpha helices 6 and 7 for representative classes of GSTs: class alpha (1guh); class
sigma (1gsq); class mu (lgst); class pi (2gst); S. japonicum (1gne) and class theta (L.

cuprina; 1gstt). The code actession numbers (indicated in parenthesis) were obtained
from the Brookhaven Protein Data Bank. The numbering and position of the alpha
helices is for the cless alpha GST. The spatial localisation of the topologically
consetved aliphatic residue is indicated. The alignment and supérimpoﬁiion was
performed using WPDB v.2.0, (Shindyalov and Bourne, 1996). (¢) Hydrophobic core
of GST Al-1 indicating the side chains of Leulé4 (in alpha helix 6; bold) Phel33
(helix 5), Leu160, Vall6l, Vail67 (helix 6) and Leul81, Leul84 and Lys185 (helix
7). Figure was generated using Rasmol (Sayle, 1994).
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Similarly, mutant and wild-type DNA were both linearised (lanes 5 and 9,
respectively) when restricted with Pvu 1.

The éntire mutant DNA encoding the protein was sequenced and the sequence
analysis of the pertinent region is indicated in figure 22c. The Sac I restriction site
GAG CTC and the CT' C—GCA codon change with the inferred amino acid sequence
confirming the mutation are indicated. -

5.3 Physicochemical properties of wild-type and L.164A hGST Al-1

5.3.1 Expression and purification

The L164A enzyme was expressed in E. coli and purified using S-hexylglhutathione
affinity chromatography in a manner identical to that for the wild-type enzyme. The
pwified mutant protein .ﬁas-a similar tertiary structure (subunit molecular mass =
27kDa) and quaternary structure (dimeric molecular mass ~ 55kDa) as the wild-type
enzyme. In addition, the single symmetrical peak obtained from SEC-HPLC indicates
that the hydrodynamic volume of the mutant protein was not altered.

The intracelfular yield for the L164A enzyme was substantially lower than that
obtained for the wild-type enzyme. A total of 25mg for the wild type and 15mg for
the mutant protein were obtained from 900mls of .ell culture. The reason for the
lower yield was not investigated since sufficient protein was obtained for the
structure-function studies. However, based on the thermal-stability studies (section
5.4) it is possible that protein expression was decreased as a result of temperature
sensitivity at 37°C. The decreased yield was not the result ~7 different binding
affinities for the affinity mattix (immobilised S-hexylglutathione) because both
enzymes showed similar binding properties with $-hexylglutathione (section 5.3.3). -
The decrease in the yield may be consistent with a greatér susceptibility to proteolytic
degradation as the native state becomes less stable, Urea-induced equilibrium
unfolding studies support a destabilis~tion of the L164A ¢: zyme (section 5.5).
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5' GAG CTG GTG GAA CTT|CTC|TAC TAC GTC 3
H L V E LIL|Y Y V

Figuare 22. (a) i fon of the wild-type fucleotide sequence and cotresponding amino
acid sequence coding for hGST Al-1 targeted for mutagenesis (red). (b) 1% (v/v)
agarose gel of wild-type and L164A DNA. Lane 1 and 10, ADNA restricted with
Hind{IT; lane 2 and 6, undigested mutant and wild-type DNA, lane 3 and 7, mutant
and wild-type DNA restricted with Sacl; lane 4 and 8, mutant and wild-type DNA
restricted with Pstl and lane 5 and 9, mutant and wild-type DNA restricted with Pvul.
(c) Autoradiogram of pertinent region of L164A DNA: the Sacl restriction site (GAG
CTC) and the codon change CTC — GCA which results in the Leu-Ala replacement
are indicated.
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5.3.2 Spectroscopic properties of L164A hGST Al-1

The tryptophan (exmtatmn at 295nm) and the tyrosmeftryptophan {(excitation at
280nm) emission spectra for the mutant protein have an emission maximum (at
325nm) and intensity similar to that of native wild-type enzyme (figure 23a and b).
Therefore, Trn20 remains the local. reporter of events occurting at the interdomain
interface and this region is largely unperturbed by the mutation. Second-derivative
analyses of the UV-spectra of native wild-type and mutant enzyme are shown in
figure 23¢. The ratio (r) was calculated to be 1.43 and 1.63 for the mutant and wild
type enzyme, respectively. The slight increase (=~ 12%) in the exposure of the tyrosine
residues for the mutant enzyme is within experimental error, In general, therefore, the
“overall tertiary structure and the polarity of the tryptophaﬁ and tyrosine environment
were unaltered by the amino acid substitution.

5.3.3 Steady-state kinetic properties for wild-type and mutant enzyme

The steady-state kinetic parameters (Vi Ky anid keg/Kyn) for the wild type and mutant
enzymes towards the electrophilic substrate (CDNB) and reduced glutathione, are
surrimarised in table 7. The specific activities for the wild type and mutant enzymes
are similar and the replacement of Leul64 with Ala does not significantly change the
steady-state kinetic parameters towards reduced glutathione and CDNB. The steady-
state kinetic parameters (Ku, Kea/Ka) towards reduced glutathione and CDNB vary
from those which have been reported for the wild-type enzyme (Stenberg et al.,
19914a) s a consequence of different assay conditions.

The kinetic inhibition properties of the wild type and mutant enzyme were compared
using the glutathione analogues, glutathione sulphonate and S-hexylglutathione, and
the non-substrate ligand, ANS. The inhibition (ICsp) values are included in table 7.
The replacement of Len with Ala did not cause significant changes in the inhibition
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Figure 23. Fluorescence emission spectra. {a) Excitation at 295nm for SuM wild-type
(-—) and L164A (-~} hGST Al-1 and (b} excitation at 280nm for SuM wild-type
(—9 and L164A (----) hGST Al-1. (¢) Second-derivative UV-spectra for SuM witd-
type { —-—-) and L164A (——) hGST Al-1.



characteristics of the enzyme. The CDNB-conjugating activity of the wild type and
the mutant enzyme was inhibited competitively by the glutathione analogues, with S-
hexylglutathione being the most effective inhibitor. The reason for this is that the
hexyl-moiety of the S-hexylglutathione conjugate oceupies the H-site and therefore
prevents the binding of the electrophilic substrate. The non-substrate ligand, ANS,
results in non-competitive inhibition of the CDNB-conjugating activity of the wild
type and mutant enzymes. This type of inhibition by ANS has been reported for the
class pi (Bico er al., 1993), the class alpha (Sluis-Cremer er al,, 1996) and the class
mu (Warholm ef al., 1983) GSTs. The mode of Uinding of the drug, praziquantel, to
the non-substrate ligand binding site (L-site) of the S. japonicum GST, ie., one
" molecule per protein dimer, has provided an explanation for the observation of non-
competitive inhibition (McTigue ef al, 1995). It is, therefdre, possible that the
presence of the-ligand in the L-site blocks one of the active sites at a time and
therefore through steric hindrance results in 50% inhibition of the CDNB-conjugating
activity, The binding affinities (Ky) of the wild type and mutant enzyme for ANS,
assessed by tryptophan quenching, were also unchanged (table 7). -

Therefore, the amino acid substitution did not have a significant effect on the
protein's overall structure and conformation of the active site and non-substrate
ligand-binding site (the L-site). -

5.4 Thermal stability

The thermal stability of the wild type and the L164A hGST Al-1 enzymes were
assessed using heat-inactivation studies. The thermal inactivation profile for the wild-
type enzyme has a steep transition between 50°C-60°C (figure 24). In contrast the
mutant enzyme has- a broader transition between 40°C-60°C. The temperature at
which there was 50% remaining activity (T} was 58°C and 52°C for the wild type
and mutant enzyme, respectively. The decrease in thermostability may be explained
in part by the loss of van der Waals interactions necessary for stabilisation of the
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‘Table 7. Kinetic parameters for wild-type and L164A hGST Al-1. All values ate the
result of data fitting to the mean of at least three repiicates with variation typically
10%. ' - '

Parameter Wild-type hGST Al-1 | L164A BGST Al

Specific activity " |54 ' T
{pamiol/min/mg)

Varied [GSH]: i

Ve (umol/min) 0.0123 0.0152
Ko md) 0.138 " 0.104
Kead Ko (iM'5 ) 218 200.9
Varie< [CDNBI:

Vo (pmol/min) 0.0113 0.0134
Ko (mM) 027 _ 0.24
ket K (M5 1005 111.7
Binding affinities (UM):

S-hexylglutathione (ICsg) | 1.25 1.34
Gintathione sulphonate | 8.9 ' 110
(Cs0) |
ANS

(ICs0) ' 100 100
(Ka) 16 16
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Figure 24. Thermal stability of the wild-type (#} and L164A (o) hGST Al-1 assessed

by heat-inactivation assays. 3nM of the protein was assayed after incubation at each

temperature for 30minutes.
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native state of the protein, In addition, the alpha helix 6 forms non-specific
hydrophobic interactions with the alpha helix 1, which is an integral part of the active
site. It is, therefore, possible that the decreased thermostability of the 1.164A hGST
Al-1 may be the result of a local conformational change in the alpha helix 6, which

has an impact on the active site,

5.5 Equilibrivm unfoiding of L164A hGST Al-1

5.5.1 Reversibility of the unfolding transition

The reversibility of the urea-induced equilibrium unfolding was assessed by a tenfold
dilution of denatured mutant protein and assessed using fluorescence spactroscopy (as
a structural probe) and enzyme activity (as a functional probe). The tryptophan
emission spectruin (2xcitation at 295rmy} for the native state of tize mutant protein has
a maximum at 325nm which upon denaturation is red-shifted to 355nm with a
concomitant decrease in fluorescence intemsity (figure 25). These. fluorescence
properties are idenfical to those for the wild-type enzyme (section 4.1). Refolding of
the mutant enzyme resulted in the regain of approximately 80% of the fluorescence
emission intensity at 325nm. Similarly, 76% of the initial activity of the protein was
regained. The reversibility of the unfolding reaction although substantially lower than
that for the wild-type enzyme still resulted in a catalytically functional conformation.
The lower recovery of refolded protein for the L164A hGST Al-1 may be the
consequence of a competing side reaction such as aggregation,

5.5.2 Equilibrium wifolding transition and protein concentration dependence
The wrea-induced equilibrium unfolding transition for L164A hGST Al-1 was
monitored using steady-state tryptophan fluorescence, anisotropy decays and the
binding of ANS (structural probes) and enzyme activity (functional probe). The
principles of the techniques, as local and global probes for unfolding, were discussed
in section 4.2.2.1.
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Figure 25, Fluorescence emission spectra for 0.45uM L164A hGST Al-l in the
absence (N; —) 4nd in the presence of 8M urea (U; - ). Reversibility of unfilding
(0.45pM in 0.8M urea) (R;---) was compared with a control spectrum (— —),
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The unfolding resction of the mutant enzyme shows a single sigmoidal transition
suggestive of a two-state (folded dimer/unfolded monomer) transition. The
coincidence of the data obtained for the various structural probes provides support for
- the two-state unfolding/refolding reaction (figure 26a).

‘The non-coincidence of the sigmoidal unfolding transition for enzyme activity and
Trp fluovescence (inset of figure 26b) is similar to that observed for the wild-type
enzyme (section 4.2.2.1). The urea-induced unfolding transition for IpM L164A
muterit hGST Al-1 has a midpoint at 3.0M wrea for the enzyme activity
measurements and 3.6M urea for the fluorescence measurerments.

The protein concentration dependence of the midpoint of the unfolding transition,
monitored using tryptophan fluorescence, for 1.164A hGST Al-1 provides definitive
evidence for the two-state reaction (Neet and Timm, 1994) (figure 26b). The
conformational stability parameters, AG(H20) and the m-value, normalised to 1M
protein, for the curves are in close agreement (0.1uM protein, AG(H0) = 17.71 (&
1.02) keal/mol and m = 2.24 & 0.167) keal/mol/M of urea; 3uM protein, AG(H0) =
18,15 ¢ 1.33)keal/mol and m = 2.67 (£0.242)kcal/mol/M of urea) which validates the
- two-state modei. The increased stability with the inctease in protein concentration is
consistent with a bimolecular reaction i.e., Ny <+ 2U, where the equilibrium constant,
X = [UP/IN;) is governed by the law of mass action.

The two-state transition for the unfolding and dissociation of the L164A hGST Al-1
suggests that the amino acid replacement does not alter the overall equilibrium
unfolding/refolding properties.

5.5.3 Analysis of the equilibrivm unfolding transition

A comparisoti of the unfolding transitions for the wild type and mutant LGST Ai-1
indicates a destabilising effect as a consequence of the Leu~>Alal64 substitution. The
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Figure 26. (a) Urea-induced equilibrium unfolding curves for 1,0 L164A hGST Al-
1 monitored by Trp20 fluorescence (V), anisotropy decays {0} and the binding of
ANS (#). Inser: equilibrium-unfolding transition for enzyme activity (o) and Trp
fluorescernice (@), (b) The protein consentration dependence of the unfolding transition
for L164A hGST Al-1 at 0.1uM (o) and 31M (9). Trp was selectively excited at

295nm and emission measured at 325nm and 335nm.

137



concentration of urea that was required to unfolding 50% of the protain (i.e., the Cy)
was 4.5M for the wild type and 3.6M for the mutant, The satisfactory fit of the mutant
protei. to the two-state assumption enables the conformational stability te be -
 estimated. and the relative stability's of the wild type -and mutant enzyme to be
compared. The free energy change in the absence of denaturant (AG(H:0)) was
estimated usiag the linear extrapolation method of Pace ef al. (1989)(chapter 3)
AG(H,0) for 1uM of the wild-type enzyme was estimated to be 27.5 (= 3.8) keal/mol
and for 1uM of the mutant enizyme it was estimated to be 16.8 (& 2) kcal/mol.

The decrease in stability as a consequence of the mutation can be quantified. The
difference in free energy of unfoldmg for the mutant and wild type enzyme {AAGw.y)
can be calculated using three different methods (Kellis e al., 1989: Jackson ef al.,
1993a). AAGy.y can be calculated from AAGny = (AGH:Owila ype - (AG
(Hsrweanee This method assumes that the errors resulting from the linear
extrapolation method are small, Although, the values of AG(H;0) have been found to
be reasonably accurate the precise linearity between the Gibbs free energy of
unfolding and denaturant is questionable (Kellis ef al., 1989). In addition, the
AG(H30) value may not be sufficiently precise for caloulating AAGy.y because the
extrapolation from the measurable range (in the transition) is long and the least
accurate estimates of Ky and hence AGy are in the pre- (folded) and the post-
transition (unfolded) baselines.

The AAGy.u can be measured in the presence of denaturant to prevent the farge errors
that result from the linear extrapolation method. The presence of denaturant does not
affect the interactions of the buried hydrophobic groups in the folded state but may
increase the solubility of the hydrophobic groups in the unfolded siate. The
contribution may be in the range of 0.1-0.2kcal/mol and therefore does not alter the
apparent AAGy.y valus significantly. For a number of proteins, the value of AAGy

in the absence and presence of denaturant are in agreement with each other {Kellis ef
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al., 1989; Serrano et al., 1992; Jackson ef al., 1993a). The procedure used here takes
advantage of the high reproducibility in ineasuring the urea concentration of the
midpoint of the unfolding transition (Cn, or [ursalses). AAGwy = 0.5(Mwilaype +
-m,gma[m*ea]mg- where [urea]soy is the difference between tie vrea midpoint for the
wild type and mutaut enzymes. The equilibrium unfolding data for Leu —Alal64 was
fitted to this equition because of the change. in the m-value as a result of tf ¢ amino

acid substivnion.

The truncation of the leucine side chain to alanine results inn the deletion of three
methylene {-CH,-) groups. The energetic cost of deieting one-to-three methylene
groups has been correlated with the free energy loss on creation of a cavity in the
hydrophobic core of a protein (Kellis er al., 1988,1989; Shortle ef al., 1990). The
AAGwy (4.05M urea) for the Leu—>Alal64 mutation in the hydrophobic core of -
domain II of {:538T Al-1 was calculated to be 3065.0¢cal/mol, Therefore, the mutation
destabilised the native state of hGST Al-1 by approximately 0.51keal/mol per
methylene group deleted. The effect of cavity-creating mutations on the swability of a
protein has been extensively studied and generally, for a Leu to Ala mutation the
stability change was 4.38 (+1.39) keal/mol (Jackson ef al., 1993a and references
therein) which is equivalent to 1.0-1.6keal/mol per -CHz- group deleted.

In addition to +he change in stability, tre L164A hGST Al-1 also displays an
unfolding transnion that is much broader than that ot e wild-type enzyme. The m-
value for the unfolding transition was 4.22 ( 0.79) keal/mol/M of urea for the wild-
type hGST Al-1 and 2.59 (& 0.32) keal/mol/M of urea for the L164A hGST Al-1.
This value is indicative of the co-operativity of the non-covalent interactions required
to maintain the nstive state and it i.  oportional to the amount of additional swface
area (AA) exposed upon denaturation, AA = Ay -Ay where Ay is the surface area
exposed of the dervatured (U} state and Ay is the surface area =xposed the native (N}
state (Schellman, 1Y78).
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The change in the m-value can be inierpreted in several ways (Lim er al, 1992;
Shortle, 1995; 1996), First, it may reflect the difference in the expose- surface area of
the native or the denatured state. For SNase, a number oo rmutations in the
hydrophobic core resulted in varying m-value effects. In general, the tn-value effect
may be desctibed as a result of a significant decrease in the responsiveness of the
equilibrium between folded dimer and unfolded monowsr to the denaturant. The
change in the reversible denaturation reaction is the result of covalent changes in the
proteins structure and the basis of the change lies in the energetics of solvation of the
denatured state (Shortle, 1995).

The second interpretation is that the change in the m-value may reflect a deviation
from. the two-state behaviour. If an additional state of intermediate structure and
stability was populated the unfolding transition would be broader and the m-value
lower. The third interpretation for an altered m-value relates to changes in the
interactions of the denaturant with the molecules in the denatured state (Arakaws and
Timesheff, 1984). The influence of the action of denaturants is not well undersiood
but evidence does support the view that their action is on the denatured state (Shortle,
1996).

The reason for the decrease in the m-value for the L164A hGST Al-1 is not clear,
The decrease in the co-operativity of the unfolding transition may simply be a
consequence of a decrease in co-operativity of the non-covalent forces that stabilise
the native protein state. Although L.164A hGST Al-1 has coincident unfolding curves
it is proposed that partially folded species may be populated, to a small extent, in the
transition zone. The change in the m-value has been correlated with the change in
stability upon substitution of a hydrophobic amino acid residue for the protein, SNase
(Shortle e ai., 1990).
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5.6 Unfolding kinetics of L164A hGST Al-1

5.6.1 Fluorescence-detected unfolding kinetics

The unfolding reaction for L164A hGST Al-1 was monitored using Tyo/Trp
fluorescence (excitation wavelength of 280nm) (figure 274). The kinetic trace for the
mutant, when compared with the initial and final equilibrium baselise values
indicates that as for the Wild-type protein the unfolding reaction cannot be described
by a simple monophasic change (figurs 27a and inset), However, in contrast to the
wild-type protein, the early unfolding phase was not observable ie., it occurred
within the dead time (2ms) of the stopped-flow apparatus. After the burst phase, that
by comparison with the native baseline values results in an increase in the
fluorescence intensity (the fast phase), the fluorescence intensity decreases to its
equilibrium value (the slow phase). To maintain consistency for comparison with the
wild-type reaction, the two events are referred to as fast and slow unfolding events.
The slow unfolding event is best described by a single exponential function (see-
residuals figure 27a). Both phases occur throughout the range of denaturant
concentrations (3.8M-8.3M urea) and temperatures (10°C-35°C). '

Unfolding kinetics of the fast unfolding phase of L164A hGST Al<1 atf 10°C using a
SM urea-concentration jurmp muade it possible to observe the fast unfolding event
(figure 27b and inset). Under these conditions, the amplitude change observed was
about 100% of the total change expected.  Therefore, the observation of the fast
unfolding phase depends on the conditions of the study. The fast unfolding phase
under these conditions was best described by a single exponential function {see
residuals, inset of figure 27b). The apparent unfolding rate constant was 1095 which
is about 75-fold faster than the apparent unfolding rate constant for the fast unfolding
phase for wild-type hGST Al-1 (kupp = 1.495™") under identical unfolding conditions.

The occurrence of the fast phase for mutant protein as a busst phase at higher

temperatures due fo its increased apparent unfolding rate constant supports the
destabilising effect of the amino acid substitution.
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5.6.2 Urea-dependence of the unfolding rate and amplitude

The rate of unfolding of the mutant enzyme increased as conditions favoured the
unfolded state and the urea-dependence of the data was best fit to a linear function (r
= (.994) (figure 28a). The apparent unfolding rates for the slow phase for the mutant
protein were slightly faster thap the rates for the wild-time enzyme. Therefore, the
mutation has the preatest effect on the fast wifolding event. The denaturant
dependence of the slow unfolding phase for the mutant protein {m, = 259.0cal/mol) is
roughly parallel.to that of the wild-type protein (my, = 270.0cal/mol) suggesting that
the overall kinetic unfolding pathway is unchanged, '

The urea-dependence of the amplitudes for the fast (as a burst phase) and the slow
unfolding phase for the mutant protein are indicated in figuré 28b. The amplitude
change for the burst phase was caleulated using the difference in intensity between
the native baseline value and the start of the slow unfolding event. Both phases occur
from at least 3.8M urea. Their relative percentages inicrease up to SM urea and then
become independent of the urea concentration when the final concentration is greater
than 5M. The overall characteristics of the amplitudes are similar to those for the
wild-type enzyme indicating that the mutation has not resulted in a change in the
populations of the unfolding species or resulted in the formation of additional
unfolded species.

5.6.3 Analysis of the unfolding kinetics

For the slow unfolding phase of the L164A hGST Al-1, the rate of unfolding in the
. gbsence of denaturant (ky (H:0)) is 5.66 x 107s? (obtained from the zero urea
intercept of figure 28a). This corresponds to a time constant of 4.9 hours for the slow
unfolding phase, nearly twofold faster than that for the wild-type enzyme. This is
consistent with a decrease in stability and an increase in susceptibility of the mutant
to proteolytic degradation. The inctease in the apparent rate constant for the mutant
suggests that the activation energy for unfolding in the absence of denaturant
(AG*(H;G)) is lower. AGF(H30) may be calculated using equation 16.
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The change in activation energy for the slow unfolding phase, as a tonsequence of the
mutation, can be calculated by AAGy® = AGyY - AGy* where AGy® and AGy* are the
activation energy in the absence of denawurant for the wild type and the mutant
enzyme, respectively. For the wild type protein at 25°C in the absence of denaturant,
AGy* =23.59kcallmol and for the rutant AGy* = 23.23keal/mol and therefore AAG
is 360.0cal/mol. This value can aiso be determined using the apparent unfolding rate
constant for the wildtype (k,) and mutant (&), AMG¢* = -RTln (kv/k) =
391.8cal/mol. As mentioned for equilibrivm studies the accuracy of the linear
extrapolation method is debatable and therefore these values were calculated using
the rates in the presence of 4M urea, For the rates of unfolding for the wild-type (k)
and mutant (k) in presence of 4M urea are 2.04 x 107%™ and 3.63 x 1037,
respectively. Therefore, AAGy* (4M urea) = 341.2cal/mol. '

The data obtained uader the different conditions ate within experimental error. The
overall change in the activation energy as a consequence of the mutation (AAGy®) is
compared with the change in the Gibbs free energy (AAGu.y from equilibrivm.
studies) to provide structural information on the transition state for the slow unfolding
phase (Kellis et af., 1988, 1989; Matouschek e al., 1989; Fersht et al., 1992: Jackson
et al., 1993b).

Information on the structure of the transition state for unfolding was calculated using
the ratio ¢y = AAGy*/AAGy.y (Kellis ef al., 1988). For Leu-->Alal64, the value of ¢y
(4M wraa} 's 0,112, There are two extreme values of ¢y that can be interpreted in a
simple manner (Kellis et al,, 1988; 1989; Matouschek et al,, 1989; Jackson ef al.,
1993b). A value of 1 means that the region of the tutation is exposed to solvent in
the transition state o the same extent as in the unfolded state, In contrast, a value of 0
means that the interaction energies in the transition state are identical to those in the
folded state. In general, the fractional values of dy are harder to interpret. However,
for non-distuptive mutations of a side chain without access of water 1o the site of the
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mutation (as commonly found for aydrophobic core residues) gy can be a measure of
the loss of van der Waals interactions (Matouschek et al.. 198, Fersht et al., 1992).
This assumes that the differerice in solvation energy is small (AC 4y ~ 0) and in the
- case of replacement of one hydrophobic residue for another the assumption is valid
(Fersht et af., 1992), Most protein engineering studies involving the substitution of 2
large hydrophobic amino acid residue for a smaller one and for which three-
dimensional structures are available have shown that water does not eccupy the cavity
created (Ericksson et-aI., 1992; Buckle ef al., 1993). The fractional value of ¢, for the
Leul64 to Ala mutation indicates the partial loss of interactions necessary for
stabilisation of the hydrophobic core. The $y valie suggests that 11 -12% of the
interaction energy made by the C%', C %, C" methy! (ene) groups of Leul64 is lost at
_the transition state for the slow unfolding phase for hGST Al-1. :

Furthermore, the probability of a single water molecule being present in a purely
hydrophobic cavity is estimated to be approximately 1:20 000 (Wolfenden and
Radzicka, 1994), Recently, a water molecule has been found in the cavity of a mutant
protein (Buckle et al., 1996) which raises the possibility that the assumption that all
hydrophobic cavities-are devoid of water may not be valid in all cases. This,
therefore, provides evidence that the alpha helix 6 end therefore the hydrophobic core
of hGST Al-1 remain largely intact in the transition state. Typically for other proteins
studied, for example SNase A, chymc.Jtrypsin inhibitor2, T4 lysozyme and barhase,
changing a hydrophobic residue in the core of a protein result in ¢, values in the range
of 0.3 (+ 0.2) (Matouschek ¢/ al,, 1989 and references therein).

The solvent accessibility of the transition state for the slow unfolding phase for the
mutarit was characterised using the my/m ratio, where m is the value obtained in
gquilibrium unfolding studies for ipM L164A hGST Al-1 (2.59 (& 0.32) keal/mol/M
of urea. The slope (m,) of the slow unfolding phase for L164A hGST Al-1 (figure
28a) is 259.0cal/mol. The ratio is 0.064 and 0.100 for the wild type and
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Figure 28, (a) Urea-dependerce of the unfolding rate constant for the slow phase for
1M wild-type () and L164A (o) hGST Al-1. The solid lines represent the best fit
to a linear function, Unfolding experiments were performed from 3.8M to 8.3M urea
at 25°C, 0.1M NaCl, pH 6.5. The data was fitted to equaticn 14 {3.8M and 5M urea)
and to equation 13 {(urea concentrations greater than 5M). The error bars are as
indicated or are smaller than the size of the symbol. (b) The urea-dependence of the
amplitudes for unfolding for wild-type (#) and mutant (o) hGST AL-1. The amplitude
of the burst phase was calculated and normalised with respect to the fraction-unfolded

measurements obtained in equilibrivm studies.
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mutant enzymes, respectively. Therefore, 10% of the buried hydrophobic surface area
of the native mutant state is exposed at the transition state in contrast to 6.4% for the
native state of the wild-type protein. Therefore, the solvent accessibility of the

transition state has increased as a consequence of the mutation.

5.6~ Temperature-dependence of the unfolding rate
The apparent unfolding rate of the slow phase for L164A hGST Al-1 was
characterised from 10°C-35°C at a final urea concentration of 8.3M. The unfolding
rate constants were related to the Gibbs free energy change in the absence of
denaturant according to the transition state theory {Tan ef @l., 1996). For the mutant
enzyme, the plot of In (koh/kpT) versus T (figure 29z shows distinet curvature and
the residuals (figure 29b) indicated the data is best fit to equation 18 than to  linear
fit. The reasons for the curvature are unknown but may be the result of data deviation
or the consequence of a large heat capacity (Asz) as the protein unfolds, The best fit
to equation 18 for the slow unfolding phase gives the following apparent
thermodynamic activation parameters: AC,t of 807.0cal”mol 'K AH(298K) of
18.50kcal/mol and ASH298K) of 0.3367cal *mol 'K L,

The change in the heat capacity (AC,*) (as for the m-value) can be related to the heat
capacity change for complete unfolding (ACpwy = 7.3keal ' mol 'K} (section 4.3.3;
Myers ef al,, 1995). The extent of buried surface area for the trausition state for the
slow unfolding phase (AC,* /ACyn.u) was calculated to be 6.5% and 11.0% for the
wild type and mutant enzyme, respeéctively, Thereflore, the increase in solvent
accessibility of the transition state as a consequence of the amino acid substitution is

complimented by urea and temperature dependence studies,
5.7 Disenssion

The experimental' dats indicates that the topologically conserved residue (Leuléd,
alpha; Leul57, pi; Leul63, mu; Leul60, sigma; Leul58, S. japonicum; Vall63, theta)
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Figure 29. (a) Eyring plots for the temperature dependence of the unfolding rate
constant for the slow unfolding phase for 1uM L164A hGST Al-1 (Q). The unfolding
experiments were performed at 8.3M urea, 0.1M NaCl, pH 6.5. The error bars are as
indicated or are smaller than the size of the symbol. (b) The plot is best fit to equation
18.
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locar~d 'n alpha helix 6 of domain II is essenitial for specifying and stabilising the
hydrophiobic core of the glutathione transferases.

The functional and gross structural properties of hGST Al-1 wete unaltered by the -
replacement of Leul64 with alanine and the urea-induced equilibrium and kinetic
unfolding studies indicate that the overall unfolding pathway was unchanged.
Therefore, the sequential unfolding pathway proposed for wild-type hGST Al-1
(section 4.5) that incorporated the equilibrium and kinetic unfolding pathway is still '
valid. This is a conservative inferpretation since it is assumed that the mutant is going
through the same unfolding steps as the wild type and that the change in properties is
the consequence of the mutation. It is possible that the unfolding pathway could be
completely different and that a mew path was created as a comsequence of the
mutation {Waldburger et al., 1996). -

The two step sequential unfolding pathway monitored using Tyr/Trp fluorescence is
described by: '

Na—'Na* = 2U

where N, is the native dimer, N»* is the native-like dimer or dimeric itttermediate and
U is the unfoided monomer. For the mutant protein, experimental evidence suggests
that the amino acid substitution had a greater destabilising effect on the fast unfolding
event (which is represented by Na -» N2*) than on the slow unfoldiug event. This
event was proposed for the wild-type enzyme to be the result of the partial
dissociation of domair I and II at the domain interface, near Trp20. Trp20 (figure 8a
and b} is located in the alpha helix 1 of domain I but its indole side chain protrudes
into domain I1 and it has non-specific hydrophobic contacts (within 4A) with alpha
helix 6 (section 4.1). Oni: residue with which the indole side chain of Trp20 interacts
is Tyrl65, located directly alongside Leuld4. It is, therefore, feasible that the
structure of this region has changed to a greater extent than the rest of the protein
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structure. The substantially greater effect of the mutation on the fast unfolding step
suggests that the packing is lovser in the unfolding intermediate (N»*) than in N>. The
slower unfolding event deseribed by Ny* —» 2U, represents the complete dissociation
and unfolding of the native-like dimer into two wnifolded monomers. The absence of a
stable intermediate is supported by the apparent two-state (dimer/unfolded monomet)
transition. The wurea and temperature dependence studies for this unfolding event
describe a small destabilising effect as a consequence of the mutation.

The solvent accessibility of the transition state is described by the relative kinetic m=
velues (my/m) and the relative heat capacity values (ACE!AC,,N.Q). Both values
indicate that the mutation has resulted in a shift of the transition state, albeit slightly,
towards the umfolded state. The native mutant state has an increased solvent
accessibility and is, therefore, not as compact as the native wild-type transition state.
The structure of the transition state for the slow unfolding phase was described by the
¢y value, For the L-eu——->A1a164 substitution, the value of ¢y (4M urea) is 0.12 and this
indicates that approximately 90% of the non-covalent interaction energies are
maintained at the transition state for the slow unfolding phase. Therefore, this implies
that the alpha helix 6, domain I and the hydrophobic core of L164A hGST Al-1 are
largely intact, The hydrophobic core is weakened but the interactions are still
significant enough to maintain the overall structure. Therefore, the disruption of the
hydrophobic interactions in domein If is a partly rate-limiting step for the unfolding
pathway for hGST Al-1 and by implication for the family of glutathione transferases,

For hGST Al-1, the effect of the Leu — Ala suvstitution was investigated using the
unfolding kinetics because the equilibrium and kinetic unfolding properties of the -
wild-type enzyme are best understocd (chapter 4) aud the structure of the initial state
i.e., the native enzyme, has been well elucidated (Sinning ef al,, 1993; Cameron ef al.,
1995). In addition, the refolding pathway for hGST Al-1 displays a number of
complexities (chapter 6) and the. sfore any destabilising eft-. would be difficult to

interpret. However, based on the principle of microscapic reversibility, it is possible
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to infer information about the structure of the transition state for the final event of the
refolding pathway, From the L164A hGST Al-1 studies, it follows that the last event
of the refolding pathway for the glutathione transferases involves the consolidation of
interactions in the hydruphobic core of domain If.

5.8 Conclusion _

The hydrophobic core mutant of hGST Al-1 indirates that the hydrophobic
interactions are important in determining the overall stability of the glutathione
transferases. The jntroduction of a cavity in domain I bas a small effect on the
physicochemical properties 2=d no overall effect on the folding/unfolding pathway of
hGST Al-i. The buried methyl {methylene) groups of Leul6d contribute
~ approximately 3.07kcal/mol to the stability of hGST Al-l. Jnformation on the
structure of the transition state fof unfolding indicates that the hydrophobic core is
weakened and suggests that the breaking of hydrophobic interactions is partly rate-
limiting during the unfolding of hGST Al-1 and by implication for the unfolding of
the family of glutathione transferases.
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CHAPTER 6
REFOLDING KINETIC PROPERTIES OF hGST Al-1

6.1 Refolding kinetics of hGST Al-1

6.1.1 Fluorescence-detected refolding kinetics

The refolding reaction of hGST Al-1 was followed by fluorescence using an
excitation wavelength of 280nm for tyrosine and tryptophan. The refolding kinetics
were monitored at final urea concentrations between 1M and 4.25M and over a 5°C -
40°C temperature range. The refolding kinetic traces for hGST Al-1 show a number
of coniplexities depending on the final concentration of urea (figure 30). At final urea
concentrations between 2.5M and 4.25M the refolding reaction is bipbasic whilst at
urea concentrations less than 2.5M the reaction is triphasie, The thre¢ phases are
referred to as fast, intermediate and slow refolding events. Typically, the fluorescence
intensity increases for the fast and intermediate events, which occuwr in the
millisscond to second ‘me range, following which the fluorescencs intensity
decreases for the slow refolding event. At final urea concentrations of 4M and 4.25M,
the refolding events were monitored using manual mixing studies since the change in
amplitude was not detectable using the stopped-flow apparatus.

The triphasic refolding kinetics indicates that the refolding reaction of hGST Al-1
cannot be described by a simple two-state bimolecular association reaction. The
refolding kinetic trace for the final urea concentration of 3M is indicated in figure 30a
and the residuals for the bisxponential fit in the lower panel, The absence of the siow
refolding phi - is Indicated in the inset of figure 30a. A refolding kinetic trace
monitored using Tyw/Trp fluorescence for the final wrea concentration of IM is
indicated in figure 30b. The refolding data for the fast and intermediate phases are
best described by a biexponential function (see residuals lower panel of figure 30b).
The single slow phase is indicated in the inset of figure 30b and {s best described by a
single exponential fimction (see residuals).
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Figure 30, Refolding kinetics. {a} Final urea concentration of 3M, pH 6.5, 25°C. The fast and the intermediate phases are shown.
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phase to a single exponential function. The lower panels of each trace show the residuals.



Manual mixing studies over a 60-minute time range suppert the absence of the slow
refolding phase at urea concentrations greater than 2.5M,

. A number of control experiments established that the refolding phases were real
events and not the result of aggregation, mixing artifacts or ﬁhotodegradaﬁon.
Identical ‘refolding" experiments were performed using 2uM  N-acetyl-L-
tryptophanamide and 20uM N-acetyl-L-tyrosinamide at a final urea concentration of
IM. "Refolding " monitored by excitation at 280nm yielded a horizontal signel
response, In addition, the possibility that the slow refolding phase was the result of
possible photodegradation of the tyrosine and tryptophan residues was investigated
and excluded since narrowing the slit-width of the monochromatar i.e., reducing the
. intensity of light, did not exclude the observation of this phasel Control experiments
to monitor aggregation and baseline (buffer/buffer, buffer/urea and protéin/urea) runs
were similar to those described in chapter 4 and yielded a horizontal signal response.

Complexities in the refolding of proteins are not unique and indicaie a deviation from
the "all-or-none" two-state mechanism, To investigate if the multiple phases observed
for the refolding of hGST Al-1 are the result of a number of unfolded species in the
pre-transition baseline the initial refolding conditions were varied (section 4.3.1). The
amplitudes and rates for the three refolding events show a slight but varigble
dependence on the initial urea concentrations (table 8). This sugges_ts that the vatious
unfolded forms are distinguishable from each other in the post-transition baseline and
that changing the unfolding conditions shifts the equilibrium that exists between the
various forms. The interpretation of #hus data is, however, limited because of the
complexity of the refolding pathway, which is proposed to conmsist of paralle] and
sequential steps with different rates. Therefore, a simple and accurate evaluation of
this data is very difficult.
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6.1.2 Protein concentration dependence of the refolding rate - .

The influence of the protein concentration on the apparent refolding rate constants
was used to predict the order of the rate-limiting refolding reaction. Protein
concentration dependent studies were deténmined for the three refolding events at
final protein concentrations between 0.5uM and 5uM. The final urea concentration
was IM and 3M for the fast and intermediate refolding events and 1M for the slow
refolding event, At a final concentration of 1M and 3M ures; both the fast and the
intermediate phases proceeded more rapidly at higher prc;tein concentrations. The
refolding rate increased lneatly from 0.5uM to 3uM of hGST Al-1. This is
consistent with a rate-limiting step, which involves a bimolecular (second-order)
reaction and is the consequence of an association step involving two monomers
(partially folded/folded) to form a dimer. '

However, at 1M urea the refolding rate for the fast and intermediate refolding events
deviates from linearity at protein concentrations greater than 3uM (figure 31a and b).
The deviationt of the rate may indicate a change in the rate-limiting step or be the
result of inaccurate data collection. At the higher concentrations of protein, it is
possible that the refolding rate has increased to such an extent that the part of the
amplitude that i missing results, int & lower apparent refolding rate. The removal of
the first milliseconds of the kinetic trace did mot change the calculated rate
significantly. The deviation is, therefore, suggested to be the result of the association
reaction becoming so rapid that the formation of the dimer is limited by a
unimoleculdar {first-order) reaction which occurs either before (involving the partially
folded/folded monomer) or after (involving the dimer) the association event. This
phenomena has been observed for the P22 Are repressor (Milla and Sauer, 1994) and
other proteins (Garel, 1992). For hGST Al-1, the deviation doss not impact on the
interpretation of the results since all refolding studies were performed at a final
protein concentration of 1pr{ for which thete is a linear variation of the refolding rate

with protein conceniration,
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Tabi» 8 Amplitudes and apparent refolding rate constants for the fast, intermediate
and slow phases obtained for the final (f) urea concentrations of 1.3M and 3M but
varying the injtial (i) urea concentration.

(Ureali | [Uretlr ) ka6 Amplitudes (A-Aj)

fast nterme 't slow fast interm | slow
diate _ ediate

6 1.3 603+ |0.331% |0.0136 | 0.365  0.186 -0.385

0.106 0.020 +
0.0013

7 779+ | 0.5503 |0.0119 |0.356 {}.113 -0.691
1,615 ) +0.165 | +

_ _ 0.0009 _

8 864+ [0618+ |0.0124+|0.174 10.015 [-0.082
2.86 .009 0.001 :

6 3 18381 (04224 | ———- 0288 |0.230 | -eea—e
(.445 0.010

7 2771+ | 0146 £ | ~er—=— [ 0188 | 0.130 | -om——-
0.248 0.025 : | I

3 293+ |[0.148 % | ———m- 0.141 [ 0,085 | -w--- -
0.55 0.0083
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Therefore, the rate-limiting step at 1M and 3M urea for the fast and intermediate

refolding events is bimolecular.

~ The increase in protein concentration (0.5pM-3puM) had little effect on the rate of
refolding for the slow refolding reaction {inset of ﬁgﬁr‘e 31a), therefore, this reaction
appears to be unimolecular (first-order) and is suggestive of an isomerisation either
between the unfolded monomers or between native-like dimers. The fluorescence
properties of this event differ from the expected fluorescence increase for refolding,

An estimation of the rate of refolding (k¢ for each phase was calculated from the
slope of the linear portion of the plot of the apparent refolding rate as a function of
hGST Al-1 concentration (figure 31a and b}, ki is the second-order rate constant and
" was calculated to be 8.75 x 10° M's” and 3.75 x 10° M''s” for the fast and -
intermediate refolding phases, res;pective_ly, at 25°C, pH 6.5, in the presence of 1M

urga.

The rates for folding and dimerization for the dimeric proteins studied vary. For
example, the P22 Arc repressor, which is one of the fastest folding proteins, has a rate
constant for folding and association ranging from 5 x 105M's™ to 2 x 10°M!s™ (Milla
and Saver, 1994), In contrast, the E.colf Trp aporepressor (Gittelman and Matthews,
1990) and the GCN4-pl synthetic peptide (from the yeast transcriptional activator,
GCN4) (Zitzewitz et al., 1995) have refolding and dimerization rates of 100- to 1000-
fold slower than that of the Arc tepressor. In general, however, the majority of the
second-order rate constants measured for dimeric proteins are in the range of 10° to
10°Ms! (Garel, 1992). For hGST Al-1, the rate of the association reactibn which
results in the dimer is 10%fold slower than the diffusion limit of ~10°M"'s™.
However, the refolding rate is still fast and compares with the rate at which protein-
protein association reactions occur between stable folded proteins (i.e., 10°10°M s
(Koren and Hammes, 1976).
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Figure 31. Protein~concentration dependence of the observed rate of refolding for the

(a) fast, (b) intermediate and (inset of (a)) slow phase. Final urea concentration of

1M, 25°C. The straight line through 0-3uM RGST Al-1 (panels (a) and (b)) i5 the
- best fit according o the equation: (1/7) = Kupp == 4[Pfke where ke is the actual second-
order rate constant. This equation is applicable for homodimeric proteins under
experimental conditions which strongly favour the folded state (ie.. kg = 0)
(Bemasconi, 1976). Protein concentration dependence, at the final urea concentration

of 3M at 25°C, for the observed rate of refolding for the (c) fast and (d) intermediate
phase,



Koren and Hammes (1976) have proposed and it has since been noted by Zitzewitz et
al. (1995) that the wide variation in second-order rate constants for the oligomeric
systems studisd may reflect the extent to which the folding of the monomers and the
association reaction are coupled. In general, the larger the fiaction of folded monomer
or at least partially folded monomer the greater the observed bimolecular rate
constant. Bused on this one would expect monomer-monomer interactions to form
early in the refolding pathway. Therefore, the rate of association approaches the
diffusion limit when the monomers are substantially folded despite the complexity of
the final structice and the rates are 2-3 orders of magnitude smaller when the
monomers are disordered (Chaffotte er al., 1997). For hGST Al-l, the folded
monomer i3 unidetected and this is consistent with the proposition in chapter 4 that the
subunit-subunit interactions are necessary for stabilisation of the individual subunits.
The folding of the individual monomers (subunits} and the association step to form

the dimer, therefore, occur concurrently.

6.1.3 Urea-dependence of the refolding rates and amplitudes

The urea-dependence of the logarithm of the refolding rate constant for the three
observable kinetic phases is shown in figure 32a. The complex denaturant
dependence of the rates is suggestive of multiple refolding pathweys for hGST Al-1.
The apparent refolding rates for the fast and intermediate phases at urea
concentrations greater than 2.5M decrease as the concentration of denaturant
increases. The apparent refolding rates for the slow phase are independent of the final

depaturant concentration.

The urea-dependence of the amplitndes for the three refolding phases is depicted in
figure 32b. The amplitude data indicates that the fast refolding event is the major
phase with the largest amplitude change followed by the intermediate phase and then
the slow phase. The fast phase results in the greatest population of refolding species
(up to 50%). The small amplitude change for the slow refolding phase (= 10%)
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indicates that this phase is the result of a minor population of molecules and it has
litlle influens on the major refolding phases represented by the fast and intermediate
refolding events. At low urea concentrations, up to 35% of the fast refolding event
occurs as a burst phase, The denaturant dependence of the apparent rate constants for
the fast and intermediate refolding events show distinct deviation from linearity at”
final ures concentrations less than 2.5M with the deviation being greatest for the fast
refolding event. Non-linear refolding behaviour has been observed for a number of
monormeric and oligometic proteins and has been termed a "rollover" (Baldwin,
1996). Typically, the rollover is thought to be the result of accumulation of an
intermediate, which is populated at low 'wea concentrations and results in a change in
the rate-limiting step for refolding. The reaction would be uwiimolecular and
suggestive of an isomerisation reaction that involves either the peptide backbone, e.g.,
cis/trans proline isomerisation or the reatrangement of the folded domains/subunits,
The event would result in little change in the exposure of the side chains or backbone
of the protein to solvent. More recently, the deviation from linearity has been
described to result from an off-pathway event, cansed by transient agaregation of the
denatured protein under native conditions (Silow and Oliveberg, 1997a). A so-called
folding intermediate could, therefore, be an artifact of aggregation. The question of
whether this is a general problem remains to be determined. The true reason for the
rollover in the refolding rate constants for hGST Al-1 was. therefore, investigated

using various experimental conditions.

The initial refolding experiments were performed at a final protein concentration of
1uM hGST Al-l in order to minimise the possibility of ageregation. In addition,
control experiments monitoring aggregation suggest that under these conditions
aggregation is not occwring, Therefore, it is unlikely that the rollover observed is the
result of transient aggregation.

The bimolecular reaction is rate Iimiting throughout the range of denaturant
conditions used in this study (section 6.1.2) and the absence of a change in the rate-
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Figure 32. (a) Urea-dependence of the refolding rate constant for the fast (e).

intermediate (V) and slow {¥) phases of 1uM hGST Al-1. The straight;line is the best
fit to a linear function and the curved line is the best fit to a polynomial function (y =
-ax~+bx+c). Refolding experiments were performed at 25°C, 0.1M NaCl, pH 6.5.
Data were fitted to equation 13 for urea concentrations between 1M and 4M and to
gquation 14 for urea concentrations between 4M and 4.5M. The error bars are as
indicated or are comparable to the size of the symbol. (b) The urea-dependence of the
amplitudes for the fast (¥), intermediate (£ and slow (M) refolding events aad the
unfolding events {#) of hGST Al-1. The amplitudes were normalised with respect to

the fraction-unfolded measurements obtained in equilibrium studies,
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limiting step from bimolecular to unimolecular suggests that the deviation is not the
result of accumulation of an intermediate. It is, therefore, possible t:at the deviation
from linearity is the result of an under¢stimation of the refolding- rate oonstants that
occurs because 35% of the fast refolding event occurs as a burst phase.

The urea-dependence of the refolding rate (at concentrations less than 3.8M) was
investigated at 15°C (figure.33a) and in the presence of 8.3% sucrose (figure 33h).
‘These conditions enabled all the amplitude change for the fast phase to be collected.
The refolding studies performed at 15°C and for those performed in the presence of
sucrose, but otherwise identical conditions, displayed similar triphasic properties. For

both conditions, the three phases were observed but with no missing amplitude for the |
fast phase. The fluorescence properties are ider . | to those described abe-re and the
slow refolding phase is again only apparent at final urea concentrations less than
2.5M. In the presence of sucrose, the slow refolding j-hase was observed but not fitted
because the low signal-to-noise ratio prevented the accurate evaluation of the rate
constant. The refolding kinetic traces for the fast and intermediate refolding phases

under these conditions were best described using a biexponential function.

At 15°C, the apparent refolding rates for the major fast and intermediate refolding
phases show a linear dependence on the final urea concentration (r = 0.978 and r =
0.961, respectively) (fgure 33a). Th2 apparent refolding rates decrease as the
conditions favour the unfolded state. e data suggests that there are no changes in
the rate-limiting step and that both ¢ vents result in a population of molecules that
differ in the extent of exposure of their side chains and/or peptide backbone. The
linearity of this data thronghout the range of denaturant conditions suggests that the
observed non-linearity at 25°C is the result of the missing amplitude for the fast
refolding event. Similarly, in the presence of 8.3% sucrose the refolding rates for the
fast and intermediate phases show a linear dependence (r = 0.977 and r = 0.895,
respectively) throughout the range of denaturant concentration (figure 33b). The
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Figure 33. Urea-dependence of the refolding rate constants for the fast, intermediate
and slow phases of hGST Al-1. The dashed lings represents the data from figure 32.

The straight-line is the best fit to a linear function. (a) Experiments performed for
1uM hGST Al-1 at 15°C, 0.1M NaCl, pH 6.5. (b} Expenments performed for 1M
hGST Al-1 at 25°C, 0.1M NaCl containing 8.3% (v#v) sucrsse, pH 6.5. (¢}

Equilibrium unfolding transitions for 1uM hGST Al-1 in the +* ve (») and

presence of 10% (V') and 20% (o) sucrose.
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reason for the observed decrease in the rate of refolding in the presence of sucrose is
not clear. It may be the result of either an increase in the solvent viscosity which
limits the rate of diffusion of the partially folded/folded monomers as they collide to
form the native dimer or it may be the result of an increase in the stability as a result
of fhe‘ action of sucrose as a stabilising agent, The conformational stability of hGST
Al-1 is altered by the presence of sucrose (figure 33c). The midpoint of the unfolding
transition shifts from 4.5M urea (in the absence of sucrose) to 4.7M (in the presence
of 10% sucrose), however, there is no evidence of a change in the unfolding/refolding
pathway (m-value) or the Gibbs free energy change (AG(H20)). However, the action
of sucrose as either a viscogenic agent and/or as a stabilising agent can only be
differ mntiated throngh a more detailed study (Jacob ef al,, 1997). It is, therefore, not
possible to conelude that the decrease in the refolding rate is the result of diffusion
conttol of the cate-limiting association step. However, from the protein concentration
dependent studies this is most likely to be the case.

The urea-dependence of the data obtained for the different refolding conditions are
parallel (figure 33a and b) indicating that the overall refolding pathways have not
changed and that the decreased rate of refolding is the result of the change in
experimental conditions and not the result of a change in the refolding pathway.

The complexities of the refolding data at 25°C and the presence of a multiple
refolding pathways limits the accurate evaluation of the transition state solvent
exposure (ing) for each phase relative to the increase in the solvent exposure between
the native and unfolded states (the m-value) (m#m) and the determination of the
refolding rate in the absence of denaturant (k¢ (H:0)) (Doyle et al,, 1996). The
occurrence of all phases simultaneously and the overlap of their respective amplitudes

will result in a gross underesiimation of the refolding parameters.

Information on the transition state(s) for the folding pathway of hGST Al-1 can be
inferred from a visual inspection of the sensitivity of the apparent refolding rates of
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the fast and inte:mediate phases to urea (figure 32a). The fast and intermediate
refolding events show a similar sensitivity to urea i.e., the parallel refolding rates
indicate that the transition states for both phases occupy similar positions along the
reactiont co-ordinate diagram defined in terms of solvent accessibility. The <hallow
slopes for the fast and intermediate refolding phases indicate that the transition states
for the refolding phases occur early in the refolding pathway, i.e., a small percentage
of the native surface area is buried at the transition state.

6.1.4 Temperature-dependence of the refolding rates

The apparent refolding rates of the fast, intermediate and slow phases of hGST Al-1
were characterised from 5°C - 40°C at a final urea concentration of 1M and 3M. All
phases sre temperature dependent and the amplitude of the ‘fast phase increased
significantly such that a substantial percentage occurred in the dead time of the
instrument. At 1M ures, at 40°C, only 50% of the fast phase was observable. It is,
therefore, quite likely that the underestimation of the apparent refolding rates for the
fast phase impacts on the thermodynamic - tivation parameters (see below) obtained
for this phase. At the final urea concentration of 3M and throughout the entire
temperature range, all of the amplitude change for the fast phase was detected. The
rate constants for refolding for all phases show a complex dependence on the
temperahire of the reaction and were analysed using the transition state theory (Tan ef
al., 1996)(section 4.3.3).

At 3M urea, the temperature dependence of the fast and intermediate phases show
slight ¢urvature as the temperature increases with the maximum refolding rate
between 25°C and 30°C, A complex temperature dependence of the refolding rate has
been noted for a large number of proteins. Generally, it is described to be the
consequence of the difference in heat capacity between the unfolded state and the
native state which results in temperature dependence of the enthalpy change
(Oliveberg et al., 1995). The deviation from the simple Arrhenius behaviour may also
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be suggestive of a change in the mechanism of the refolding pathway (Oliveberg e
al.s 1995).

At the final urea corcentration of 3M, the plot of In {kivksT) versus I/T for the fast

and intermediate phases (figure 34a) was best fit to equation 18. The best fit for
equation £18) to the fast refolding phéase gives the following thermodynamic
parameters: ACud® of -1.36keal 'mol'K™'; AH¥(298K) of 6.26kcal.mol™; AS(298K)
of -41.38cal 'mol™ 'K, Fitting the data of the intermediate refolding phase to equation
(18) gives: ACon* of -1.33keal 'mol 'K!; AHN*(298K) of 4.73keal.mol™; AS\(298K)
of -41.30cal 'mol "KL,

At 1M urea, the curvature of the temperature dependent data is [ess apparent which is
suggestive of a smaller difference in the heat capacity between this transition state
and the previous one, For the final concentration of 1M, the plot of In (kd/ksT)
versus 1/T all of the refolding phases (figure 34b) were best fit to equation (18) and a
linear fit. The best fit for equation (18) to the fast refolding phase gives the following
thermodynaric  parameters: A\CPN= of -471.8cal mol'K; &HN=(298K) of
5.81kcal.mol'; ASN*(298K) of -35.4cal 'mol'K*, Fitting the data of the intermediate
refolding phase to equation (18) gives: AC,n* of -340.4cal 'mol 'K™'; AHN}(298K) of
6.3kcal.mol™'; ASy¥(298K) of -39.2¢cal 'mol 'K, Fitting the data of the slow refolding
phase to equation (18) gives: ﬁCpNt of u336.6cal"mol'lK"; AHN‘(ZQSK) of
13.1keal.mol™; ASN*(298K) of -23.8cal 'mol K.

The marginal curvature for the refolding phases may be the result of the small number
of determinations in the experimentally accessible temperature range (Tan ef of.,
1996). The slight curvature is, however, suggestive of a difference in heat capacity
between the iransition state and the unfolded state (ACpn* # 0) (Olivebetg ef al.,
1995) The apparent heat capacity changes at 3M urea for the fast and intermediate
phases are greater than at 1M urea and this suggests that multiple transition states

166



determine the refolding pathway for hGST Al-1 although the intermediates were not
significantly populated under these conditions. In general, the negative heat capacity
* value for refolding is the consequence of a large decrease in exposure of the
hydrophobic surface to water as the reaction proceeds from the unfolded state to the

transition state for folding. The refolding rate, therefore, dgcréascs as the temperabue - -

increases becauvse of disruption of the water molecules surrounding each state,

The change in the heat capacity (ACun*) for each refolding event can be related to the
total heat capacity change for the folding/unfolding pathway (ACmy = 7.39kcal™ mol
'K ™My(section 4.3.3) and used to estimate the extent of buried surface area for each
transition state. The values calculated are only estimates because of the apparent
complexities of the refolding pathway. At 3M urea, the extent of buried surface area
- (&CPNIIAC,,N.U). is 18.0% for both the fast and intermediate refolding phases, At 1M
ured, the extent of buried surface area (ACPN:IAC,,N.U) is 7.0%, 5% and 4.5% for the
fast, intermediate and slow refolding phases, respectively. This data snggests, as
proposed by the urea-dependence data in section 6.1.3, that the transition state for the
folding of hGST Al-1 is not as compact as the folded state, i.¢., the position of the
transition state for refolding for each phase oceurs early in the reaction co~-ordinate
diagram. At 3M utea a small petcentage of the exposed hydrophobic surfaces are
buried, therefore, major structural changes do oceur early in the refolding pathway
but they are not substantial when compared to the total expected heat capacity
change.

The activation energy values at 1M urea (calculated using AHy* = Ba-RT (Oliveberg
et al, 1995) ot obtained from a linear Arthenius plot) are 8.50kcal.mol™,
9.50kcal.mot”! and 15.08keal.mol” for the fast, intermediate and slow refolding
phases, tespectively. The small values indicate that the barriers for the folding for the
fast and intermediate events are Iow. For the slow refolding phase, the higher
activation enetgy in addition to its slow time constant (v = 1(10sec) suggest that this
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event may be the result of cis/irans isomerisation about the peptide bond (Nall et al.,
1978). Becau: ¢ slow refolding phase only occurs at final urea concentration less
than 3M, it is unlikely that the eveni is the result of cisfrans peptids bond

isomerisation.

The absolute values for the enthalpic and entropic contributions for refolding cannot
be evaluated (section 4.3.3). However, the small positive enthalpy change is
consistent with the genefal characteristics of refolding pathways and is the result of a
balance of a number of factors. Similarly, the net entropic changes are small and
niegative consistent with a balance between an increéase in entropy from the loss of
water Jue to the hydrophobic effect and the los¢ in entropy due to ordering of the
polypeptide chain. In general, the major thermodynamic changes for folding involve a
decrease (generally large) in the heat capacity, an increass in enthalpy and a decrease

in entropy.

6.2 Characterisation of refolded hGST Al-1

The physicochemical properties of native hGST Al-lin the presence of 1M and 3M
urea were compared with hGST Al-1 refolded to a final urea concentration of 1M
and 3M, The overall tertiary structure and polarity of the tryptophan residues were
compared using fluorescence spectroscopy. The wavelength of maximum emission
for refolded hGST Al-1 at 1M and 3M urea are similar to that observed for native
hGST Al-1 in 1M and 3M ured, respectively, The intensities are, however, quenched
suggesting that either tertiary structural differences exist between these states and
native hGST Al-1 or that refolding is only partially complete (figure 35a).

The quaternary structure of refolded hGST Al-1 in 3M urea, assessed using SEC-
HPLC, indicates a symmetrical peak with a similar retention time to that for native
hGST Al-l in the presence of IM urea (figure 35b). The overall hydrodynamic
volumes of the native and refolded protein are identical and therefore the subunit-
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subunit interactions that stabilise the dimeri¢ state are intact, In addition, refolded
KGST Al-1 has 85% of the CDNB-conjugating activity of native hGST Al-1 in 3M
urea and near 100% CDNB-conjugating activity at 1M urea.

The characterisation of the refolded protein, therefore, indicates that at 3M uresa the
refolded hGST Al-l is dimeric with CDNB-conjugating activity. The comparison,
alfhough crude, indicates that the dimeric structure of hGST Al-1 is formed early in
the refolding pathway and that structural rearrangerments of the native.like dimer
occur between 3M and 1M urea.

6.3 Discussion

The unfolding/folding pathway has been addressed for a number of oligomeric
proteins. In g_eneral, the mvésﬁéaﬁoné of the fdlding paﬂlwa'y for oligomeric proteins
can be divided into two groups based on their structural complexity and size. In the
first group, the folding process is very complex with folding of the monomer
proceeding to a significant extent before the association reaction. For example, the
folding of the dimeric beta subunit of Trp synthase has a sequential unimolecular-
bimolecular-unimolecular pathway (Zetina and Goldberg, 1980; Blond and Goldberg,
1’935); The dimeric malate dehydrogenase folds through two parallel pathways
involving a monomeric and dimeric intermediate (Ruldolph <t al, 1986). In the
second group, the folding process is less complex with protein folding and association
occurring as a concerted process. For example, dimeric P22 Are repressor (Milla and
Sauver, 1994) and the gene V protein of the bacteriophage f1 (Liang and Terwilliger,
1990) where folding is a two-state mechanism under most conditions. The E.coli Trp
aporepressor dimer is also part of this group although its pathway is characterised by
an interchange between unfolded, partially folded and completely folded monumers,
followed by two sequential dime..zation events (Gittelman and Matthews, 1990;
Mann and Matthews, 1993). '
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The foiding pathways for oligomeric proteins, therefore, vary in complexity but, in
general, appear to be a hierarchical process in which the individual domains first fold
ety rapidly to an almost native conformatidn and these folding units assemble to the
native state, % co-ordination of these events provides insight into. the mecﬁanism of
 foldingfunfolding, | ' '

The refolding kinetic studies of hGST Al-1 indicate that the refolding pathwey is
more complex than the minimal model where the two partially folded/fulded
monomers cotnbine to form the native dimer in a single phase (i.e, 2U — Na). The
triphasic refolding kinetics, chardcterised by a fast, intermediate and slow refolding
event may be described by a sequential pathway (e.g., 2U — I; - L'Ny) or by
multiple paraliel pathways (e.g., 2Uy —> Nz; 2U; — Nj; ete). For hGST Al-1, the fast
and the intermediate refolding events form the major events of the pathway and their
similar urea and temperature dependence characteristics suggest that these events are
involved in the main conformational changes along the refolding pathway. The
parallel behaviour for refolding suggests that the two events are coupled. This, int
addition to an undetectable lag phase (using Tyr/Trp fluorescence as the probs),
suggests that each event is representative of an individual refolding pathway. The
parallel pathway predicts two second-order reactions which {s consistent with
observed data (figure 31) whilst the sequential pathway predicts only a single
pathway, Therefore, a sequential pathway would be incorrect. However, a parallel
refolding pathway will only be confirmed when the same pathway is detected using
different structural probes,

- The urea-iﬁdepﬁudent charactéristic and the high activation energy of the slow
refoiding phase suggest that this phase is an isomerisation reaction resulting from
structural heterogeneity of the unfolded state, However, the inverse amplitude of this
event suggests that this event may be representative of the burial of Trp20 which is
located at the interdomain intetface. This event would occur late in the refolding

pathway and the change in the fluorescence properties would result from the Trp
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residue assuming its normal exposure to solvent that is found in the native
conformation. It is possible that the two events may be occurring concurrently and are
inseparable under the conditions of this study.

How the refolding pathways described by the fast and intermediate events differ is
not clear. In general, different molecules may fold via distinet pathways because of
structural heterogeneity of the unfolded states e.g., the result of different isomers of
the peptide bond. The other reason is that the multiple pathways are the result of an
initial sapid coilapse of the protein which results in an intermediate (stable or
unstable) which c¢an either continue along the folding pathway or which requires
structural reorganisation of the partially folded state (Radford e af., 1992).

The refolding pathway of hGST Al-1 is consistent with a rate-limiting step for the
fast and intermediate events, which is bimolecular. The bimolecular reaction, which is
an association reaction, results in either a partially folded dimeric intermediate (I;) or
the native dimer (N3). The dimeric state of hGST Al-1 is formed early in the folding
pathway and the process of folditig and association s a concerted process, indicating
the absence of a monomeric intermediate. The absence of a folded monomer or &
-partially folded monomer is proposed to be the consequence of the large number of
subunit-subunit interactions, which have resulted in the integration of the tertiary
structure with the quaternary structure of ghrtathione transferases. '

Urea and temperature dependenc: of the refolding rate suggests that the transition
states for the two events are solvent accessible and closely related to the denatured
state. The transition state for both phases involves a dimeric specie and because the
transition states are largely solvent accessibie in comparison with the native dimer it
follows that the species are partially folded dimers or dimeric intermediates which
through structural reorganisation form the native dimer. The fransition state and hence
the partially folded dimer (I;*) is still compact with a hydrophobic interior but the
surface interactions are poorly formed. The intermediates may ot be optically
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different which would explain why they were not detected under these refolding

conditions. The partially folded dimer(s) would represent on-pathway intermediates.

This type of pathway is consistent with a reaction profile with a narrow activation

barrier with only a limited part of the refolding reaction occurring at the transition

state (Silow and Oliveberg, 1997b). The reaction profile would be described by a
- number of free energy minima (figure 36).

The high solvent accessibility of the transition state is unusual since, in general, the
refolding rate is highly sensitive to urea and hence the transition state ocours late in
the refelding pathway and is typicaily solvent inaccessible {Waldburger et al., 1996).
- Exceptions to this have been observed, for example with the chymotrypsin inhibitor 2
{C12) (Tizhaki et al., 1995), the acyl CoA binding protein (Kragélund et al., 1995), the
MYL mutant of the P22 Arc repressor (Waldbuzger ef al., 1996) and the lambde
repressor (Huang and Qas, 1995). In general, there does not appear to be a direct
correlation between the extent of folded structure in the transition state and the
secondary structure (i.e., all ¢-helical, mixed a/B or only B-structure) of a protein, In.
addition, a logical consequence of an early transition state may be as a result of a
large number of co-opetative interactions that result in the formation of intermediates.

The significant contribution of long-range and middle-range eiectrostatic forces to
the stability of an initial dimeric state without the need for formation of a native-like
structure may explain why the trapsition state for refolding is closer to the unfolded
state than to the folded state (Waldburger er al., 1996; Wendt et al., 1997). The
probability that long- and middle-range electrostatic interactions are formed early in
the refolding pathway is feasible for the glitathione transferases. A statistical method
described by Zbu and Karlin (1996) has identified a significant mixed charge ¢luster
af the dimer interface of a glutathione transferase. In general. mixed charged closters
over & long range orient and position the appropriate surfaces between which
hydrophobic forces form and the two types of forces stabilise the quaternary structure
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_ Figure 36, Proposed reaction cc-ordinate diagram for the refolding pathway of hGST
Al-1, The diagram saows a single route containing denatured monomer (U), a
partially folded dimeric intermediate (I2) and the native dimer (Nz). The narrow
activation barrier indicates that a limited part of the reaction occurs at the transition

state [evel.
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of the protein. It is, therefore, feasible that the mixed charged cluster contributes
sigmificantly to the stability of the initial dimeric state of hGST Al-1.

" The view of a poorly formed transition state stabilised by both electrostatic
interactions and yet ill-defined hydrophobic interactions fits into the framewotk of a
nucleation_—condensation pathway (Fetsht, 1995). In this model, which describes the
folding properties for some proteins with solvent accessible tramsition states, a
specific nucleus is formed which then directs the rest of the protein to fold around it.
Tais rodel explains folding pathways for which there are no apparent stable
intermediates and is a model which does not require stable elements of structure as a
prerequisite for successful folding, For large proteins, it is possible that the folding

~ process is initially a nucleation condensation process that in later stages becomes a |
hierarchical association of the smaller units, '

The minimal model for the folding pathway of hGST Al-1 involves a sequential and
paraliel pathway. The model is based on structural and experimental evidence. All
gvents were not observed in this study but there is experimental evidence to support

their inclusion in the pathway.

This model is rinimal since it is based on the results obtained using one probe to
monitor global tertiary changes of the structure of hGST Al-1, [n general, a folding
pathway is viewed as an energy landscape with multi-dimensions (Bivngelson and
Wolynes, 1987) and a free-energy gradient towards the native structure. The funnel is
rough with a large number of local minima, which act as traps during folding.
Therefore, the folding pathway for hGST Al-1, described here, represents one route
down the folding funnel,
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where U, and Up represent unfolded monomers which vary in their orientation about
the peptide bond, I3' and L" represent partially folded dimeric intermediates, No*
represents a fo'Jed native-like dimer and Nj the native dimer. The reactions, I’ and
L" to No* (mechanism (1)) and the Np* ++ Nj; reaction (mechanism (2)) may be
optically silent steps.

The pathway incorporates the fast 2Us — L' and the intermediate 2Us — 1" events
where Ug represents the unfolded form(s) in the correct cis/trans conformations and
conversely Up represents the unfolded form(s) with the incom * cisftrans
conformations. The two pathways result in a native-like dimeric intermediate and
converge to form a native-like dimer (N»*) which would undergo domain/subunit
reorganisation to form the native dimer (Na). The various native forms (partially
folded/folded; Ib' and ") may not be optically distinguishable. The principle of
microscopic reversibility suggests that the intermediate refolding event is the reverse
of the slow unfolding event and therefore results in a native-like dimeric intermediate
with partially dissociated domain I and II of each subunit. The loss in amplitude for
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the slow phase at 3M urea suggests that the reaction st&ps at the dimeric intermediate
stage (L) i.e., the dimeric intermediate is more stable than the native dimer at 3M

urea,

6.5 Conelnsion

The fluorescence-detected refolding mechanism for hGST Al-1 is described by a
sequential and parallel pathway with evidence for on-pathway intermediates. A
limited part of the reaction occurs at the {ransition state level. The role of long- and
middle-range electrostatic forces i.e., a mixed charge cluster at the dimer interface, in
stabilising the initial dimeric state is proposed. Studies of the effect of ionic strength
on the association and folding of hGST Al-1 are required. The absence of a folded
monomer for equilibrium and kinetic unfolding/refolding studies, monitored using
tertiary structure probes, indicates that the co-operafive interactions Tormed between
the two subunits are necessary for stabilising the tertiary and quaternary structure of
the class alpha glutathione transferase. Further investigations to ¢valuate the proposed
model are required nsing multiple structural probes and amino acid replacements at
the dimer interface.
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